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Abstract. We present a tool QSeqSim, a Qiskit-integrated symbolic
backend that fills the current gap of having no Qiskit-native support
for simulating while-loop quantum programs and their induced sequen-
tial quantum circuits. QSeqSim takes Qiskit QuantumCircuit objects,
translates them into OpenQASM 3 code, and organises the resulting
program into a combination of combinational, dynamic, and sequential
circuits, thereby assigning while-loops a precise sequential circuit seman-
tics with explicit internal and external qubits. Building on this seman-
tics, @SeqSim adopts a Binary Decision Diagram (BDD)-based symbolic
representation and integrates weighted model counting to compute mea-
surement probabilities efficiently by exploiting sharing in structured and
sparse BDDs. On top of this Boolean backbone, it introduces dedicated
symbolic operators for quantum state composition and state retention,
thereby enabling efficient symbolic execution of sequential quantum cir-
cuits. Our experiments demonstrate that QQSeqSim scales to substantial
while-induced sequential circuits; in particular, in the quantum random
walk benchmark we successfully simulate circuits with over 1000 qubits
for more than 10 loop iterations.
QSeqSim is available at https://github.com/Veri-Q/QSeqSim.

Keywords: Quantum circuit simulation -+ Symbolic simulation -
Sequential quantum circuits - Boolean operations -+ Formal methods

1 Introduction

The formal methods community has devoted substantial effort to the analy-
sis and verification of quantum circuits and programs, both at the founda-
tional level and in the form of automated tools. There is now a considerable
body of work on quantum Hoare logic [26,40,44,48|, as well as on other quan-
tum program logics, deductive verification and semantics for languages with mea-
surements and classical control [34,46]. On the circuit side, equivalence checking
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and optimisation techniques based on decision diagrams [6,8,39,42,43,49], ZX-
calculus [25,32], tree automata [9-11], and model counting [27,28,33] have been
developed, and model checking and abstract-interpretation approaches for quan-
tum and probabilistic systems have also been investigated [15,16,31,45].

In parallel with these developments, Qiskit [22], one of the most widely used
quantum programming frameworks, has recently enriched the traditional cir-
cuit model with classical control, allowing users to express quantum algorithms
with high-level constructs such as conditional branches (if/else, switch) and
loops (for, while). In particular, the availability of while-loops makes it pos-
sible to encode measurement-controlled iteration patterns such as repeat-until-
success (RUS) schemes [5,30], weakly measured variants of Grover’s search [3],
and quantum random walks with feedback [24]. At the level of abstract syn-
tax, this brings mainstream quantum programming closer to the control-flow
constructs long studied in quantum programming languages [34] and quantum
Hoare logics [44].

On the execution side, however, the situation is markedly less mature:

At present, there is no Qiskit-native tool that can simulate Qiskit while-loop
programs.

Qiskit-Aer, the default simulator in the Qiskit ecosystem, currently does not
support the while-loop construct at all. In particular, attempting to run the
official Qiskit API examples that use QuantumCircuit.while_loop through Aer
results in parsing or compilation errors, indicating that such control flow cannot
be lowered to a circuit that Aer is able to simulate. A similar limitation holds for
the Qiskit cloud backends: when submitting circuits that contain while-loop con-
structs, the service explicitly reports that the available real-device backends do
not support while-loop constructs. In other words, although Qiskit and Open-
QASM 3 [13] expose while-loops at the programming and IR levels, neither
the standard Qiskit simulator nor the current hardware backends can execute
these constructs, and there is, at present, no Qiskit-native execution engine that
realises the intended iterative semantics of non-trivial while-loop programs.

To bridge this gap, we present ()SeqSim, a symbolic simulation backend for
Qiskit programs with classical control, with a particular emphasis on while-
loop—induced sequential behaviour. On the semantic side, we interpret Qiskit
while-loops as sequential quantum circuits (SQC's) with an explicit partition into
external and internal qubits, thereby making precise the notion of quantum state
feedback across loop iterations. On the algorithmic side, we build on a BDD-
based representation of quantum circuits [39] and extend it from purely combi-
national circuits to programs with structured control flow: if /switch constructs
are treated as dynamic circuits with mid-circuit measurements, for loops with
static bounds as repeated combinational circuits, and while loops as sequential
circuits. At the Boolean level, we introduce new symbolic operators for state
composition and state retention, which model how external inputs are combined
with the current internal state and how the post-measurement internal state
is fed back into the next iteration. These operators are integrated with exist-
ing Boolean gate update rules and a Boolean mid-circuit measurement operator
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into a unified BDD-based engine that executes mixed combinational, dynamic,
and sequential fragments according to a small-step operational semantics, while
systematically exploiting weighted model counting [7] techniques to carry out
probability computation efficiently on structured and sparse BDDs.

Contributions. This paper makes the following main contributions.

1. First Qiskit backend with direct while-loop support. We present QSeqSim,
to the best of our knowledge, the first backend that directly executes Qiskit
programs containing while-loops, by lowering them to OpenQASM 3 and
giving an executable small-step semantics for the resulting control flow.

2. From combinational to sequential Boolean models. QSeqSim extends a BDD-
based encoding of combinational quantum circuits [39] with symbolic oper-
ators for state composition and retention, lifting the Boolean model from
purely combinational to sequential circuits so as to support while-loops.

3. Efficient and scalable symbolic simulation of while-loop programs (SQCs).
Leveraging mature BDD backends and model-counting techniques for effi-
cient probability evaluation, @SeqSim symbolically simulates quantum cir-
cuits induced by while-loops, scaling beyond existing tools [9,41].

1.1 Related Work

Quantum Programming Backends. A rich ecosystem of quantum program-
ming frameworks and simulators has emerged in recent years, including general-
purpose stacks such as Qiskit [22], Cirq [12], ProjectQ [36], CUDA-Q [38], and
Amazon Braket [17], as well as specialised high-performance simulators like
QuEST [23], Qulacs [37], and Intel-QS (IQS) [20]. However, there remains a
clear gap between the expressiveness of modern quantum programming models
and the capabilities of current execution backends. On the language side, Qiskit
has recently enriched its model with high-level classical control constructs such
as if_else, for_loop, and in particular while_loop, enabling natural encod-
ings of measurement-controlled iteration patterns. On the backend side, however,
mainstream backends effectively lack native support for while-loops: Qiskit-Aer
cannot currently execute QuantumCircuit.while_loop, and Qiskit’s cloud hard-
ware backends likewise report while-loops as unsupported. QSeqSim is designed
to fill precisely this gap. Starting from QuantumCircuit objects, it translates
circuits to OpenQASM 3, assigns the resulting programs a sequential-circuit
semantics, and uses a BDD-based engine to execute while-loop programs at a
scale that makes it suitable as an efficient backend.

Simulation Techniques for Quantum Circuits. There is also extensive
work in the formal methods community on the simulation of quantum cir-
cuits [8,10,11,25,27,39,42,49]. However, these approaches remain essentially
confined to combinational and very limited dynamic settings; they do not extend
their models to sequential quantum circuits with explicit state feedback, and thus
cannot support the Qiskit while-loop construct. @SeqSim builds directly on
the Boolean framework of [39], and further integrates weighted model counting
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for probability queries, while also extending the framework with new symbolic
operators for state composition and state retention. This yields a unified BDD-
based engine that can simulate, within a single Qiskit program, combinational,
dynamic, and sequential fragments and thereby natively support while-loop
induced sequential behaviour.

2 Background

This section provides the necessary background on Qiskit, OpenQASM 3, and
SQCs that underpins our semantics and implementation.

Figure 1 structures Qiskit while-loop programs into a three-stage pipeline
that encompasses the programming language layer, intermediate representation
layer, and circuit layer. It also maps each quantum stage to a well-known classical
counterpart, allowing the quantum components to be understood through direct
comparison with their classical equivalents.

Sequential Classical Circuit

ARM-style assembly Combinational Circuit
mov re, #@
C++ mov rl, #0 ADD
inti=e,j=e; Loop: v |[h aon cp
while(i < 10) { - cmp ro, #10 - 2
j=3+1i; bge end
aeg add r1, r1, re LK Jend
} add re, re, #1 |
b loop i v i
end: C . E
Q Register D
Classical 7 7
Quantum OPENQASM 3.0 Sequential Quantum Circuit

include "stdgates.inc";

Q%skit . . X bit _bite; |
bits = [Qubit(), Qubit(), Clbit()] qubit _qubite; qo H =
qc = QuantumCircuit(bits) - |

|

T

c - ' qubit _qubitl;
with gc.while_loop((bits[2], ©)): - while (! bite; ( - |

qc.h(e) ol
qc.cx(0, 1) h _qub11.:e, ) | /D,
qc.measure(@, 0) cx _qubite, _qubitl; Q | | U

_bit@ = measure _qubite;

}

Fig. 1. Classical-quantum analogy from programs to IRs to circuits.

Programming-Language Level. In the top left of Fig. 1, a C++ while loop
over integers (i,j) is the programmer-facing description of an iterative compu-
tation. In the bottom left, the Qiskit code shows a concrete quantum analogue:
a RUS implementation of the X gate. Here, the QuantumCircuit.while_loop
construct repeatedly invokes a small quantum subroutine and measures qubit ¢g
to obtain a classical outcome; the loop terminates only when this measurement
result is 1, at which point the target qubit g; has effectively been subjected to
an X operation. This example illustrates how Qiskit while-loops are used in
practice to express measurement-controlled iteration patterns.
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Intermediate- Representation (IR) Level. The C++ while loop is then
compiled to an ARM-style assembly fragment (top middle of Fig. 1). This assem-
bly is a control-flow oriented IR that is easier to analyse and further compile
than the original C+-+. Similarly, Qiskit compiles the Python-level program
to an internal IR represented by a QuantumCircuit object. This object records
the gates, measurements, and classical control structure in a uniform form. From
there, Qiskit can export an ezternal IR in the form of OpenQASM 3 code [13,29]
(bottom middle of Fig. 1): a quantum assembly language with a formally defined
syntax and semantics. In this work we treat OpenQASM 3, in the restricted
fragment generated by Qiskit, as the semantic interface for QuantumCircuit.

Circuit Level. On the classical side (top right of Fig. 1), the ARM-style assem-
bly fragment is implemented as a sequential classical circuit: a combinational
logic block composed of standard components such as adders (ADD) and a
comparator (CMP), together with a register and feedback wires. On the quan-
tum side (bottom right of Fig. 1), we obtain the analogous notion of a sequential
quantum circuit. The dashed box is the loop body: in this example it is a fixed
subcircuit consisting of a Hadamard on ¢q followed by a controlled-X from ¢g to
q1, and one pass through this box corresponds to a single loop iteration. After
the body, ¢ is measured and the outcome is used as the loop guard: a result of
0 triggers another iteration, whereas a result of 1 terminates the loop, exactly
mirroring the role of the comparator in the sequential classical circuit. The wire
for g1 passes through the body and feeds back to its input, indicating that the
quantum state on ¢y is preserved and updated across iterations, in direct analogy
with the classical register that stores ¢ and j.

3 Implementation Challenges

Filling the current gap of having no Qiskit-native tool that can simulate while-
loop programs raises three main specific challenges.

Challenge 1: Matching Qiskit while-loops with sequential semantics. From the
circuit point of view, a while-loop induces sequential behaviour: quantum state
is fed back from one iteration to the next, and the guard is evaluated from inter-
mediate measurement outcomes. The sequential quantum circuit (SQC) model of
Wang et al. [41] captures this by iterating a fixed block over external and internal
qubits, with only the external ones measured each round. Realistic Qiskit while-
loops, however, both exceed and restrict this abstraction: their loop bodies may
contain mid-circuit measurements and nested if/else branches not covered by
the original SQC definition, yet they arise from concrete QuantumCircuit pro-
grams and do not exploit arbitrary per-iteration external inputs.

Our Approach. We adopt a Qiskit-oriented generalisation of SQCs with an
explicit split between internal and external qubits and treat each while-loop
body as a fixed dynamic subcircuit with mid-circuit measurements and classical
control, executed unchanged in every iteration. This generalised SQC view is
realised concretely by the CQC/DQC/SQC decomposition of the Parser and
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the small-step operational semantics implemented by the Simulator (Sect. 4, the
Parser and Algorithm 1).

Challenge 2: Symbolic simulation of sequential quantum circuits. Even with a
suitable semantics and IR, simulating while-loops with internal measurements
and branches remains difficult. Sequential circuits involve feedback across itera-
tions, entangled internal state, and dynamic bodies with nested if /else depend-
ing on mid-circuit outcomes. Naive statevector simulation scales poorly in both
qubits and iterations, and existing decision-diagram-based techniques mostly
target combinational or, at best, non-feedback dynamic circuits; they do not
extend their models to general sequential behaviour with explicit state feedback.

Our Approach. Building on the BDD-based Boolean encoding of [39], we
extend the symbolic model from purely combinational circuits to general SQCs
by introducing operators for state composition and state retention, and by sup-
porting external inputs and internal state feedback across iterations. The result-
ing SQC engine is implemented in the Kernel component BDDSeqSim, whose
structure is detailed in Sect.4 (Kernel and Algorithm 2).

Challenge 3: Probability computation for large-qubit, loop-heavy programs.
Symbolic simulation of while-loop programs requires repeated evaluation of
measurement probabilities, especially for mid-circuit measurements and loop
guards, often over large yet structured decision diagrams. In existing BDD-based
simulation techniques [39], such probabilities are obtained via a hyper-function
construction over the decision diagrams; however, for circuits with large numbers
of qubits and deep structure this approach becomes a major bottleneck and can
dominate the overall runtime, even when the underlying BDDs remain compact.
This raises a specific scalability challenge: how to obtain exact measurement
probabilities while preserving and exploiting the sharing and sparsity structure
of the BDDs generated by large quantum circuits.

Our Approach. We incorporate model counting techniques [7,27,28] from for-
mal methods and adopt weighted model counting on structured and sparse BDDs
as the core mechanism for evaluating measurement probabilities. This counting-
based engine implements the GETPROB interface used by both the Simulator
and the SQC Kernel, as detailed in Sect. 4 (Kernel, weighted model counting for
probability evaluation).

4 Tool Architecture

This section describes the architecture of QSeqSim and explains how its compo-
nents jointly address the challenges identified in Sect. 3.

Figure 2 presents the overall architecture of QSeqSim. Starting from a Qiskit
program written in Python, @SeqSim operates over Qiskit’s internal interme-
diate representation (IR), namely the QuantumCircuit object, and processes
it through three core modules: a Parser, a Simulator, and a Boolean Kernel.
At a high level, the Parser realises the compilation phase, whereas the Simu-
lator and Kernel jointly implement the symbolic execution back-end. Together,
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Parser and Simulator instantiate the generalised SQC semantics for Qiskit

while-loops (Challenge 1), while the Kernel provides the symbolic machinery

for

SQCs (Challenge 2) and scalable probability computation (Challenge 3).
The end-to-end workflow, which corresponds to Fig. 2, is as follows.

QSeqSim
Qiskit Extend
‘While Loop | | While Loop
\ g External IR BDDSeqSim
-
OpenQASM 3.0 State | | State |
Qiskit Program f Composition Retention
OpenQASM 3.0 i
| LI | BDDCombSim
\
\

(Grammar Check)

Internal IR x Quantum Final Mid
QuantumCircuit Static Analysis 5 Gate Measure Measure
Sy

Circuit Blocks

Handle Simulation
CQC RunCQC || Measurements Mode
DQC RunDQC | Final-State Sample
sQC RunSQC | Mid-Circuit Preset |

Fig. 2. QSeqSim workflow.

From Qiskit Program to Internal IR. The user specifies a circuit via the
Qiskit Python API. Qiskit lowers it to a QuantumCircuit object, which is
both its internal IR and the entry point to QSeqSim.

Parser (compile phase). Given a QuantumCircuit, the Parser performs the
following steps:

1.

2.

Open@QASM 3 export. We invoke Qiskit’s qasm3.dumps routine to obtain an
external IR in the form of an OpenQASM 3 program.

AST construction. The resulting OpenQASM 3 code is parsed by the official
OpenQASM 3 parser into an abstract syntax tree (AST).

Static analysis. On this AST, QSeqSim performs the following analyses: (i)
it checks that all operations belong to the OpenQASM 3 fragment supported
by the tool; (ii) it verifies that every unitary can be decomposed into the
Clifford+T gate set implemented by the Kernel; (iii) it classifies each mea-
surement as mid-circuit or final, depending on whether its outcome is used
in any subsequent control condition; and (iv) it partitions the program into
an ordered sequence of circuit blocks, each labelled as CQC, DQC or SQC.
In particular, although we present the result as an ordered block sequence for
simplicity, the Parser preserves the underlying hierarchical block structure
induced by nested if/switch/while constructs.
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The resulting block sequence preserves the original program order of the
Qiskit circuit and constitutes the sole input to the symbolic backend. By explic-
itly identifying CQC, DQC, and in particular SQC blocks for loop bodies,
the Parser provides exactly the structural interface required for the sequential
semantics of Qiskit while-loops (Challenge 1).

Simulator (operational semantics). The Simulator provides an operational
interpretation of the block sequence produced by the Parser. CQC blocks are
treated as straight-line gate segments; DQC blocks implement branching con-
trolled by measurement outcomes; and SQC blocks capture while-loops, which
are unfolded by repeatedly executing their bodies until the loop guard, read
from classical bits, evaluates to false. Algorithm 1 formalises this behaviour
in high-level pseudo-code and instantiates the small-step semantics for mixed
combinational, dynamic, and sequential fragments, completing the realisation of
Challenge 1 on top of the Parser’s CQC/DQC/SQC decomposition.

Interfaces Used by the Simulator. Algorithm 1 relies on a small set of primitive
operations provided by the BDD-based Kernel and the Parser:

— BDDCoMBSIM(n,7): create an empty BDD-based symbolic simulator for
n qubits with precision parameter r, i.e., the number of bit slices used to
represent amplitudes in the encoding of [39].

— ISFINALMEAS(G): return true iff measurement G is marked as final by the
OpenQASM 3 static analysis in the Parser.

— GETPROB(s, ¢): for a BDD-encoded state s, return the unnormalised proba-
bilities (p}™, p)>™) of outcomes 0 and 1 on qubit ¢ (computed via weighted
model counting in the Kernel; Challenge 3).

— MIDMEASURE(s, g, b): perform a symbolic mid-circuit measurement of qubit
g with outcome b € {0,1} on state s.

Kernel (Boolean engine). All quantum-state manipulation is delegated to
the Kernel, which is implemented on top of BDDs. The Kernel provides the
low-level symbolic operators used by the Simulator and is organised into two
components, addressing Challenges 2 and 3.

— BDDCombSim, which implements Boolean gate-update rules for combinational
circuits together with a mid-circuit measurement operator, following the BDD
techniques of Tsai et al. [39]. Combined with CQC/DQC decomposition, this
suffices to handle all combinational and dynamic fragments, as well as the
mid-circuit and final measurements that arise in Qiskit programs.

— BDDSeqSim, which extends the Kernel to full sequential quantum circuits in
the sense of Wang et al. [41]. Beyond Qiskit’s current while_loop semantics,
BDDSeqSim also supports an extended while-loop style, where each iteration
injects a fresh external input state into a fixed SQC body, e.g.:



586 Z. Li et al.

Algorithm 1. SIMULATOR(B,n,r,m)

Input: Parsed block sequence B = [By, ..., Bg]; number of qubits n; BDD precision
parameter r; measurement mode m € {sample, preset}.
Output: BDD-encoded final quantum state s; path probability pgiobai-
1: s — BDDCoMBSIM(n,T) > initialise BDD kernel
2: initialise s to |0 --0)
* Pglobal < 1
clbits — empty map > classical store
: ExEcuTEBLOCKS(B)
return [s, pgioball

D gk

N

: procedure ExecuTeEBLOCKS(B')
8: for each block B in B’ in program order do

9: if B is a CQC block then

10: for each operation G in B in program order do

11: if G is a measurement ¢ — ¢ then

12: HANDLEMEASURE(q, ¢, ISFINALMEAS(G))

13: else

14: apply the Boolean gate update for G on s

15: end if

16: end for

17: else if B is a DQC block then

18: read guard bits from clbits and compute switch value v
19: select branch Bsyu, of B according to v

20: ExEcUTEBLOCKS(Bsub)

21: else if B is an SQC block then > while loops
22: while loop condition of B evaluated from clbits holds do
23: let Bpoay be the body-block sequence of B

24: EXECUTEBLOCKS(Bbody)

25: end while

26: end if

27: end for

28: end procedure

29: procedure HANDLEMEASURE(g, ¢, isFinal)
30: if isFinal then

31: record (¢ — c¢) as a deferred final measurement

32: else

33: (pie®, A iOi“t) — GETPROB(s, q) > query prob. of ¢q
34: po =y /(oo™ +p™); pre— 1= po

35: if m = sample then

36: sample b € {0,1} with Pr[b = 0] = po and Prjb=1] = p;

37: else if m = preset then

38: b < next preset value for classical bit ¢

39: end if

40: Pglobal < Pglobal X (b =07 Po . pl)

41: s < MIDMEASURE(S, ¢, b) > symbolic collapse on ¢
42: clbits[c] < b

43: end if

44: end procedure
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g_internal = ... # internal qubits, persist across iterations
c = 0 # loop guard (classical bit)
while ¢ ==

p = new_qubit() # fresh external input with arbitrary state
U(p, q_internal, ...) # body unitary using p and internal qubits
¢ = measure(p) # update loop flag

To simulate such general SQCs, BDDSeqSim introduces two dedicated opera-
tors: state composition, which tensors the external input state with the cur-
rent internal state, and state retention, which discards the measured exter-
nal qubits while preserving the updated internal state (Challenge 2). Their
pseudo-code is given in Algorithm 2.

Remark (internal vs. external qubits). For an SQC induced by a while-loop,
internal qubits are the iteration-to-iteration state that is retained and fed back,
whereas external qubits are iteration-scoped qubits that are measured and then
discarded.

Algorithm 2. BDDSEQSM(|¢)i,),C,Z, M)

Input: Initial internal quantum state |1in) = (k, {F£}) (notation as in [39]); an SQC
C whose body is a DQC C’; a pair of sequences (or iterators) Z and M providing, for
each iteration, the external input state and the corresponding external measurement
outcomes (given in preset mode or generated on the fly in sample mode).

Output: Final internal state (l%, {FA';}), path probability pgiobar of M.

1:

11:
12:

13:

Pglobal < 1 > accumulated probability of observing M
¢ (kiny {FL i }) < (B, {Fi}) > initialise internal state
: for each external input state (0, {F} . }) € T do

(ktotats {F totar}) < (Kin, {Fg.ex N Fain}) > state composition
apply C’ to (ksotal, {F;’mtal}) using Boolean gate transformations [39] and the

HANDLEMEASURE procedure of Algorithm 1

Mlqo), ..., Mgm—-1] — M > get the corresponding measurement outcomes

Construct assignment ¢o . .. Gm—1 based on M][qo], ..., M[gm—-1].

(Kin, {Fi in}) < (ktotal, {F;,total o } > state retention
G0 -dm—1

compute probability p of observing MJqol, ..., M[gm-1] via weighted model

counting (see Weighted model counting for probability evaluation)

Pglobal <~ Pglobal * P
end for

(iﬂ, {F‘;}) 1_ (kjl,” {Fé,in})
return [(k, {F}}), pglobal]

Remark (iterators for while loops). The for-loop in Algorithm 2 is conceptual: in
the implementation, the SQC is unfolded by repeatedly consuming one element
from M (and, if needed, Z) while the loop guard holds. In sample mode, M is an
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on-demand iterator whose next outcome is sampled when the guard is evaluated,
and it stops producing values once the guard becomes false. In preset mode, the
user provides a finite prefix of M (and Z), which fixes a bounded unrolling of
the while-loop.

Weighted Model Counting for Probability Evaluation (Challenge 3). A central
task of the Kernel is to evaluate measurement probabilities on BDD-encoded
quantum states. Instead of using the hyper-function construction of [39], @Se-
¢Sim adopts a model counting view: probabilities are obtained via weighted
model counting over structured and sparse BDDs representing the amplitude
polynomials (see [7]). Because BDDs compactly encode large families of basis
states with shared structure, weighted model counting can aggregate their con-
tributions in time proportional to the size of the BDD representation (up to
caching and arithmetic costs), avoiding explicit enumeration of exponentially
many assignments. This does not imply polynomial-time counting in the worst
case with respect to the original circuit; the gain comes from a compact BDD
structure. This probability computation is tightly integrated into GETPROB and
into the SQC engine (Algorithm 2), and forms the main algorithmic ingredient
in addressing the scalability issues highlighted in Challenge 3.

5 Functionalities

We summarise here the main functionalities offered to users by QSeqSim.

5.1 Simulation of Qiskit While Loop and Its Extensions

@SeqSim can be used as a backend to simulate a broad class of Qiskit while-
loops, including patterns that are not yet natively supported by current Qiskit.

— Qiskit while_loop programs. Users can directly run Qiskit circuits contain-
ing while_loop constructs (possibly mixed with if/else and for). QSeqSim
executes the loop semantics and returns the resulting quantum state together
with the probability of a chosen measurement pattern.

— Extended while loops. Beyond standard Qiskit while-loop programs, users
can also specify SQCs that admit an arbitrary external input state at each
iteration. QSeqSim simulates such extended while-loops via BDDSeqSim and
allows inspection of the state after any iteration.

— General Qiskit programs with arbitrary control flow. Qiskit programs
with arbitrary combinations and nesting of if/else, switch, for, and while
constructs are supported.

In all cases, users may either let QSeqSim randomly sample measurement
outcomes (sample mode), or specify a concrete outcome pattern (preset mode)
to fix a particular execution path.
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5.2 Analysis of Quantum State Reachability

In formal methods, state reachability, namely deciding whether a given config-
uration can be reached and with what probability, is a central problem, from
model checking of Markov chains and other probabilistic systems to the verifi-
cation of (quantum) while loops [1,2,4,9,15,16,19,45].

QSeqSim supports such (bounded) quantum state reachability queries for
while loops. A program point is fixed (for example, “after the k-th loop iteration”)
together with a target quantum state or basis configuration on some qubits. For
a quantum random walk implemented with a while-loop, a reachability question
of common interest is:

“After the k-th iteration, is it possible for the walker to be at position 7
If so, what is the probability of the execution paths that realise this?”

To answer such queries, candidate paths are encoded via the preset mode (fixing
the sequence of measurement outcomes across iterations). QSeqSim then com-
putes, for each path, the final quantum state and its probability, which allows
users to check reachability and quantify the likelihood of reaching the target.

5.3 Analysis of Measurement Outcome Reachability

QSeqSim also supports queries about whether particular measurement outcome
patterns can occur and with what probability, a central concern in the analysis of
quantum protocols with repeated measurements and feedback, and in studying
loop termination behaviour [14,41,47]. Given a sequence of measurement out-
comes across iterations for a while loop, specified via the preset measurement
mode, QSeqSim returns the probability of the corresponding execution. For a
RUS circuit expressed as a while-loop that repeats until a measurement returns
0, a typical measurement outcome reachability question is:

“What is the probability that the sequence of outcomes is 1111110 (that
is, six times 1 followed by 0), and the loop terminates at that point?”

By varying such queries over families of patterns (for example, “eventually a 0
occurs”), one can empirically study whether a RUS or feedback-based protocol
converges or may fail to terminate with non-zero probability.

6 Evaluation

We evaluate QSeqSim along three dimensions matching its intended uses: (i)
simulation of Qiskit while-loops (Sect.6.1), (ii) quantum state reachability
(Sect.6.2), and (iii) measurement outcome reachability (Sect.6.3). All experi-
ments were run on a MacBook Air 2023 (Apple M2, 16 GB unified memory)
with Python 3.12.
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6.1 Simulation of Qiskit While Loops

We consider three structured benchmarks (RUS [30], QRW [35], Grover [3,18])
and, separately, randomly generated while-loop programs. Unless stated oth-
erwise, we use preset mode: a concrete sequence of mid-circuit measurement
outcomes is fixed in advance, so that @SeqSim symbolically executes a single
predetermined path.

For the RUS and random while-loop benchmarks, circuits are generated via
the Qiskit Python API, exported to OpenQASM 3, and then passed to QSeqSim
as in Sect.3. In contrast, QRW and Grover rely in Qiskit on custom Python
functions that repeatedly instantiate large static subcircuits (shift, oracle, diffu-
sion), incurring significant OpenQASM parsing and construction overhead. To
isolate the cost of symbolic simulation, we therefore bypass Qiskit for QRW and
Grover and directly invoke the BDDSeqSim kernel on hand-specified sequential
circuits, using the same BDD-based engine.

Repeat-Until-Success (RUS). We use the six two-qubit RUS circuits from Paet-
znick and Svore [30, Figures 7-10], where a common RUS pattern is instantiated
with different single-qubit unitaries U and corresponding ancilla measurement
rules. We implement these six RUS variants (RUS-1 to RUS-6) in the Qiskit
API and invoke @QSeqSim in preset mode. In each case the ancilla is measured
every iteration and the loop terminates on a designated “success” outcome: for
RUS-1-RUS-4 success is 0, while for RUS-5 and RUS-6 success is 1. Accordingly,
we fix the ancilla outcome pattern to 0¥~ 11 for RUS-1-RUS-4 and to 1¥~10 for
RUS-5/RUS-6, enforcing exactly k iterations.

Table 1 reports a representative configuration for six different RUS imple-
mentations U. The number of qubits and per-iteration gate count remain tiny
(two qubits, 7-37 gates), so runtimes mainly reflect the symbolic cost of unfold-
ing the loop. For short loops (10 iterations), all variants complete in under 1s.

Table 1. Performance of @SeqSim on Qiskit RUS while-loops (preset mode).

Benchmark|Implementation U #Qubits #Gates #Iterations/Time (s)
RUS-1 XAV +Z 2 7 10 0-300
V7 100 0.960
; 1 .
RUS-2 I+2ivax 2 13 0 0.673
V3 100 1.427
; 1 .
RUS-3 I1+2iZ 9 12 0 0.656
V5 100 11.081
31 +2iZ 10 0.760
RUS-4 2 20
Vi3 100 20.807
4l +iz 10 0.963
RUS-5 2 37
V17 100 90.027
; 1 .994
RUS-6 51 +2iZ 9 33 0 0.99
V29 100 108.148
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For 100 iterations, however, runtimes span nearly three orders of magnitude:
from below 1.5 for RUS-1/RUS-2 to around 90-108s for RUS-5/RUS-6. This
variability shows that QSeqSim is sensitive not only to loop depth but also to
the specific unitary U, which affects BDD structure and sharing.

Quantum Random Walk (QRW). For QRW, we work directly with BDDSeqSim,
following the experimental setup of Wang et al. [41, Figure 3]. Each iteration
applies a Hadamard on the coin, a coin-controlled shift on an ¢-qubit position
register, and a multi-controlled X on a single flag qubit that flips when a fixed
target basis state is reached, namely the internal all-ones configuration of the
coin and the position register.

Table 2a shows runtimes as we scale the position register from N = 16 to
N = 1024 sites and increase the number of iterations. For N = 16 (16 qubits, 31
gates per iteration), @SeqSim comfortably reaches hundreds of iterations, but
the cost grows rapidly: going from 100 to 785 iterations increases the time from
5.3s to about 1800s. Larger walks are limited by qubit and gate counts rather
than loop depth: for N = 1024 (1024 qubits, 2047 gates per iteration), only up
to 13 iterations are feasible within a 30-minute timeout.

Grover’s Search. The Grover benchmark follows the same pattern: a fixed num-

ber of data qubits plus a flag qubit, with each iteration consisting of an oracle
phase flip on a single marked basis state followed by a diffusion operator. Again

Table 2. Performance of QSeqSim on different while-loops (BDDSeqSim).

(a) QRW while-loops (b) Grover while-loops

#Qubits|#Gates|#Iterations/Time (s)  |[#Qubits|#Gates|#Iterations Time (s)

3 0.041 3 0.177

10 0.111 10 2.354
16 31 100 5.303 16 81 100 340.669
200 30.375 150 866.182
785 1797.676 203 1781.141

3 0.698 2 3.115

10 2.861 3 16.293
128 255 100 239.485 128 641 6 135.108
200 1118.501 10 622.699
244 1792.934 15 1700.021
3 235.568 2 256.593
5 438.156 3 527.699
1024 2047 8 867.763 256 1281 4 840.786
10 1124.445 5 1156.052
13 1622.304 6 Timeout




592 Z. Li et al.

we emulate a while-loop by enforcing a specific termination iteration via the
mid-circuit measurement pattern.

Table 2b summarises the results. For 16 work qubits (81 gates per iteration),
runtimes scale from 0.18s at 3 iterations to around 1780s near 200 iterations.
For 128 qubits, even 15 iterations already saturate our timeout. At 256 qubits
and 1281 gates per iteration, @SeqSim handles up to 5 iterations (about 19 min)
before timeout (30 min) at 6 iterations. These trends are consistent with QRW:
BDD-based symbolic simulation can handle substantial gate counts and deep
loops, but very large multi-qubit operators combine unfavourably with repeated
iteration.

Random Quantum While Loops. To evaluate robustness under unstructured con-
trol flow, we generated random quantum circuits using the Qiskit API, which
contain a while-loop with additional quantum gates placed outside the loop.
We fixed the system size at 100 qubits and varied two key experimental param-
eters: computational density (defined as the total number of gates in the circuit,
denoted G) and control complexity (defined as the total number of mid-circuit
measurements, denoted M). These experiments were executed in sample mode:
for each mid-circuit measurement performed within the loop, @SeqSim computes
the exact outcome distribution over the current symbolic state, then samples the
next execution branch, and proceeds until the loop terminates or reaches a pre-
defined iteration bound of 1000.

As in sample mode the loop termination time is a random variable determined
by the sampled measurement outcomes, the resulting runtime distribution is typ-
ically right-skewed; we therefore repeat each configuration 50 times and report
the median and interquartile range (IQR [Q1, @3])!. Table3 shows that QSe-
¢Sim remains tractable on 100-qubit circuits: across all tested settings, median
runtimes stay within a minute. Runtime generally grows with circuit size, while

Table 3. Performance of @SeqSim on Qiskit random while-loops (sample mode).

Benchmark Qubits Gates Mid-Meas Total Time (s)
rgc_ql00 g0 m5 (100 |50 |5 0.218 [0.215, 0.915]
rgc_ql00 g50 m10 100 |50 |10 0.273 [0.194, 1.158]
rgc_ql00 g50 m20 [100 |50 20 0.214 [0.211, 0.367]
rgc_ql00 gl00 mb5 [100 100 |5 0.971 [0.945, 3.053]
rqc_ql00 gl00 m10/100 100 |10 0.949 [0.942, 2.789]
rgc_ql00 gl00 m20 100 100 |20 1.149 [1.008, 6.092]
rgqc_ql00_g200 _m5 [100 200 |5 2.235 [2.151, 5.910]
rgc_ql00 g200 m10100 {200 |10 15.978 [3.056, 22.853]
rgc_ql00 g200 m20100 {200 |20 2.116 [1.767, 10.228]

! The median is the 0.5 quantile of the sample distribution, and the interquartile range
[Q1, Q3] is the interval between the 0.25 and 0.75 quantiles; see [21].
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mid-circuit measurements have a non-monotone, control-flow-dependent effect
(e.g., G=200, M=10 vs. 20). As random while-loops may not terminate, our
generator enforces almost termination; these results thus characterize robustness
under terminating control flow.

6.2 Analysis of Quantum State Reachability

We next use the QRW benchmark to study quantum state reachability for a
while-loop semantics. Each QRW step consists of a coin flip on a single qubit,
a controlled shift on an /-qubit position register, and a multi-controlled X that
flips an external flag qubit ¢o precisely when the coin and position jointly equal
a fixed target basis state (here, the all-ones internal configuration).

Reachability formulation. A reachability question of common interest is:

“After k QRW iterations, can the internal configuration (coin + position)
reach the all-ones basis state, and if so, with what exact probability?”

This reduces to the marginal state of the flag qubit gy after k steps: the all-ones
state is reachable at iteration k iff go can be in |1). Under preset mode, we fix
the measurement outcomes controlling the loop guard to 011, so that the loop
continues for k— 1 iterations and terminates at step k. The branch probability of
this classical pattern is then exactly the reachability probability of the all-ones
internal configuration at step k.

Results. Table4 reports results for a fixed system size of 256 qubits and iter-
ation counts £ = 1,...,10. For each k, BDDSeqSim symbolically executes the
constrained path 0¥~11, checks whether measuring qubit ¢ in the computa-
tional basis can yield outcome 1, and returns the exact branch probability
together with the runtime.

Table 4. Quantum state reachability of QRW while-loop.

#Qubits| k Reachable? Probability Time (s)
1 Yes 0.5 1.264
2 No 0 2.489
3 Yes 0.125 3.808
4 No 0 5.053
256 5 No 0 6.399
6 No 0 7.992
7 Yes 0.0078125 | 9.729
8 No 0 11.409
9 No 0 13.453
10 No 0 15.563
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The non-zero rows reveal that the all-ones configuration is only reachable at
specific iteration counts (here, k = 1,3,7), and the associated branch proba-
bilities decay quickly. QSeqSim computes these probabilities exactly, without
sampling noise, and the runtimes grow approximately linearly with k£ in this
setting.

6.3 Analysis of Measurement Outcome Reachability

We finally evaluate how easily users can pose measurement-outcome reachabil-
ity queries on the RUS-1 while-loop from Sect.6.1. Each loop iteration applies
the fixed two-qubit RUS-1 subcircuit and measures an ancilla; the loop continues
while the ancilla is 1 and terminates on the first 0.

A typical measurement outcome reachability query is:

“What is the probability that the ancilla outcomes are 10, so that the loop
terminates exactly at iteration k + 127

In preset mode, the user specifies the concrete pattern 1%0; QSegSim then
symbolically follows this unique branch and returns: (i) the probability of that
pattern, ppath(k), and (ii) the probability that the loop has terminated by iter-
ation k + 1, prerm. (k). Here pierm. (k) is obtained as the cumulative probability

of all termination patterns up to iteration k + 1, i.e. prerm. (k) = Zf:o Ppath (2)-

Table 5. Measurement-outcome reachability for the RUS-1 while-loop.

k 0 1 2 3 4 5 6 7 8
Ppath 0.75000/0.18750|0.04688/0.01172|0.00293/0.00073/0.00018/0.00005/0.00001
Pterm.  |0.75000/0.93750|0.98438/0.99609/0.99902/0.99976/0.99994/0.99998/1.00000
Time (s)|0.02607/0.05073/0.04982(0.04946/0.07638/0.11201|0.15824/0.21086/0.29526

Table 5 shows the outputs for £ = 0, . .., 8. The per-pattern probabilities ppash
quickly become very small as k increases, while termination is already almost
certain after a few iterations. All queries complete in well under one second,
allowing interactive exploration of rare measurement patterns.

7 Conclusion

We have presented QSeqSim, a Qiskit-integrated symbolic backend that directly
executes while-loop programs by interpreting them as sequential quantum cir-
cuits with explicit state feedback across iterations. Building on a BDD-based
Boolean representation of quantum states and operations, QSeqSim provides
symbolic operators tailored to this sequential setting and thus enables efficient
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exploration of loop-induced behaviours. Our experiments on RUS schemes, quan-
tum random walks, and Grover’s search on commodity hardware show that QSe-
gSim scales to substantial while-induced sequential circuits; in particular, in
the quantum random walk benchmark we successfully simulate circuits with
over 1000 qubits for more than 10 loop iterations, and we support both quan-
tum state reachability and measurement outcome reachability queries for Qiskit
while-loop programs. All experiments in this work are conducted on a PC. As
future work, we plan to deploy @QSeqSim on server-class machines and exploit
parallelism to support larger-scale simulations and better serve subsequent for-
mal verification of quantum programs with while-loops.
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