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QDP: Worst-case Fidelity-aware Qubit Mapping and Routing
using Dynamic Programming

Shui Jiang, Wen Cheng, Yi-Hua Chung, Tsung-Yi Ho Fellow, IEEE, and Tsung-Wei Huang

Abstract—Qubit mapping and routing (QMR) is a critical
step in quantum computing because it maps logical qubits to
a physical layout while properly routing all gates. In QMR,
achieving high qubit fidelity is essential as it ensures reliable
execution of a quantum circuit on a quantum computer. However,
existing QMR algorithms focus on optimizing the average fidelity
(AVF) across all qubits, ignoring the worst-case fidelity (WCF) of
individual qubits. In practice, a particularly low-fidelity qubit
can greatly diminish the reliability of a quantum circuit as a
single qubit failure can lead to the failure of the entire circuit.
To address this issue, we introduce QDP, a parallel dynamic pro-
gramming (DP)-based QMR algorithm that optimizes the WCF
while balancing the overall AVF. QDP leverages a state graph as
the optimal substructure for our DP formulation to capture all
valid quantum circuit execution orders. To enhance performance,
QDP introduces a parallel DP-based state traversal algorithm
that maximizes WCF through remapping and reduces the size of
the state graph via progressive state expansion. Compared with
state-of-the-art QMR algorithms, QDP can enhance the WCF by
up to 33.88% while achieving comparable AVF on real quantum
computers with up to 53 qubits.

Index Terms—Quantum computing, Dynamic programming,
Qubit mapping and routing, Qubit fidelity, Parallel algorithm

I. INTRODUCTION

QUBIT mapping and routing (QMR) is critical for exe-
cuting a logical quantum circuit on a physical quantum

computer, as it assigns logical qubits to physical qubits and
properly routes all quantum gates. Specifically, a gate on
two logical qubits must be placed in adjacent physical qubits
to establish reliable entanglement routes [1]. When the two
logical qubits are not adjacent, additional swap gates must
be inserted to iteratively bring them to two adjacent physical
qubits. However, these additional swap gates can degrade the
fidelity of physical qubits and reduce the overall reliability of
execution. Therefore, the major goal of QMR is to minimize
the number of swap gates while satisfying the connectivity
constraints of physical qubits. Nevertheless, QMR has been
proven to be NP-complete [2], which makes it challenging to
find a high-fidelity QMR solution. To address this challenge,
existing QMR works have explored various strategies, such
as heuristic-based search algorithms [3]–[5] and Boolean op-
timization techniques [6], [7].

While these strategies can improve qubit fidelity, they
primarily focus on optimizing the average fidelity (AVF)
across all qubits, overlooking a more important metric: the
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Fig. 1: WCF and AVF results of QDP compared with state-of-
the-art QMR algorithms, QMAP, SABRE, and SATMAP on
three real IBM quantum computers: (a) 15-qubit Melbourne,
(b) 20-qubit Tokyo, and (c) 53-qubit Rochester. QDP signif-
icantly improves WCF while achieving comparable AVF to
other methods.

worst-case fidelity (WCF) of individual qubits. Specifically,
a single qubit with particularly low fidelity can significantly
reduce the overall reliability of a quantum circuit, as the
failure of just one qubit may cause premature failure of
the entire circuit [8]. Unfortunately, this type of WCF-aware
QRM problem has been rarely addressed by existing QMR
algorithms [1]–[43]. As an example, Figure 1 shows the WCF
and AVF values of three state-of-the-art QMR algorithms,
QMAP [29], SABRE [1], and SATMAP [6] on three widely
used IBM quantum computers: 15-qubit Melbourne, 20-qubit
Tokyo, and 53-qubit Rochester. On Melbourne (Figure 1a),
although these algorithms achieve AVF values of 89.74%–
91.01%, their WCF values are only 63.09%–66.64%. Similar
results appear on Tokyo and Rochester too (Figure 1b).

To address this issue, we focus on the WCF-aware
QMR (WQMR) problem. Unlike existing AVF-centric QMR
(AQMR) problems, WQMR exhibits unique challenges.
Specifically, optimizing AVF alone, such as the resulting swap
count or circuit depth, does not necessarily improve WCF. Two
mappings may have the same swap count and similar AVF,
yet exhibit very different WCF if one repeatedly routes gates
through a frequently used qubit. This leads to uneven gate
distribution and reduces WCF. Additionally, the search space
of WQMR is much larger than that of AQMR, as circuits
that achieve similar AQMR objectives can still exhibit widely
varying WCF values. As a result, these challenges make it
difficult to apply existing AQMR solvers to WQMR.

Despite these challenges, we observe a similarity be-
tween WQMR and the classic Traveling Salesman Problem
(TSP) [44], which can be effectively solved using dynamic
programming (DP). Intuitively, both problems aim to find
an optimal sequence (qubit mappings in WQMR vs. travel
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routes in TSP) to optimize a target objective (WCF vs. route
distance). This observation inspires us to design a DP-based
algorithm called QDP to solve WQMR. We summarize our
technical innovations below:
• We introduce a state graph as the optimal substructure for

our DP formulation, capturing all valid quantum circuit
execution orders.

• We introduce a parallel DP-based state traversal algorithm
that dynamically constructs the state graph using multiple
threads. It maximizes WCF through remapping and reduces
the size of the state graph via progressive state expansion.

• We introduce a shortest path-based remapping algorithm to
generate candidate qubit mappings and swap sequences that
can maximize WCF while balancing AVF.

• We introduce a progressive state expansion algorithm that
incorporates all executable gates into a state only at the time
of remapping, thereby significantly reducing the size of the
state graph to scale WQMR to larger circuits.
We evaluate the performance of QDP on a set of com-

monly used QMR benchmarks atop three representative IBM
quantum computers: Melbourne, Tokyo, and Rochester. Com-
pared with three state-of-the-art QMR algorithms, SABRE [1],
QMAP [29] and SATMAP [6], QDP improves WCF by up
to 12.75%, 22.77%, and 19.16%, with only a 2.02%, 4.88%,
and 10.97% reduction in AVF on Melbourne, Tokyo, and
Rochester, respectively. These results are shown in Figure 1.
We plan to integrate QDP into IBM’s Qiskit toolchain to
advance WCF-aware QMR research.

II. BACKGROUND

In this section, we formally define the QMR problem (Sec-
tion II-A) and discuss prior QMR algorithms (Section II-B).

A. Qubit Mapping and Routing

A quantum circuit G is a sequence of quantum gates gi
(i.e., G = (g0, g1, · · · , g|G|−1)). A quantum gate can perform
on one qubit (i.e., single-qubit gate) or two qubits (i.e., two-
qubit gate). For example, in Figure 2a, the quantum circuit
has three quantum gates on four logical qubits (i.e., q[0], · · · ,
q[3]). In that circuit, cx is a two-qubit gate. The execution
of a two-qubit gate must satisfy the hardware constraint of a
physical quantum computer. A quantum computer architecture
consists of physical qubits, which are connected in edges to
form a coupling graph. For example, there are four physical
qubits (i.e., p0, · · · , p3) in Figure 2b, forming a coupling graph
with three edges ((p0, p1), (p1, p2), (p2, p3)).

To execute a two-qubit gate, the logical qubits involved
must be mapped to adjacent physical qubits. For example,
when executing the first gate (i.e., cx q[0], q[2]) in
Figure 2a on the coupling graph shown in Figure 2b, a
feasible solution to map the logical qubits to physical qubits
is π0 : (p0, p1, p2, p3) 7→ (q[0], q[2], q[1], q[3]). In this way,
logical qubits q[0] and q[2] are assigned to physical qubits p0
and p1, which are adjacent. The process of assigning logical
qubits to physical qubits is called qubit mapping. π0 is called
an initial mapping since it is the first mapping, before the
execution of the first quantum gate in Figure 2a.

𝑝0

𝑝1

𝑝3

𝑝2

cx q[0],q[2];
cx q[1],q[2];
cx q[2],q[3];

+

+

q[0]

q[1]

q[2]

q[3]

+

cx 𝑝0, 𝑝1;
cx 𝑝2, 𝑝1;
swap 𝑝2, 𝑝3;
cx 𝑝1, 𝑝2;

(a) Original circuit on logical qubits.

(c) Initial mapping and output circuit on physical qubits.
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Fig. 2: A QMR example that maps the quantum circuit in (a)
to the coupling graph in (b), and results in a quantum circuit
on physical qubits in (c).

An initial mapping alone is not sufficient for executing
a complete quantum circuit on a quantum computer. As
gate execution progresses, the initial mapping might not
satisfy later gates. For example, gate cx q[2], q[3] in
Figure 2a cannot run on mapping π0 : (p0, p1, p2, p3) 7→
(q[0], q[2], q[1], q[3]), because q[2] and q[3] are mapped to
non-adjacent qubits p1 and p3. To resolve this, we insert a
swap gate between p2 and p3 to swap their corresponding
logical qubits (highlighted in light blue in Figure 2c). As a
result, the insertion of this swap leads to a new mapping,
(p0, p1, p2, p3) 7→ (q[0], q[2], q[3], q[1]). This adjustment al-
lows the gate cx q[2], q[3] to be executed. The process
of inserting swap gates to adjust qubit mappings, enabling
the execution of the original quantum circuit on a quantum
computer, is called qubit routing.

To summarize, given an input mapping (e.g., π0 in Fig-
ure 2c), QMR determines a gate sequence (e.g., G′ in Fig-
ure 2c), including necessary swaps, that allows a quantum
circuit to be executed on a quantum computer. There can
be multiple solutions to a QMR problem. Different QMR
algorithms determine optimal solutions based on different
objectives, such as the number of swap gates [1], [6], [9],
[29] or circuit depth [1], [5], [10].

B. Related Works

There has been extensive research [1]–[43] on QMR, also
known as quantum circuit transpilation or compilation, qubit
allocation, and quantum layout synthesis. Due to the NP-
completeness of QMR, researchers have proposed various
heuristics to solve it [1], [3]–[5], [9], [12], [14], [16], [24],
[26], [28], [30], [40], [43]. For instance, [9], [16] introduce
look-ahead strategies to evaluate possible qubit movements
and minimize the number of swap insertions. Approaches
such as [3], [4] employ A? search to optimize both quantum
circuit reliability and execution time. Li et al. [1] use the
bidirectional search with nearest neighbor-based heuristic cost
(NNC) to minimize the number of swap gates. Sinha et al. [5]
use Monte Carlo tree search, aided by a graph neural network
that evaluates action probabilities, to minimize the resulting
quantum circuit depth. Liu et al. [12] optimize QMR for
multiple quantum programs in a cloud environment using task
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TABLE I: Frequently used notations in this paper.

Notation Description of the notation
G Quantum circuit on logical qubits.
g Gate on logical qubits, g ∈ G. g’s name and qubits are

g.name and g.q, respectively.
G′ Quantum circuit on physical qubits, after QMR.
g′ Gate on physical qubits, g′ ∈ G′. g′’s name and qubits

are g′.name and g′.p, respectively.
pi Physical qubit i.
q[i] Logical qubit i.
n Number of logical qubits in a quantum circuit.
N Number of physical qubits in a quantum computer.
|G| Number of gates in a quantum circuit G.
F Fidelity vector, recording fidelity on all physical qubits.
D DP table that keeps track of different states and the

corresponding physical-to-logical mappings.
s A state in a state graph.
π A physical-to-logical qubit mapping.
D[s] Dictionary that associates s’s each mapping πi with πi’s

properties. The gate sequence and fidelity vector of πi
at s are D[s][πi].seq and D[s][πi].F , respectively.

f(g′) Calculates the fidelity (i.e., success rate) of gate g′.
U(F, θ) Calculates the resulting fidelity vector of all physical

qubits from a gate sequence θ, given the initial fidelity
vector F .

t Number of threads

scheduling and NNC. These heuristic approaches are often
greedy-based, leading to sub-optimal solutions.

To avoid being trapped in sub-optimal solutions, researchers
also explore constraint-based search algorithms to find the
exact QMR solution under certain conditions [6]–[8], [10],
[11], [13], [17], [27], [37]. For instance, Molavi et al. [6]
formulate QMR as a maximum satisfiability (SAT) problem
with relaxed constraints to minimize the number of swaps.
Tan et al. [10] formulate QMR as a satisfiability modulo
theories (SMT) optimization problem, to optimize fidelity, the
number of swaps, and circuit depth. Bhattacharjee et al. [17]
use integer linear programming (ILP) to optimize multiple
QMR objectives simultaneously. Nannicini et al. [11] model
QMR as a binary integer programming (BIP) problem using
a network flow formulation with binary variables to optimize
circuit fidelity via minimizing error rate and cross-talk. Shaik
et al. [8] model QMR as a classical planning problem, which
can scale to quantum circuits with up to nine logical qubits.
Since QMR is NP-complete [2], finding the exact solution
often costs significant runtime and memory.

While the aforementioned studies improve qubit fidelity,
they primarily focus on the AVF of all qubits, overlooking
the WCF of individual qubits. As shown in Figure 1, AVF-
optimized solution does not necessarily translate to WCF-
optimized one, whereas a WCF-aware solution can greatly
enhance WCF with comparable AVF. While AVF is a useful
metric, WCF is often more critical, as the failure of a single
qubit can cause the entire circuit to fail prematurely.

III. ALGORITHM

In this section, we discuss the details of QDP. We formulate
WQMR in Section III-A, and Table I gives frequently used
notations throughout this paper along with their descriptions.

Figure 3 gives an overview of our algorithm. Initially,
we analyze the quantum circuit and construct a gate depen-

dency graph [1], [45]. From this graph, we then dynamically
construct a state graph and traverse it to maximize WCF
(Section III-B). The state graph is the optimal substructure
of our DP formulation, capturing all valid quantum circuit
execution orders. In the state graph, each node (i.e., state) is
a set of executed quantum gates, following the topological
order of the dependency graph. Edges between states denote
state transitions (e.g., state A to B in Figure 3), where we
perform the following steps: (1) Remapping: To accommodate
a newly added gate that cannot be executed on the current
mapping, we remap the circuit. Our remapping algorithm
(Section III-D) identifies the optimal swap paths on the
target architecture while balancing WCF and AVF, and then
generates candidate mappings with their corresponding swap
sequences. (2) Expansion: Upon remapping, we expand the
state further to include all gates executable under the new
mapping (Section III-C). This can significantly reduce the size
of the state graph to scale WQMR to larger circuits. State
graph traversal can be parallelized for independent states (e.g.,
states A and C), with each thread handling independent state
transitions.

Starting from the initial state, we traverse the state graph
until reaching the final state where all gates are executed (e.g.,
state D).

A. WCF-aware QMR Problem Formulation

To understand the importance of WCF, we show that it
defines a fundamental upper bound on circuit output correct-
ness. Consider any measured bitstring in a quantum circuit and
define event E as “the bitstring is correct”. Let Ei denote the
event that qubit i is correct for this bitstring. Since a bitstring
is correct only if every qubit is simultaneously correct (i.e.,
E =

⋂
iEi), we have:

Pr(E) = Pr(
⋂
i

Ei) ≤ min
i

Pr(Ei) = WCF. (1)

This shows that WCF imposes a hard ceiling on the probability
that any particular output bitstring is correct. In contrast, a
higher AVF does not prevent a single weak qubit from severely
limiting Pr(E). Hence, improving WCF directly raises this
ceiling and mitigates weakest-qubit bottlenecks in measured
outcomes.

In this paper, fidelity for each physical qubit pi is mod-
eled as success rate, a commonly used metric in existing
QMR solvers [17], [25], [26]. It is calculated by multi-
plying the success rates of all gates g′j applied to pi (i.e,
pi ∈ g′j .p). Therefore, after executing a gate sequence
G′ = (g′0, g

′
1, · · · , g′|G′|−1), the fidelity for physical qubit pi

is
∏
g′j∈G′,pi∈g′j .p

f(g′j). We consider the fidelity of a two-
qubit gate g′two (excluding swap) to be f(g′two) = 99% and
that of a single-qubit gate g′single to be f(g′single) = 99.9%,
which is typical of real quantum hardware [13], [26]. Note that
these fidelities are parameterized, not fixed constants. QDP
can be easily reconfigured to adapt to higher fidelities (e.g.,
ion/neutral-atom architectures at 99.9%–99.99%) or lower
fidelities (e.g., ∼ 95%). Additionally, the fidelity of a swap
gate is (f(g′two))

3, because a swap gate consists of three
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Fig. 3: The overview of QDP algorithm. Step 1© dynamically constructs and traverses a state graph based on the gate dependency
graph’s topological order. In step 2©, we transition between adjacent states using our state transition algorithm. This includes
remapping the circuit to accommodate a new gate and expanding a state to include all gates executable under the new mapping.

two-qubit cx gates. WCF (AVF) is defined as the minimum
(average) across physical qubits, where each qubit computes
the product of fidelities of all gates involving that qubit.

We map an original quantum circuit G to a circuit G′

that can run on a specific quantum computer architecture
by changing the gate sequence and adding swaps. Given an
initial mapping π0, our primary objective is to find an optimal
G′ (i.e., G′

?

) that maximizes WCF after G′’s execution on
the target architecture. This optimization problem can be
expressed in Equation 2.

G′
?

= arg max
G′=(g′0,g

′
1,··· ,g′|G′|−1

)

min
pi
{

∏
g′j∈G′, g′j targets pi

f(g′j)} (2)

The optimization is subject to two constraints: (1) Physical
constraint: G′ must be executable on the target architecture’s
coupling graph. This is guaranteed by selecting only the
edges on the coupling graph for swap gates. (2) Logical
constraint: G′ must remain functionally equivalent to G. We
can guarantee this by traversing only along the edges of the
state graph, as it captures all valid execution orders of G.

B. State Graph Traversal

Qubit mapping (Gate sequence, Fidelity)

𝜋0 (𝑠𝑒𝑞0, 𝐹0)

𝜋1 (𝑠𝑒𝑞1, 𝐹1)

𝜋2 (𝑠𝑒𝑞2, 𝐹2)

DP table

Qubit mapping (Gate sequence, Fidelity)

𝜋3 (𝑠𝑒𝑞3, 𝐹3)

𝜋4 (𝑠𝑒𝑞4, 𝐹4)

Qubit mapping (Gate sequence, Fidelity)

𝜋5 (𝑠𝑒𝑞5, 𝐹5)

𝑠0

𝑠1

𝑠2

States

Fig. 4: The organization of a DP table.

To create an optimal substructure of our DP, we construct
a state graph that captures all valid execution orders of a
quantum circuit. Algorithm 1 presents a parallel DP-based
state traversal algorithm that dynamically constructs the state
graph while maximizing WCF. The inputs consist of: (1)
H , the gate dependency graph and (2) π0, the initial qubit
mapping, efficiently generated using QMAP [29]. At line 1,
starting from the initial empty state (line 1), we progressively
expand it under mapping π0 to generate state s0 and frontier
set f0 (Section III-C). The frontier set f0 contains gates that
cannot yet be executed under mapping π0 and have direct
dependencies on gates in s0, similar to to D-frontier [46] in
the D-Algorithm [47] for Automatic Test Pattern Generation.
For example, in Figure 5, expansion from empty state in (a)
yields state s0 = {0, 1, 2} in (b), with f0 = {3, 4, 5} blocked
under π0. At lines 2–3, we compute the fidelity F of the
physical qubits after executing all gates in s0. We then store
the gate sequence of s0 and its fidelity F in a DP table D for
state s0 under mapping π0. As illustrated in Figure 4, a DP
table is an unordered map that associates each state with an
inner qubit mapping table. This inner qubit mapping table is
another unordered map, which links each qubit mapping to a
tuple containing the gate sequence required to reach that state
and its corresponding fidelity vector F . Next, we maintain a
bucket list B that maps the number of gates in a state to the set
of states. At line 4, we add s0 to B[len(s0)]. This data structure
enables parallel processing: states with the same number of
gates (i.e., mapped to the same bucket in B) are independent
and thus can be processed in parallel, as they share no
dependencies. For example, the states {0, 1, 2, 3}, {0, 1, 2, 4},
and {0, 1, 2, 5} (Figure 5c) are in the same bucket and are thus
mutually independent, enabling parallel processing.

Next, we process all states si ∈ b using multiple threads
for each bucket b ∈ B (lines 5–7). For each si, we obtain
its frontier set fi (line 8) and retain only the top-k entries in
D[si] ranked by WCF (line 9). This pruning is essential for
scalability: as circuit depth grows, QDP’s runtime and memory
usage increase due to the exponential growth of mappings
per state. However, we observe that many of these mappings,
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particularly those with low WCF, have negligible impact on
the final result. For example, when solving QMR for circuit
4gt13 90 [29] on IBM Melbourne, QDP can prune 90% of
mappings without significantly affecting the final WCF.

Algorithm 1 State graph traversal

Require: H , gate dependency graph; π0, initial qubit map-
ping.

1: s0, f0 ←Expand(π0, {}) // Section III-C
2: F ← Fidelity after executing gates in s0
3: D[s0][π0]← {seq: Sequence(s0), F : F}
4: B[len(s0)]← {s0}
5: for Bucket b in B do
6: #pragma omp parallel for
7: for si ∈ b do
8: fi ← frontier of si
9: Top k WCF(D[si])

10: for g ∈ fi do
11: sj ← si ∪ {g}
12: for ∀πi at si do
13: Πj ,Θij ← Remap(πi, g) // Section III-D
14: for πj , θij ∈ Πj ,Θij do
15: se, fe ←Expand(πj , sj)
16: θie ← Combine(θij , Sequence(se \ sj))
17: /* DP table update. */
18: #pragma omp critical
19: {
20: B[len(se)].push(se)
21: if πe is not recorded at se

or min{U(D[si][πi].F, θie)} >
min{D[se][πj ].F} then

22: D[se][πj ] ← {seq: Combine(D[si][πi].seq
, θie), F : U(D[si][πi].F, θie)}

23: }

Then, we iterate through every gate g in the frontier set
fi (line 10). For each g, we first construct a temporary
state sj by adding g to the current state si (line 11). Since
g cannot be directly executed under the current mapping
πi due to hardware constraints, we remap πi by inserting
additional swaps on the target architecture (lines 12–13).
Using our remapping algorithm (Section III-D), we generate
candidate mappings Πj and the corresponding gate sequences
Θij , which include the required swaps. For each candidate
mapping πj ∈ Πj and its associated gate sequence θij ∈ Θij

(line 14), we further expand sj to include all gates that become
executable under πj (line 15), and update the gate sequence
to reach se from si (line 16).

Then, in lines 17–23, we update the bucket list B with se
and the DP table D with the gate sequence that maximizes
the WCF. Since B and D are shared data structures across all
threads, each thread must access them under mutual exclusion
to prevent race conditions [48]. We enforce this by wrapping
accesses in an OpenMP critical section using #pragma omp
critical [49]. For example, in Figure 5d, when thread t3
transitions from state {0, 1, 2, 5} to state {0, 1, 2, 3, 4, 5, 7},
threads t1 and t2 are blocked by the mutual exclusion lock.

0

1

2

4

5

3
6

7

8

(a) Gate dependency graph.

{0, 1, 2}{0, 1, 2} Frontier

0

1

2

4

5

3
6

7

8

(b) Initial state, bucket list and frontier.

𝒔𝟎 𝑩

{0, 1, 2}

(c) Multi-threaded state transitions.

𝑩
{0, 1, 2, 5}

{0, 1, 2} {0, 1, 2, 4}

{0, 1, 2, 3}

{0, 1, 2, 5}

{0, 1, 2, 4}
{0, 1, 2, 3}

(d) Mutual exclusion lock in multi-threaded state transitions.

{0, 1, 2, 4}

{0, 1, 2, 3}

{0, 1, 2, 5}

Three threads

Shared 

data: 𝐵,𝐷

{0, 1, 2} {0, 1, 2, 5}

{0, 1, 2} {0, 1, 2, 4}

{0, 1, 2, 3}

{0, 1, 2, 4}
{0, 1, 2, 3}

𝑡1

𝑡2

𝑡3

0

1

2

4

5

3
6

7

8

{0, 1, 2, 3, 4, 5, 6}

{0, 1, 2, 3, 4, 5, 7}

{0, 1, 2, 3, 4, 5, 7}

{0, 1, 2, 5}

{0, 1, 2, 3, 4, 5, 6}𝑩

Frontier

0

1

2

4

5

3
6

7

8

Fig. 5: Parallel DP-based state graph traversal algorithm.

Note that the order in which threads access the shared
DP table D can vary. If we sort mappings only by WCF
and retain the top-k mappings in D (line 9), mappings with
identical WCF values may or may not be preserved depending
on thread order. As a result, the algorithm’s output can
vary across runs. To eliminate this run-to-run variability, we
impose a deterministic total ordering over candidate mappings
when WCF ties occur, and we always prune according to
this ordering. We incorporate these tie-breakers into operator
Top k WCF (line 9). Concretely, we rank mappings using the
following tie-breakers in strict priority order:

1) WCF (descending),
2) Number of physical qubits used so far (ascending),
3) Maximum number of gates applied to any physical qubit

so far (ascending),
4) AVF (descending),
5) Lexicographical order of the mapping (final deterministic

tie-breaker).

This order prioritizes WCF while penalizing the physi-
cal qubit count, over-utilization of physical qubit, and AVF
degradation. The tie-breakers ensure that, even when parallel
traversal discovers candidates in different orders, the retained
top-k set is identical across runs.

Next, to update the DP table D, for each expanded state se
and its mapping πj , we consider all possible gate sequences
θie that lead to se. Among these, we select the best sequence
θ? that maximizes the WCF, as defined in Equation 3.

θ? = arg max
θie

min
p0,··· ,pN−1

{U(D[si][πi].F, θie)} (3)

In Equation 3, U(F, θ) calculates the updated fidelity vec-
tor after applying gate sequence θ to fidelity vector F =
(F0, · · · , FN−1). Formally, we define U(F, θ) in Equation 4.
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U(F, θ) = (F0

∏
g′i∈θ

g′i targets p0

f(g′i), · · · , FN−1
∏
g′i∈θ

g′i targets pN−1

f(g′i))

(4)
For example, if we apply a two-gate sequence ((cx, p1, p2),

(swap, p2, p3)) to a fidelity vector (1, 0.99, 0.98, 1), the result-
ing fidelity vector is (1, 0.99×0.99, 0.98×0.99(1+3), 0.993) =
(1, 0.98, 0.94, 0.97), since one swap consists of three cxs.
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Fig. 6: Illustration of a DP table update. We update D[s1]
from D[s0], where the gate cx q[1], q[3] triggers the
transition from state s0 to s1. In gate sequence θ14, “s” and
“c” represent swap and cx gates, respectively.

Figure 6 shows an example of a DP table update. We
update D[s1] from D[s0], where the gate cx q[1], q[3]
triggers the transition from state s0 to s1. In D[s0], two
mappings, π0 and π1, are shown along with their associated
fidelity vectors. π0 has two candidate mappings: π2 and
π3; π1 has three: π2, π3, and π4. Mapping π4’s fidelity
vector can be directly computed using U(D[s0][π1].F, θ14) =
(1, 0.99 × 0.993, 0.99 × 0.996, 0.99 × 0.994, 0.98 × 0.99) =
(1, 0.96, 0.93, 0.95, 0.97). Since π1 in state s0 is the only
predecessor of π4, we append θ14 to π4’s gate sequence
(D[s1][π4].seq) and update π4’s fidelity vector (D[s1][π4].F )
as U(D[s0][π1].F, θ14). Mappings π2 and π3 each have two
parent mappings: π0 and π1. In this case, π2 and π3 need
to determine which parent leads to the highest WCF. For π2,
we compare U(D[s0][π0].F, θ02) = (1, 0.97, 0.94, 0.96, 0.99)
and U(D[s0][π1].F, θ12) = (1, 0.98, 0.95, 0.93, 0.95). Since
the former has a higher WCF, we append θ02 (thick red
edge in Figure 6) to D[s1][π2].seq and update D[s1][π2].F
as (1, 0.97, 0.94, 0.96, 0.99) (red dashed box in Figure 6). A
similar update applies to π3: since U(D[s0][π1].F, θ13) (blue
dashed box) has a higher WCF than U(D[s0][π0].F, θ03),
we append θ13 to D[s1][π3].seq and update D[s1][π3].F as
U(D[s0][π1].F, θ13) (upper thick blue edge).

C. Progressive State Expansion

The goal of progressive state expansion is to significantly
reduce the size of the state graph to enable WQMR in large-
scale quantum circuits. While states can be generated by
including gates one at a time, this approach results in an
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(b) Generate states only when remapping occurs.

Fig. 7: State graphs under different state-generation policies.

excessively large state graph, making it unscalable for large
quantum circuits. Moreover, this approach produces many
redundant states where the qubit mapping remains unchanged.
To address these issues, we expand as many gates as possible
in a single state, generating new states only when remapping
occurs. As a result, our strategy minimizes redundant states
and improves scalability. For instance, the state graph in
Figure 7a, constructed by incrementally adding one gate at
a time, is 3× larger than that in Figure 7b, which includes
states only when remapping takes place.

Algorithm 2 presents our progressive state expansion. Given
a mapping π and an input state si, the algorithm outputs the
expanded state so, and a frontier set f . Initially, f is set to
empty set, the progress flag is initialized to true, and so to
si (lines 1-3). While the progress flag is true, the algorithm
expands by including new gates (line 4). Upon entering the
loop, the progress flag is set to false, and the algorithm checks
whether any gate can trigger further expansion, potentially
setting the flag back to true (line 5). Then, we iterate over all
gates whose dependencies have been executed but that have
not yet been executed themselves (lines 6-8). For instance, in
Figure 5d, gate 3 has its dependency (gate 1) executed, since
gate 1 is in the current state {0, 1, 2, 5} (shaded yellow), but
gate 3 itself has not been executed, making it a candidate for
expansion. When a candidate gate g is executable under the
current mapping, we add it to so and set progress flag to
true (lines 9-11). Otherwise, we add g to f , as it cannot be
executed under the current mapping (lines 12-13).

D. Remapping Algorithm

To accommodate a new gate that cannot be executed un-
der the current qubit mapping, we introduce a remapping
algorithm that first identifies the optimal swap path (Sec-
tion III-D1) between the two qubits involved in the gate. Based
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Algorithm 2 Progressive state expansion

Require: π, mapping; si, input state.
Ensure: so, expanded state; f , frontier set

1: f ← {}
2: progress← true
3: so ← si
4: while progress do
5: progress← false
6: for g ∈ gates not executed do
7: if not all g’s dependencies are executed then
8: continue
9: if Executable(g) then

10: so.push(g)
11: prgress← true
12: else
13: f .push(g)
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Fig. 8: swap path-finding on the 5-qubit IBM Yorktown quan-
tum computer for executing cx q[1], q[4], assuming an
identity initial mapping.

on this path, we then generate candidate qubit mappings and
swap sequences (Section III-D2).

1) Optimal swap Path: We define a cost function C(·) in
Equation 5 to identify the minimum-cost path on the target
architecture, thereby optimizing the swap path.

C(P ) = |P |+ λ · maxpi∈P {h[pi]}
max∀pi{h[pi]}

(5)

Here, P is a path on the coupling graph, h tracks the number
of prior quantum gates applied on each physical qubit, and λ is
a tunable weighting coefficient. The first term, |P |, represents
path P ’s length and corresponds directly to the number of
swaps required. The second term, maxpi∈P {h[pi]}

max∀pi{h[pi]}
, normalizes

the maximum qubit usage along P by the global maximum
usage across all qubits. The normalization ensures that the
second term remains bounded between 0 and 1, regardless of
the total number of gates applied prior. Since more swaps
lowers AVF and frequently reusing the same qubit lowers
WCF, these two terms jointly capture the trade-off between
AVF and WCF. By adjusting the tunable parameter λ, we can
prioritize WCF over AVF, as higher values of λ penalize qubit
reuse more strongly.

Figure 8 illustrates the process of finding an optimal swap
path on the 5-qubit IBM Yorktown quantum computer to exe-
cute cx q[1], q[4]. Assuming an identity initial mapping
(i.e., (p0, p1, p2, p3, p4) 7→ (q[0], q[1], q[2], q[3], q[4])), logical
qubits q[1] and q[4] are initially mapped to physical qubits

p1 and p4, respectively. Since p1 and p4 are not adjacent
in Figure 8, we must find an optimal swap path between
them. There are four paths between p1 and p4: (p1, p2, p4),
(p1, p0, p2, p4), (p1, p2, p3, p4), and (p1, p0, p2, p3 p4).
Assuming λ = 5 in Equation 5, the corresponding costs are
8, 14, 14, and 15, respectively. Thus, the optimal swap path
is P = (p1, p2, p4).

Inspired by the shortest path algorithm [50], we use Algo-
rithm 3 to find the set of optimal paths Paths between phys-
ical qubits src and dst using the cost function in Equation 5.
At line 1, We find the global maximum qubit usage h max
across all physical qubits. We initialize a priority queue pq
with the source qubit src at its initial cost of 0, and set up
a map min cost to track the minimum cost to reach each
qubit, initially empty (lines 2-3). pq is maintained such that
entries with lower cost are popped first, following min-heap
semantics based on the cost field.

Next, when pq is not empty, we find the top entry and pop it
(lines 4-6). If this entry correspond to the destination qubit dst,
we add its path to the result set Paths (lines 7-9). Otherwise,
for each neighboring qubits nbr of the current entry’s qubit,
we compute the cost of nbr based on Equation 5 (lines 10-13).
If nbr is not yet in min cost, or if the newly computed cost
to reach nbr is lower than the previously recorded cost, we
update min cost[nbr] with this smaller cost, update the path
to nbr, and push a new entry for nbr to pq (lines 14-18).

Algorithm 3 Optimal swap path finding

Require: src, source physical qubit; dst, destination physical
qubit.

Ensure: Paths, set of optimal swap paths.
1: h max←max(h) // h : qubit usage count for prior gates
2: pq ← PriorityQueue({cost: 0, qubit: src, path: {src}})

// pq is ordered by cost
3: min cost← {}
4: while pq is not empty do
5: node← pq.top()
6: pq.pop()
7: if node == dst then
8: Paths.push(node.path)
9: continue

10: for nbr ∈ node.qubits do
11: usage← maxpi∈P∪{nbr}{h[pi]}
12: p len← |node.path|
13: cost← p len+ λ · usage/h max
14: if nbr /∈ min cost.keys() or min cost[nbr] > cost

then
15: min cost[nbr]← cost
16: pn ← node.path
17: pn.push(nbr)
18: pq.push({cost : cost, qubit : nbr, path : pn})
19: return Paths

2) Candidate Generation: After identifying the optimal
swap path, we insert swap gates to remap the circuit from
qubit mapping π0 to accommodate a new gate g. Since there
are multiple ways to insert these swap gates, this results in
several candidate mappings and corresponding gate sequences.
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Algorithm 4 Candidate mapping and gate sequence generation

Require: π0, input physical-to-logical qubit mapping; g, new
quantum gate to execute on logical qubits;

Ensure: Π, a set of candidate mappings; Θ, a set of candidate
gate sequences.

1: pα ← π0.index(g.q[0]); pβ ← π0.index(g.q[1])
2: Paths←OptimalSwapPath(pα, pβ) // Section III-D1
3: Π,Θ← {}
4: for P ∈ Paths do
5: pair ← (pα, pβ);P\pair ← P − pair
6: for i ∈ {0, 1, · · · , |P\pair|} do
7: Pnew ← P\pair[0 : i] + pair + P\pair[i : |P\pair|]
8: θc ← ()
9: for k ∈ Combine(range(i), range(|P |−2, i, −1)) do

10: θc.push( (swap, P [k], P [k + 1]) )
11: πc ← π0
12: for k ∈ {0, 1, · · · , |P | − 1} do
13: πc[P [k]]← π0[Pnew[k]]
14: θc.push((g.name, πc.index(g.q[0]), πc.index(g.q[1])))
15: Π.push(πc); Θ.push(θc)
16: return Π,Θ

Algorithm 4 generates these candidate mappings in Π and
gate sequences in Θ. Each gate sequence in Θ consists of a
swap sequence that prepares a candidate mapping, followed
by the new gate applied under that mapping. At line 1, we
determine the two physical qubits pα and pβ of gate g. We
then identify optimal swap paths that maximize WCF while
balancing AVF (line 2). Next, we generate candidate mappings
and gate sequences on each optimal swap path P found in
Algorithm 3 (lines 3-4).

At line 5, we construct pair from the two physical qubits
pα and pβ , and exclude pair from P to obtain P\pair. For
example, given P = (p1, p2, p4) (optimal path in Figure 8)
and pair = (p1, p4), we have P\pair = (p2). Algorithm 4
then inserts pair iteratively into different positions relative
to the elements in P\pair, to generate new order of physical
qubits, Pnew (lines 6-7). In this case, we can insert pair =
(p1, p4) into P\pair = (p2) at two locations: before p2 and
after p2 (i.e., i = 0, 1 at line 6), forming two Pnews (i.e.,
(p1, p4, p2) and (p2, p1, p4)). These two Pnews lead to two
candidate mappings, as shown in Figure 9.
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Fig. 9: Two candidate mappings on the optimal path
(p1, p2, p4) in Figure 8. The physical qubits in black, blue, and
red dashed boxes constitute P , P\pair, and Pnew, respectively.

For each Pnew, we first determine the swap sequence
required to reorder physical qubits from P to Pnew (lines 8-
10). For example, given the P and P\pair in Figure 9b, the
resulting swap sequence is ((swap, p1, p2)). Logical qubits
are then reordered based on the new physical qubit order
in Pnew, creating a candidate mapping πc (lines 11-13). For
example, in Figure 9b, the initial mapping is an identity map-
ping, i.e., π0 : (p0, p1, p2, p3, p4) 7→ (q[0], q[1], q[2], q[3], q[4]).
Since |P | = 3, we then iterate k through {0, 1, 2} at
line 12: πc[P [0]] = πc[p1] = π0[Pnew[0]] = π0[p2] =
q[2], · · · , πc[P [2]] = πc[p4] = π0[Pnew[2]] = π0[p4] = q[4].
This results in a candidate mapping πc : (p0, p1, p2, p3, p4) 7→
(q[0], q[2], q[1], q[3], q[4]). Next, we map gate g to physical
qubits on candidate mapping πc and add it to candidate gate
sequence θc. We then push πc and θc to Π and Θ (lines 14-15).
Finally, we return Π and Θ at line 16.

IV. EXPERIMENTAL RESULTS

In this section, we evaluate the performance of QDP on
commonly used QMR benchmarks from QMAP [29]. In
addition to the existing QMAP benchmarks, which have
≤ 16 active logical qubits, we construct a larger circuit with
more qubits, denoted as “Combo”, by combining ex1 226
and 4gt13 90 together with randomly inserted cx gate. This
allows us to study QDP’s scalability to a circuit with larger
numbers of logical qubits, while still keeping the circuit within
the QMAP benchmark family. We select three commonly
used IBM quantum computer architectures [51], the 15-qubit
Melbourne, the 20-qubit Tokyo and the 53-qubit Rochester,
as illustrated in Figure 10. Later in this section, we further
explore additional architectures derived from Melbourne with
varying connectivity. We compare the WCF, AVF, and runtime
of QDP against three state-of-the-art, open-source, and highly
optimized QMR algorithms, QMAP [29], SABRE [1], and
SATMAP [6]. Note that SATMAP fails on circuits rd53 311
and mod5adder 127 due to solver errors (as shown in Table II
and Table III). All the experiments are conducted on a Ubuntu
22.04.2 LTS machine with two Intel Xeon Gold 6226R CPUs
(64 logical cores in total) at 2.9 GHz and 256 GB memory
capacity. All runtimes reported in this paper are measured as
wall-clock time. We terminate the runs that take longer than
two hours. Unless otherwise specified, we set λ = 20, k = 50
and t = 8, as these values are determined to be effective across
multiple circuits.

A. Fidelity Comparison

Table II compares the WCF and AVF among QDP, QMAP,
SABRE, and SATMAP. Compared with baselines, QDP signif-
icantly improves WCF while achieving comparable AVF. For
example, on Melbourne, QDP improves WCF by an average of
9.20% compared to QMAP (75.84% vs. 66.64%), with only a
2.42% loss in AVF (88.59% vs. 91.01%). Similarly, on Tokyo,
QDP improves WCF by an average of 16.28% compared
to QMAP (75.88% vs. 59.60%), with only a 5.25% loss in
AVF (83.91% vs. 89.16%). Similar data can be observed
in comparison to SABRE and SATMAP. We attribute these
results to QDP’s strategy of selecting, at each state, the
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TABLE II: Comparison of WCF and AVF among QDP (ours), QMAP [29], SABRE [1], and SATMAP [6] on 20 QMR
benchmarks. “δ” represents the average number of two-qubit gates per logical qubit.

Architectures Circuits WCF AVF
Name N Name n |G| δ QDP QMAP SABRE SATMAP QDP QMAP SABRE SATMAP

Melbourne 15

rd32-v0 66 4 34 4.00 86.53% 81.38% 75.85% 75.25% 95.59% 96.13% 95.91% 95.03%
4gt13 90 5 107 10.60 61.92% 56.91% 40.64% 46.83% 85.58% 87.55% 85.92% 86.79%
ex1 226 6 7 0.83 95.10% 94.15% 94.15% 93.21% 98.54% 98.94% 98.94% 98.81%

alu-bdd 288 7 84 5.43 74.42% 48.94% 60.93% 51.57% 84.46% 88.24% 88.89% 87.11%
rd53 138 8 132 7.50 61.24% 51.83% 43.87% 51.36% 78.78% 84.19% 83.40% 80.98%

Average 75.84% 66.64% 63.09% 63.64% 88.59% 91.01% 90.61% 89.74%

Tokyo 20

mini alu 305 10 173 7.70 71.92% 62.36% 44.09% 67.64% 82.19% 87.18% 87.59% 87.75%
9symml 195 11 121 4.82 77.48% 50.59% 55.94% 74.65% 88.48% 90.42% 89.32% 92.24%

dist 223 13 132 4.69 76.31% 59.78% 58.71% 68.46% 82.53% 88.59% 88.74% 89.18%
0410184 169 14 82 4.64 77.78% 68.88% 64.78% 64.13% 83.36% 88.69% 88.48% 90.67%

Combo 17 123 3.82 75.93% 56.40% 42.05% 61.55% 82.99% 90.90% 89.84% 91.54%
Average 75.88% 59.60% 53.11% 67.29% 83.91% 89.16% 88.79% 90.28%

Rochester 53

ham7 104 7 320 21.28 29.26% 7.92% 5.77% > 2h 84.30% 91.68% 92.42% > 2h
mini-alu 167 5 288 25.20 30.73% 15.47% 7.06% > 2h 85.12% 92.02% 93.32% > 2h

mod5adder 127 6 555 39.83 13.00% 3.05% 2.35% − 80.57% 90.47% 90.38% −
mod10 171 5 244 21.60 37.76% 20.62% 10.74% 14.38% 86.66% 93.79% 94.03% 92.98%

sf 276 6 778 56.00 7.07% 3.46% 0.31% 0.17% 79.13% 82.89% 90.20% 87.69%
rd53 131 7 469 28.57 19.75% 8.29% 6.78% > 2h 82.21% 90.17% 89.65% > 2h
rd53 311 13 275 9.54 43.34% 20.27% 21.17% − 73.69% 90.12% 89.38% −
sym6 316 14 270 8.78 44.71% 35.52% 14.12% > 2h 73.68% 88.66% 90.31% > 2h

mod8-10 178 6 342 25.33 27.82% 17.25% 14.73% 6.86% 84.16% 87.72% 91.35% 91.14%
wim 266 11 986 38.82 9.51% 1.84% 0.28% > 2h 66.78% 79.99% 86.11% > 2h

Average 26.30% 13.37% 8.33% 7.14% 79.63% 88.75% 90.72% 90.60%
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(c) 53-qubit IBM Rochester.

Fig. 10: Three commonly used IBM quantum computer archi-
tectures. Node labels indicate physical qubits.

mapping that maximizes WCF during state transitions, while
balancing WCF and AVF during swap path selection. These
results highlight the effectiveness of our QDP in solving
WQMR problems. Additionally, on larger systems (e.g., 53-
qubit Rochester), we observe that both WCF and AVF may
reduce for QDP and all baselines.

In Table II, δ represents the average number of two-qubit
gates per logical qubit. In general, a higher number of two-
qubit gates indicates stronger quantum entanglement within
the circuit [52]. QDP achieves greater WCF improvement on
circuits with stronger quantum entanglement. For example, on

circuit dist 223 (δ = 4.69), QDP improves WCF by 8.08%
over SATMAP. On circuit rd53 138, which has a higher δ of
7.50, QDP achieves larger improvements of 9.88%. Although
both circuits have the same number of gates, QDP performs
better on the one with stronger entanglement.

The WCF improvement by QDP is especially remarkable
when solving deep quantum circuits (> 100 gates). For
example, on circuit 9symml 195, which contains 121 gates,
QDP improves up to 26.9% WCF compared with the baselines.
This is because the baselines repeatedly use the same limited
subset of physical qubits. In contrast, QDP distributes gates
more evenly across a larger set of physical qubits, avoiding the
overuse of any single qubit. For example, when solving circuit
9symml 195, QMAP uses only 12 physical qubits, while QDP
uses 17.

B. Runtime Comparison

Table III compares the runtime of QDP with QMAP,
SABRE, and SATMAP. QDP significantly outperforms
SATMAP in runtime. On average, QDP is 125.85× faster
(4.247 s vs. 534.50 s) due to the efficiency of our multi-
threaded DP algorithm over SAT-based exhaustive search. On
the other hand, SABRE and QMAP are faster than QDP
because their greedy heuristics explore a more limited search
space compared to our DP. However, since QMR is typically
executed only once in practice, the resulting mapping and
routing remain fixed for all subsequent executions. Therefore,
it is worthwhile to invest more time in finding a reliable
QMR solution, as it directly impacts the long-term fidelity
of quantum computation.

C. Solution Quality under Different Architecture Connectivity

As architecture connectivity plays the key role in the so-
lution quality of a QMR algorithm, we study how different
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TABLE III: Comparison of runtime (s) among QDP, QMAP,
SABRE, and SATMAP on the 20 QMR benchmarks.

Arch. Circuits Runtime (s)
Name Name QDP QMAP SABRE SATMAP

Mel-
bourne

rd32-v0 66 0.031 0.031 0.020 2.349
4gt13 90 0.331 0.038 0.059 122.460
ex1 226 0.001 0.029 0.009 0.772

alu-bdd 288 0.365 0.037 0.045 12.162
rd53 138 2.66 0.041 0.074 148.376

Tokyo

mini alu 305 8.777 0.044 0.088 2,098.201
9symml 195 4.871 0.041 0.071 39.036

dist 223 5.052 0.043 0.073 2,552.787
0410184 169 13.809 0.040 0.063 1,146.441

Combo 4.557 0.040 0.062 67.414

Rochester

ham7 104 7.255 0.068 0.273 > 2h
mini-alu 167 6.069 0.069 0.163 > 2h

mod5adder 127 22.417 0.09 0.333 −
mod10 171 3.773 0.0585 0.137 2784.48

sf 276 41.491 0.145 0.428 7009.42
rd53 131 23.232 0.0854 0.284 > 2h
rd53 311 117.716 0.065 0.204 −
sym6 316 65.607 0.066 0.195 > 2h

mod8-10 178 10.07 0.077 0.196 5184.67
wim 266 96.366 0.163 0.612 > 2h

Average (geomean) 4.247 0.056 0.169 534.50
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Fig. 11: Comparison of WCF and AVF across QDP, QMAP,
and SABRE for different architecture connectivity (γ).

connectivity affects our QMR results. We denote architecture
connectivity, γ, as the graph density [53] of the architecture
coupling graph. Figure 11 compares the WCF and AVF across
QDP, QMAP, and SABRE for different values of γ. To sample
various γ values, we insert and remove edges in the 15-
qubit Melbourne architecture. We then run circuit rd53 138
on each architecture. As shown in Figure 11a, a higher γ
generally leads to a higher WCF for all QMR algorithms. For
example, when γ is 14.3%, the WCF values of QDP, QMAP,
and SABRE are 61.42%, 46.7%, and 45.0%, respectively. At
γ = 28.6%, the WCF values increase to 75.5%, 74.8%, and
72.4%. AVF follows a similar increasing trend (Figure 11b),
For example, at γ = 14.3%, the AVFs of QDP, QMAP,
and SABRE are 68.75%, 82.3%, and 82.7%, respectively.
As γ increases to 28.6%, the AVF of the three algorithms
converges to around 90%. This is because higher γ reduces
the number of required swap gates and increases routing
flexibility, improving both AVF and WCF. Despite similar AVF
levels at high γ, QDP consistently achieves higher WCF than
QMAP and SABRE.
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Fig. 12: WCF and AVF under different λ across two QMR
benchmarks.

D. Solution Quality under Different λ

Figure 12 shows the solution quality under different values
of λ on two QMR benchmarks. When λ increases, WCF
increases while AVF decreases. As shown in Figure 12a, at
λ = 5, the WCF and AVF values are 31.0% and 84.7%,
respectively. When λ increases to 100, these values change
to 47.97% and 65.6%. This is because λ acts as a trade-off
parameter between WCF and AVF in the path-finding cost
(Equation 5). A larger λ leads to a more balanced gate usage
across physical qubits but requires more gates, prioritizing
WCF over AVF. Likewise, Figure 12b follows a similar trend.
The best selection strategy of λ depends on the circuit and
quantum computer architecture. Since there is no universal
optimal value, we parameterize it for applications.

E. Solution Quality under Different k

Figure 13 shows the solution quality under different values
of k on two QMR benchmarks. In general, increasing k retains
more mappings and reduces pruning, which slightly increases
WCF but can mildly decrease AVF due to QDP’s WCF-
oriented selection. As shown in Figure 13a, the WCF and
AVF values are 71.92% and 82.19%, respectively, at k = 50.
When k increases to 1000, these values change to 74.72% and
80.83%. In contrast, Figure 13b shows a much flatter trend:
WCF and AVF change only marginally as k increases. This is
because QDP prioritizes the highest-WCF candidates in each
state, and a small k already preserves the most influential
mappings. Increasing k mainly adds lower-ranked candidates
that rarely change the final WCF.

Figure 14 shows the runtime of QDP for different k on the
same benchmarks. The runtime scales approximately linearly
with k, which is expected because a larger k increases the
number of mapping candidates processed per state (Sec-
tion III-B), introducing additional work roughly proportional
to k.

F. Bottlenecks on QDP Parallelism

We study two dominant bottlenecks that limit the parallel
performance of QDP:
• Algorithmic parallelism: QDP performs a level-

synchronous traversal over a bucket list (Algorithm 1).

This article has been accepted for publication in IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TCAD.2026.3693628

© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Wisconsin. Downloaded on May 16,2026 at 20:57:39 UTC from IEEE Xplore.  Restrictions apply. 



11

10
2

10
3

k

72

74

76

78

80

82

Fi
de

lit
y 

(%
)

WCF AVF

(a) mini alu 305.

10
2

10
3

k

30
40
50
60
70
80

Fi
de

lit
y 

(%
)

WCF AVF

(b) ham7 104.

Fig. 13: WCF and AVF under different k across two QMR
benchmarks.
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Fig. 14: QDP Runtime under different k across two QMR
benchmarks.
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Only buckets containing multiple states can be processed
by multiple threads. We therefore define the parallelizable
fraction (fp) as the number of multi-state (parallelizable)
buckets divided by the total number of buckets. QDP is
bounded by this inherent algorithmic parallelism.

• Shared-data contention: Within parallelizable buckets,
multiple threads repeatedly access shared data structures
(e.g., B and D), which introduces serialization and con-
tention on a shared-memory machine. We quantify this
bottleneck using shared-data throughput (MB/s), defined
as the estimated total bytes read/written to these shared
structures divided by QDP wall-clock time.
To decouple algorithmic parallelism from shared-data

contention, we select five circuits (dist 223, 9symml 195,
4gt13 90, rd53 138, and combo) with similar shared-data
throughput (6.9–8.0 MB/s). This allows us to examine how
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Fig. 16: Runtime (s) of QDP under different number of threads
(t) across four QMR benchmarks.

parallel efficiency varies with fp under comparable shared-
memory contention. Specifically, we report thread efficiency
(et), defined as the wall-clock speed-up achieved with eight
threads normalized by eight [54]. et is largely workload-
agnostic and fairly reflects how effectively QDP converts
additional threads into speed-up. As shown in Figure 15, et in-
creases with fp until fp reaches about 60%. Beyond this point,
et saturates, indicating that QDP transitions from being pri-
marily parallelism-bound to being primarily memory-bound.
Consistently, 9symml 195 achieves lower et than dist 223
(20.4% vs. 22.4%) despite a higher fp (71.43% vs. 67.92%),
which aligns with its higher shared-data throughput (8.06 vs.
7.8 MB/s) and suggests more time spent on contended shared-
data accesses.

G. Parallel Scalability of QDP

1) Scalability of QDP under Increasing Number of
Threads: Figure 16 illustrates the runtime of QDP at different
numbers of threads on four QMR benchmarks. When the
number of threads increases, QDP can complete QMR faster.
For instance, at eight threads, QDP is 1.93× faster than one
thread on rd53 311. QDP’s performance benefits from multi-
threading saturate at around 16 threads. This is due to shared-
data contention (Section IV-F), which introduces overhead that
eventually outweighs the benefits of multi-threading.

2) Scalability of QDP under Increasing Circuit Size: To
study scalability under increasing circuit size, we plot thread
efficiency (et, Section IV-F) vs. the number of qubits (n)
(Figure 17a) and vs. the number of gates (|G|) (Figure 17b).
To ensure a fair comparison, we run the et vs. n experiment
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Fig. 17: Thread efficiency (et) of QDP under different circuit
sizes (i.e., n and |G|).

on 4gt13 90, rd53 138, 9symml 195, dist 223, and Combo,
which have similar |G| ranging from 107 to 132. Similarly, we
run the et vs. |G| experiment on mini alu 305, 9symml 195,
rd53 311, and wim 266, which have similar n (10 to 13).

In Figure 17a, et increases with n initially but saturates
at n = 17 (Combo). This is because QDP is parallelism-
bound initially: et is 11.29% on 4gt13 90 (n = 5) when
fp (Section IV-F) is only 8.51%, but increases to 22.43% on
dist 223 (n = 13) as fp rises to 67.92%. For circuits with sim-
ilar gate counts, a larger n can increase available parallelism
(higher fp) by enabling more possible state expansions. As
fp grows further, QDP becomes increasingly memory-bound
and performance saturates due to contention on shared data.
For example, et drops to 21.54% on 17-qubit Combo when
fp increases to 91.09%.

In Figure 17b, there is no clear monotonic trend in et with
|G| because circuits with similar n can have very different fp
depending on their circuit structure. For example, rd53 311
(|G| = 275) has fp = 87.65%, while wim 266 (|G| = 986)
has fp = 44.43%. When fp is low, QDP is parallelism-bound,
indicating scalability with respect to |G| depends primarily on
the circuit structure rather than on |G| alone.

H. Comparison with an Adapted AQMR Algorithm

To further justify the need for a dedicated algorithm for
WQMR rather than directly adapting an AQMR solution,
we compare QDP with a baseline that augments an AQMR
algorithm with WCF post-selection.

In this baseline, for each i ∈ {n, . . . , N}, we iteratively
execute an AQMR algorithm while restricting the available
physical qubits to the subset {p0, . . . , pi−1}. This process
generates multiple candidate solutions. Among all valid can-
didates, we select the one with the highest WCF as the final
solution (i.e., post-selection).

We implement this baseline using QMAP as the AVF-centric
backend. QMAP is chosen because it is deterministic and
therefore ensures reproducible comparisons. We evaluate six
circuits across the three IBM architectures (Melbourne, Tokyo,
and Rochester).

Table IV reports the results. Post-selection leaves WCF
unchanged in three cases (0410184 169, mod8-10 178, and
wim 266) and yields only marginal improvements in the

TABLE IV: WCF comparison of QMAP, QMAP with post-
selection (QMAP-PS), and QDP. The table also reports the
WCF improvement achieved by post-selection (Improv. from
PS).

Arch. Circuits QMAP QMAP-PS Improv.
from PS QDP

Melbourne alu-bdd 288 48.94% 52.40% 3.46% 74.42%
rd53 138 51.83% 56.22% 4.39% 61.24%

Tokyo dist 223 59.78% 63.56% 3.78% 76.31%
0410184 169 68.88% 68.88% 0 77.78%

Rochester mod8-10 178 17.25% 17.25% 0 27.82%
wim 266 1.84% 1.84% 0 9.51%

remaining three cases (alu-bdd 288, rd53 138, and dist 223).
The gains are limited because the underlying AQMR algorithm
still optimizes AVF. Post-selection can only improve results
when QMAP happens to produce a higher WCF candidate for
some i. Moreover, improvements are more likely when the
architecture provides multiple routing alternatives, whereas on
sparser topologies, such as Rochester, the flexibility is limited
and WCF often remains unchanged.

In contrast, QDP consistently achieves substantially higher
WCF on the same circuits. For example, on alu-bdd 288, post-
selection improves WCF from 48.94% to 52.40%, whereas
QDP achieves 74.42% WCF. This result suggests that simply
wrapping an AQMR algorithm with WCF post-selection is
insufficient.

V. LIMITATION AND FUTURE WORK

While QDP demonstrates significant improvements in WCF
across various quantum circuits and architectures, several
limitations remain, opening opportunities for future research.

A. Generalization to Drifting Fidelities

QDP currently assumes fidelity is constant with respect to
depth. While modeling depth-dependent drift is out of scope
for this paper, we believe QDP can be extended in the future
to consider such models into our DP cost models, because
QDP maximizes WCF while balancing AVF at each step of
the circuit through its DP formulation.

B. Generalization to Fault-tolerant Architectures

Although QDP is designed for fidelities and architectures in
the noisy intermediate-scale quantum (NISQ) era, improving
worst-case behavior in QMR is a general objective that ex-
tends beyond NISQ systems. We anticipate that QDP can be
adapted to fault tolerant (FT) circuits and surface-code based
architectures by replacing the NISQ cost model based on gate
fidelities with an FT-aware cost model.

For example, in surface code architectures, a logical qubit
occupies a 2D patch whose physical qubit footprint scales
with the patch area, that is, O(d2) in the code distance
d [55]. An FT-aware cost model can therefore be expressed
directly in terms of d. QDP can reduce the required worst-
case code distance. Since physical qubit overhead scales as
O(d2), even a modest reduction in the worst-case d can
yield a superlinear reduction in total resource overhead, which
may not be captured by AVF-centric objectives. A potential
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challenge is that applying QDP in FT settings may require
additional pruning strategies to maintain tractability as circuit
size becomes increasingly large.

VI. CONCLUSION

In this paper, we have formulated a WCF-aware QMR prob-
lem and introduced a parallel DP-based QMR algorithm called
QDP that optimizes the WCF of physical qubits. We have
evaluated QDP on commonly used QMR benchmarks three
representative IBM quantum computer architectures with up
to 53 qubits. Compared with state-of-the-art QMR algorithms,
QDP can enhance the WCF by up to 33.88% while achieving
comparable AVF.
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