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Abstract

Quantum circuit simulation (QCS) plays an important role in
the designs and analysis of a quantum algorithm, as it assists
researchers in understanding how quantum operations work
without accessing expensive quantum computers. Despite
many QCS methods, they are largely limited to simulating
one input at a time. However, many simulation-driven quan-
tum computing applications, such as testing and verification,
require simulating multiple inputs to reason a quantum algo-
rithm under different scenarios. We refer to this type of QCS
as batch quantum circuit simulation (BQCS). In this paper,
we present BQSim, a GPU-accelerated batch quantum circuit
simulator. BQSim is inspired by the state-of-the-art decision
diagram (DD) that can compactly represent quantum gate
matrices, but overcomes its limitation of CPU-centric sim-
ulation. Specifically, BQSim uses DD to optimize a quantum
circuit for reduced BQCS computation and converts DD to a
GPU-efficient data structure. Additionally, BQSim employs a
task graph-based execution strategy to minimize repetitive
kernel call overhead and efficiently overlap kernel execution
with data movement. Compared with three state-of-the-art
quantum circuit simulators, cuQuantum, Qiskit Aer, and
FlatDD, BQSim is 3.25%, 159.06X, and 311.42x faster on av-
erage.
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1 Introduction

Quantum computing has the potential to tackle certain prob-
lems (e.g., cryptography [15], portfolio optimization [19])
that are classically intractable. Among various QC applica-
tions [9, 39, 52, 59, 68], quantum circuit simulation (QCS) [13,
17, 20, 22, 26, 29, 32, 34, 37, 47, 48, 56, 57, 60, 68, 69, 71, 72]
plays a crucial role as it allows researchers to simulate a
quantum algorithm on a classical computer without the need
to access high-cost quantum computers. However, QCS is
computationally demanding because it requires large time
and space complexity to compute state amplitudes of qubits.
For example, simulating an n-qubit quantum state involves
computing 2" state amplitudes. Furthermore, modern quan-
tum circuits can incorporate thousands of quantum gates to
approach quantum advantages [33], making it increasingly
challenging to complete QCS within a reasonable runtime.

To mitigate these challenges, existing QCS works have pro-
posed various strategies. For example, [17, 26, 32, 56, 60, 67]
introduced multi-threaded QCS algorithms through state
partition. [34, 37, 68-70] leveraged SIMD and GPU paral-
lelism to further accelerate QCS. Additionally, [13, 16, 22,
30, 32, 47, 60, 68] optimized the quantum circuit using gate
fusion and pattern matching to reduce the amount of QCS
computation.

While these strategies can improve the performance of
QCS, a fundamental challenge remains unsolved: existing


https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3676641.3715984
https://doi.org/10.1145/3676641.3715984

ASPLOS 25, March 30-April 3, 2025, Rotterdam, Netherlands

simulators are largely limited to the strong scaling within
a single input (i.e., state vector). That is, they focus on im-
proving runtime by increasing the number of cores under
a single input. However, many simulation-driven quantum
applications, such as verification [9], testing [62-64], and
state analysis [25, 33, 41], require simulating multiple inputs
to understand the behavior of a quantum circuit under differ-
ent scenarios. In these applications, hundreds to thousands
of batches of inputs are fed into a quantum circuit for simu-
lation, which we refer to as batch quantum circuit simulation
(BQCS). While an intuitive approach to BQCS is to fork mul-
tiple single-input QCS processes, this type of embarrassingly
parallel strategy fails to leverage the substantial data paral-
lelism in BQCS, which could significantly benefit from GPU
acceleration.

However, designing a GPU-accelerated batch quantum cir-
cuit simulator is non-trivial. First, single-input QCS has been
computationally expensive because of superposition [14]
and entanglement [24]. Extending it to multiple-input BQCS
will further exacerbate this challenge. Second, while many
data structures [21, 29, 48, 50, 66, 72] can efficiently represent
quantum circuits, most of them are CPU-centric. For example,
state-of-the-art decision diagram (DD) [32, 48, 72] has shown
promising results in representing gate matrices in a compact
graph structure, but all DD-based QCS works are limited to
CPU parallelism. Third, extending these CPU-centric data
structures to GPU is not straightforward, because GPU has
distinct performance and memory models from CPU, requir-
ing specially designed kernel algorithms and memory layout
to make the most of GPU parallelism.

To overcome these challenges, we introduce BQSim, a GPU-
accelerated batch quantum circuit simulator. BQSim is in-
spired by and built upon the state-of-the-art DD-based simu-
lator, F1atDD [32], but overcomes its limitation of CPU-only
parallelism. We summarize our technical contributions be-
low:

e We introduce a novel gate-fusion algorithm that reduces
the amount of BQCS computation by leveraging DD to
explore gate matrix sparsity and regularity.

e We introduce a GPU kernel to convert DD into a GPU-
efficient data structure that can achieve low thread diver-
gence and efficient memory access patterns in BQCS.

e We introduce a task graph-based execution strategy to
minimize repetitive kernel call overhead and efficiently
overlap kernel execution with data movement.

We evaluated the performance of BQSim on a set of com-
monly used quantum circuits selected from MQT-Bench [51].
Compared with three state-of-the-art simulators, cuQuan-
tum [7], Qiskit Aer [31], and F1atDD [32], BQSim is 3.25X,
159.06%, and 311.42X faster on average, respectively. The
source code is available at https://github.com/IDEA-CUHK/
BQSim.
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2 Background

In this section, we first provide an overview of QCS. Next,
we introduce DD, an efficient data structure for QCS. Finally,
we discuss gate fusion, a key quantum circuit optimization
technique.

2.1 Quantum Circuit Simulation

The goal of QCS is to derive the final state after applying
all quantum gates in a given quantum circuit to an initial
state [32]. A quantum gate and a state are expressed using
a gate matrix and a state vector, respectively. Applying a
quantum gate to a state is equivalent to multiplying the
state vector by the gate matrix. For example, if we apply a
single-qubit Hadamard gate M to a single-qubit input state
|y = |0), the resulting state |/") is calculated in Equation 1.

pewm=l 3 -sl) o

Equation 1 can be extended to circuits with multiple qubits
through Kronecker product [31]. However, when simulating
circuits with n > 1 qubits, we do not have to construct the full
2™ x 2" gate matrices. Instead, we can update the amplitudes
of the state vectors directly [7, 31, 32, 56, 60]. For example, if
we apply a single-qubit gate U = (u;;) to the k-th qubit of a
state vector |i/) = (a;)7, the operation to obtain the resulting
state vector |§') = (a;)T is calculated in Equation 2.
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On the other hand, if we apply a controlled gate V = (v;;)

to a state vector |i/) = (a;)7, the resulting state vector [i)’) =

(a;)T is calculated in Equation 3, where ¢ represents the
control qubit and ¢ is the target qubit.
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Various types of QCS exist, such as unitary simulation [72],
state vector simulation [31], tensor network simulation [66],
and density matrix simulation [38]. In this paper, we focus
on full-state simulation, which provides the complete set
of ideal state amplitudes for each quantum gate, offering a
comprehensive view of the quantum circuit’s behavior.

Q

2.2 Decision Diagram

DD [48, 72] is a state-of-the-art data structure that efficiently
represents quantum gate matrices and state vectors by ex-
ploring their regularity and sparsity. Figure 1 shows DD
examples for gate matrix M and state vector V. In Figure 1a,
we store M in DD, where nodes represent sub-matrices in
M, and edges track the values of elements in M. Edge (0)
points to the root node (0) with an edge weight of a = 1/V2.
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(a) Matrix M represented in DD (left) and 2D array (right).
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(b) Vector V represented in DD (left) and array (right).

Figure 1. Storing array-based matrix and vector using DDs.
Unless specified otherwise, all edges have a weight of one.

All edge weights are uniquely determined via normaliza-
tion [48, 72]. Node (0) represents the entire M, with four out-
going edges ((1), (2), (3), and (4)) pointing to the four equally
partitioned sub-matrices: M[0 : 4][0 : 4], M[0 : 4][4 : 8],
M][4 : 8][0 : 4], and M[4 : 8][4 : 8]. In a DD, each qubit
level corresponds to a qubit, ordered from the most to the
least significant. Node (0) is placed on qubit level 2 because
the size of all its sub-matrices are 22 X 22. Sub-matrices
MJ[O0 : 4][0 : 4] and M[0 : 4][4 : 8] are identical, while
sub-matrices M[4 : 8][0 : 4] and M[4 : 8][4 : 8] are op-
posites. Consequently, M[0 : 4][0 : 4] and M[0 : 4][4 : 8]
can share node (2), and M[4 : 8][0 : 4] and M[4 : 8][4 : 8]
can share node () with opposite incoming edge weights.
Likewise, the sub-matrices represented by nodes (D) and (2)
can be further equally partitioned into 2! X 2! sub-matrices.
For example, edges (5), (6), (7), and (8) point to sub-matrices
MO0 : 2][4 : 6], M[O : 2][6 : 8], M[2 : 4][4 : 6], and
M][2 : 4][6 : 8], respectively. Among these, M[0 : 2][4 : 6]
and M[2 : 4][6 : 8] are identical, and M[0 : 2][6 : 8] and
M][2 : 4][4 : 6] are identical as well. Therefore, edges (5)
and (8) point to the shared node (3), and edges (6) and (7)
point to the shared node @. Node (3) represents matrix (§ ).
Among the four outgoing edges of node (), the upper-left
edge points to the constant-one node, and the other three
edges are set to constant zero. The same applies to node ().

The matrix value at an index pair is the product of the edge
weights along the corresponding path in DD. For example,
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for M[2][6], we have q; = 1 and ¢, = gqo = 0 for its row
index 2; and g2 = q; = 1 and ¢p = 0 for its column index
6. Therefore, node (0), at qubit level 2, chooses edge (2) (i.e.,
q2 = 0 for row and ¢, = 1 for column), pointing to node (2),
which represents M [0 : 4] [4 : 8] (shaded in red in Figure 1a).
Node (2) then chooses edge (8) (i.e., g1 = 1 for both row and
column), which points to node (3), representing M[2 : 4][6 :
8]. Finally, node 3 chooses edge (9) (i.e., go = 0 for both
row and column), pointing to the constant-one node. The
value of M[2][6] is the product of the weights of edges (0),
(2), (8), and (9) (red thick edges in Figure 1a), resulting in
Ml2][6] = 1/Ve.

We can represent state vector V in Figure 1b using DD
in a similar fashion. Root node (0) represents the entire V,
with its two outgoing edges (i.e., (1) and (2)) pointing to the
equally partitioned sub-vectors V[0 : 4] and V[4 : 8]. Node
(© is placed on qubit level 2 because the length of its sub-
vectors is 22. Since sub-vectors V[0 : 4] and V[4 : 8] are
identical, they can share node (I) with equal edge weights
of 1/ V2, determined by normalization. After dividing the
common edge weight 1//2, we can further partition the sub-
vector represented by node (D (ie., (1/V2 1/V2 0 O)T) into
(1/V2 1/\/§)T and (0 O)T. The former is represented by node
(), while the latter is set to the constant-zero edge. Finally,
both of node 2)’s outgoing edges point to the constant-one
node with equal edge weights of 1/v?2.

The vector value at a certain index is the product of the
edge weights along the corresponding edge path in DD. For
example, for index 0, we have g, = g1 = qo = 0. Therefore,
node (0) chooses edge (1) (i.e., g = 0), leading to node (D),
which represents V[0 : 4] (shaded in red in Figure 1b). Next,
node (I) chooses edge (3), leading to node @), which repre-
sents V[0 : 2]. Finally, node 2) chooses edge (4), pointing to
the constant-one node. The value of V[0] equals the product
of the weights of edges (0), (1), (3), and (4) (red thick edges
in Figure 1b), resulting in V[0] = 1/2.

DD can effectively compress the computation of quantum
gate matrices and state vectors. For instance, computing the
DD-based matrix M in Figure 1a involves only 26 edges and
six nodes, compared to 64 nodes in 2D array-based M. DD-
based matrix-vector and matrix-matrix multiplications are
performed using depth-first-search (DFS), where the mul-
tiplication is partitioned into many smaller multiplications
among sub-matrices and sub-vectors. The results of repeated
multiplications are reused via caches [48, 71, 72].

2.3 Gate Fusion

To efficiently simulate large circuits containing thousands of
gates (e.g., QNN [33]), simulators often fuse multiple gate ma-
trices into a single equivalent gate matrix [13, 22, 32, 47, 60]
to reduce the amount of QCS computation. Among various
gate-fusion algorithms, array-based gate fusion [13, 22, 60],
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which fuse gates represented in 2D arrays, has proven effec-
tive. However, array-based gate fusion becomes inefficient
as the size of the fused gate matrix grows exponentially
with the number of qubits. For example, a 2D array-based
ten-qubit fused gate matrix would be 1024 X 1024, making
further fusion difficult. In contrast, recent DD-based gate
fusion [32] offers a more efficient approach by representing
gate matrices in DD, which explores the sparsity and regular-
ity of gate matrices. DD-based gate fusion avoids redundant
zeros and repeated sub-matrices, enabling the fusion of addi-
tional gates without significant overhead, thereby effectively
reducing the amount of QCS computation.

3 Algorithm

In this section, we discuss the technical details of our BQSim
algorithm. As shown in Figure 2, BQSim consists of three
stages: BQCS-aware gate fusion, DD-to-ELL conversion, and
task graph-based execution.

In stage (D) (Section 3.1), we reduce the amount of BQCS
computation by leveraging DD to explore gate matrix spar-
sity and regularity. However, extending the fused gates in
DD to GPU is non-trivial, because GPU has distinct perfor-
mance and memory models from CPU. Therefore, in stage
@) (Section 3.2), we convert the fused gates from DD to a
GPU-efficient data structure, ELL [36, 53], to achieve low
thread divergence and efficient memory access patterns in
BQCS. Finally, in stage 3 (Section 3.3), we introduce a task
graph-based execution strategy to simulate the fused gates
in ELL across multiple input batches. This strategy can mini-
mize repetitive kernel call overhead and efficiently overlap
kernel execution with data movement.

3.1 BQCS-aware Gate Fusion

BQCS-aware gate fusion is performed using DD to explore
gate matrix sparsity and regularity. However, existing DD-
based gate fusion [32] is limited to optimizing CPU-based
single-input QCS. To extend this gate-fusion algorithm to
GPU-accelerated BQCS, we first define and calculate the
BQCS cost of each gate (Section 3.1.1), and then fuse all the
gates in a circuit based on their BQCS costs (Section 3.1.2).

3.1.1 BQCS Cost for Each Gate. As we shall discuss,
BQSim eventually models BQCS as ELL-based sparse-matrix
multiplication (spMM) (Section 3.3.1). Since the core com-
putation of matrix multiplication is multiply-accumulate
(MAC) operations [10], we measure the BQCS cost using
the number of MAC operations (i.e., #MAC). For any gate
matrix represented in ELL, the #MAC needed to compute
every state amplitude is the same, which is equal to the max-
imum number of non-zero elements per row (NZR) of the
gate matrix (Section 3.2). Therefore, we can define the BQCS
cost of a gate matrix as its maximum NZR.
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Finding the maximum NZR of an n—qubit gate matrix is
challenging due to its 2" rows. To address this issue, we ob-
serve that the NZR values across the rows exhibit a regular
pattern, making them efficient to process using DD. Con-
sequently, we store the NZR of all rows in a NZR vector
(NZRV) and use DD to represent the NZRV.

Figure 3 shows the algorithm to find the DD-based NZRV
of a DD-based gate matrix M. We use DFS to traverse the
nodes in M, where each node represents a sub-matrix. We
recursively find the NZRV of each node (i.e., sub-matrix), and
derive the NZRV of M. To avoid repeated computations, the
NZRYV of each node is stored in a map T. In the map T shown
in Figure 3, only the first column (i.e., node) and the last
column (i.e., DD-based NZRV) are stored in memory, while
the two middle columns are included only for illustration.
For each node, we traverse its outgoing edges from top to
bottom, left to right. Starting with node (0), we move through
node (D) to arrive at node (2), which represents (§ J), whose
NZRV is (é) Then, we proceed to node (3), whose NZRV is
(1). Returning to node (D), the NZRVs of the top and bottom
rows are simply those of nodes (2) and (3). We can concate-
nate the NZRVs of nodes (2) and ) using native DD opera-
tion DDConcatenate [72] (i.e., T[(D]=DDConcatenate(T[@)],
T[®)])), yielding (1 0 1 1) in array representation. Simi-
larly, the NZRV of node @) is (111 0)7. For the root node
(0), which represents M, the NZRVs of the top and bottom
rows are calculated by summing the NZRVs of nodes (1)
and @), using native DD operation DDAdd [72]. Then, we
concatenate the NZRVs of the top and bottom rows (i.e.,
T[(@©)]=DDConcatenate( DDAAA(T[D], T[@]), DDAJJ(T[@],
T[@D]))). Finally, the maximum NZR of M (i.e., 2) is obtained
through DEFS traversal of T[(0)] (the DD-based NZRV of M).

3.1.2 BQCS Cost-based Gate Fusion. Figure 4 illustrates
the three steps in BQCS cost-based gate fusion. In steps (D)
and 2), we fuse DDs with low BQCS costs (i.e., 1 and 2) to
reduce the total number of gates used in step (3), where more
expensive DD multiplications are performed through greedy
fusion. We fuse gates by multiplying their DD-based gate
matrices using native DD operation DDMultiply [72].

In step D), we fuse consecutive diagonal or permutation
gates, all of which have a BQCS cost of 1. The resulting fused
gate remains a diagonal or permutation gate with a BQCS
cost of 1. As a result, the overall BQCS cost is reduced from
the sum of individual costs to a single cost of 1. For example,
in Figure 4, gates M, M3, Mg, and M; in G, along with the
resulting fused gates Ms; and My in Fi, all have a cost of 1.
In step (2), we fuse every two consecutive gates, each with
a cost of 2, resulting in a fused gate with a BQCS cost of 4.
For instance, in Figure 4, gates M; and M, in F; each have
a cost of 2, while the fused gate My in F, has a cost of 4.
Although the overall BQCS cost remains unchanged (i.e.,
2 4+ 2 = 4), simulating a single fused gate instead of two
reduces memory loads and stores, thereby improving BQCS
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Figure 2. Overview of BQSim algorithm. (D) We apply BQCS-aware gate fusion to reduce the amount of BQCS computation by
leveraging DD to explore gate matrix sparsity and regularity. (2) We convert the fused gates from DD to ELL, to achieve low
thread divergence and efficient memory access patterns in BQCS. (3) We introduce a task graph-based execution strategy,
which simulates the fused gates in ELL across multiple input batches. This strategy can minimize repetitive kernel call overhead

and efficiently overlap kernel execution with data movement.
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Figure 3. Determining the NZRV of a DD-based gate matrix
M. Each DD node in M represents a sub-matrix, and map T is
used to track the NZRV of each sub-matrix. Unless specified
otherwise, all edge weights are equal to one.

performance. Finally, in step (3), we apply the greedy fusion
algorithm from F1latDD [32] to the fusion result of step 2
(i-e., F; in Figure 4). This algorithm fuses gates only when
the resulting gate has a lower BQCS cost. For example, the
BQCS costs of gates My and Ms; are 4 and 1, respectively,
while gate Msg10 has a cost of 4. Since the fusion reduces the
overall cost (i.e., 4 < 4 + 1), we fuse Mjq and M3, into Mszq,.

3.2 DD-to-ELL Conversion

The goal of DD-to-ELL conversion is to convert the fused
gates from DD to a GPU-efficient data structure, ELL [36, 53].
We choose ELL over other sparse formats (e.g., CSR, COO)
because the NZRs of quantum gate matrices are distributed
roughly uniformly across rows, which is best suited for
ELL [8]. To demonstrate this uniformity, we calculate the

My: ry(3.5902%pi) q[@];
M;:ry(3.5478%pi) q[1];

. My:cx q[1],q9[2];

Original  M;: cx q[e],q[1];
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1
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| 1
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3! :
: M76543210 A
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\ |
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Figure 4. Steps of our BQCS cost-based gate fusion. (I) Fuse
consecutive diagonal or permutation gates. 2) Fuse every
two consecutive gates, each with a cost of two. 3) Apply
greedy fusion to the result of the previous step.

average coefficient of variation (CV) of NZRs in gate matri-
ces used for BQCS-aware gate fusion across four quantum
circuits [6, 51], as shown in Table 1. CV quantifies the rela-
tive variability of a series of values [5], where a lower CV
indicates lower variability and greater uniformity [18, 55].
In Table 1, the CV values for VQE, ONN, and TSP circuits
are zero, indicating that NZRs are uniform across all rows
for all gates. While the quantum supremacy circuit exhibits
a nonzero CV, its value of 0.0328 remains low, indicating
high uniformity in practice [55, 65]. This uniformity allows
for balanced partitioning of GPU threads across rows in the
ELL format, resulting in low thread divergence and efficient
memory access patterns in BQCS.
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Table 1. The average coefficient of variation (CV) of NZRs
in gate matrices used for BQCS-aware gate fusion across
four quantum circuits: Quantum supremacy (n = 12), VQE
(n = 16), QNN (n = 17), and TSP (n = 16).

Supremacy  VQE ONN TSP

Circuits (n=12) (n=16) (n=17) (n=16)

CV of NZR | 0.0328 0 0 0

As shown in Figure 7a, the DD-based gate matrix M is
converted to the ELL-based M. The 2D array-based M in-
cluded in Figure 7a is only for illustration and is not stored
in memory. For each row in the 2D array-based M, which
corresponds to a combination of DD edges in the DD-based
M, ELL stores the non-zero elements in the ELL value matrix
and their column indices in the ELL column index matrix.
Each row in the ELL value matrix corresponds to a state
amplitude, and the #MAC needed to compute that amplitude
is the number of values in the row, which is the number of
columns in the ELL value matrix. This number is determined
by the maximum NZR of gate matrix M, as rows with fewer
non-zero elements than the maximum NZR are padded with
zeros (e.g., rows 1 and 5 in Figure 7a).

An intuitive approach for DD-to-ELL conversion is travers-
ing all DD edge combinations to generate the ELL value and
column index matrices on CPU (i.e., CPU-based conversion).
However, CPU-based conversion has exponential time com-
plexity, as there are 2" rows for an n-qubit gate matrix. To
address this issue, we leverage GPU to convert the rows
in parallel. While GPU-based conversion is typically faster,
Figure 5a shows that for certain gates, CPU-based conver-
sion can outperform GPU-based conversion. Additionally,
Figure 5b shows that CPU-based conversion can outperform
GPU-based conversion more significantly as the number of
DD edges increases. This is because more DD edges introduce
more branches, resulting in greater GPU thread divergence
and memory inefficiency.

Therefore, to optimize the conversion performance, we
introduce a hybrid approach that adaptively selects either
GPU-based or CPU-based conversion based on the number
of DD edges. We refer to this approach as hybrid conversion.
If a DD has more edges than a specified threshold 7, we use
CPU-based conversion; otherwise, we use GPU-based con-
version. The best selection strategy of 7 depends on the DD
structure and the hardware used for BQCS. Since there is no
universally optimal value, we parameterize it for different ap-
plications. In Section 3.2.1, we introduce DD storage on GPU
(i.e., GPU-based DD). Then, in Section 3.2.2, we introduce a
GPU kernel to convert the GPU-based DD to ELL.

3.2.1 GPU-based DD. Figure 6 shows a GPU-based DD
using an edge array and a node array. Each edge contains a
weight and a pointer to the node it connects to, while each
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Figure 5. Comparison of GPU-based and CPU-based DD-
to-ELL conversion. The data are collected by converting
the gates of various circuits. (a) GPU-based and CPU-based
conversion time vs. the number of qubits. (b) GPU-based to
CPU-based conversion time ratio vs. the number of edges.

node contains its qubit level and pointers to four outgoing
edges. Special cases, such as pointers to the constant-one
node and the constant-zero edge, are represented by null
pointers (i.e., @). The edges and nodes are stored in the edge
array and the node array, respectively. For example, in Fig-
ure 6, edge (0) in the edge array has weight wy and points to
node (0) in the node array. Node (0), located at qubit level 2,
points to four edges in the edge array: (1), (8), (12), and (13).
The connections between the edge array and the node array
efficiently forms the DD structure on GPU.

3.2.2 DD-to-ELL Conversion on GPU. We describe the
conversion algorithm using both Algorithm 1 (GPU-based
conversion CUDA kernel) and an example in Figure 7. For an
n—qubit gate, the kernel is launched with a number of blocks
equal to the number of rows in the ELL representation, with
each block generating a single row. The number of threads in
each block is equal to the number of qubits. For example, in
Figure 7a, block 6 reads the red edges in the DD-based gate
matrix M (corresponding to row 6 of the 2D array-based M),
and writes the result to row 6 of the ELL value and column
index matrices.

In Algorithm 1, each block runs an independent DFS to
generate a row in the ELL representation. Since recursion is
not efficient on GPU, we implement DFS using iteration with
a custom stack for tracking edges: edge_stack. To track the
traversal direction for a node at each qubit level, we use two
arrays: left_right and up_down (line 1). These arrays, along
with the stack, are stored in GPU shared memory to reduce
memory latency [54]. Initially, left_right is set to 0 (i.e., left)
for all qubit levels, while up_down is initialized based on
the block index (lines 2-5). For example, the up_down array
for block 6 is {1,1,0} (i.e., {down, down, up}). We initialize
the stack pointer stack_ptr to 0, and push edge (0) onto
edge_stack (line 7). We initialize current gate matrix value
val and column index col to 1 and 0, respectively (line 8).



BQSim: GPU-accelerated Batch Quantum Circuit Simulation using Decision Diagram

Edge
structure

Node
pointer
3 Edge array

o @O @

ASPLOS 25, March 30-April 3, 2025, Rotterdam, Netherlands

Node pointer to

Qubit level n

Node constant one
structure Edge el Edge pointer to u
pointers Edge 2 | Edge 3 constant zero
_______________________________________________________ a1
@ & 6 O G » aoy an a2 ad13)

I
CIJC

MI

~

.
MI

Lo Yo Jrso B Yz s
CIGIGIGIGIG ]G0

A

Node array

e 2 2 < Y < A
@ | @ (B
(0 [0 Q9 |0 ]

Q JUs 17 )

DD on GPU

(EBED | CBES | EDED)

00000 !
00%00 '
0+x0x0 !
*0000 2D array- :
0%x0%0 based M |
00000 1
200000 '
______________ 000x0% ________.
02 '

50 1

value 13 |columni
matrix 46 | index :

10 matrix:

02 1

57 !

ELLbasedM |

nge array

(3) (5) (7) (10) an (a2 (1?)

3@

1
1
1
1
1
1
1
1
1
1 Node arr«n
1
1
1
1
1
1
1
1

®
[ 0 ]
ﬂ (0 Jo B 9 [0 |

. ﬂﬂ 30 ) [
. D —— :
1 DFS with edge stack '
1
! |
\ —[10 ] 11 —[ 11 ]+ —{5]—[7] ¢
i [12] '
' ﬂ (o) (o] (o] (0] LoJ .
iSteps @ @ ® ® ® ® @ |
jval  wy wows, WoW12W1o W1 WoW12W11 W, WoWi3 WoW13Ws W0W13W7:
lcol 0 0 0 0 2 2 4 6

(b) Example: Block 6 traverses M (GPU-based DD representation)
in DFS to generate row 6 in the ELL representation.

Figure 7. Converting a gate matrix M from DD to ELL. W; =
WowizWioWs. Wo = Wowiawiiws.

Next, recursion begins and continues until the edge stack
is empty. We first find the current edge and its corresponding
node. If the edge is the constant-zero edge, edge_stack pops
this edge and returns. If the node is the constant-one node,
the block writes the results to the ELL value and column
index matrices, and edge_stack pops this edge and returns
(lines 9-17). If left_right[stack_ptr] equals two, this means
that the left and right directions of this node has already
been traversed (line 18). Since this node is fully explored,
we reset left_right[stack_ptr] to 0 for other nodes at this
qubit level and pop this edge. We also restore variables val
and col (lines 19-21). If the node is not fully explored, we
visit its unvisited edges, push the edge onto edge_stack, and
update val and col as described in F1atDD [32] (lines 22-28).

In Figure 7b, block 6 traverses the GPU-based DD in DFS.
From step @ to step (@), block 6 moves through edges (0),
(12), (10) and (3), reaching the constant-one node. At step @),
block 6 writes val = W; = wywiawiows and col = 0 to row
6 of the ELL value and column index matrices, respectively.
From step @) to step (D), edges (3) and (10) are popped from
the edge stack and edges (11) and (3) are pushed onto it.
At the same time, val is updated by dividing it by w3 and
wio, and then multiplying it by w;; and ws, resulting in
W. col is updated by adding 2!. At step (D), block 6 writes
val = Wy = wowiawiiws and col = 2 to row 6 of the ELL
value and column index matrices, respectively.

3.3 Task Graph-based Execution

To simulate a quantum gate on a batch of state vectors, we
call the BQCS kernel (Section 3.3.1) on the GPU. While the
overhead of invoking a kernel is typically small, this over-
head will become significant when simulating large circuits
with many gates and batches due to repetitive kernel calls.
Moreover, the CPU-GPU data movement overhead for batch
inputs and outputs also accumulates as the number of batches
increases.
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Algorithm 1 GPU kernel to convert DD to ELL

Input: Edges: edge array, Nodes: node array, V: ELL value
matrix, C: ELL column index matrix, MNZR: maximum
NZR of the gate matrix for conversion

1: shared edge_stack[n], left_right[n], up_down[n]
2: tid = threadldx.x; bid = blockldx.x
3: left_right[tid] =0
4: up_down[n — 1 — tid] = bid&(1 << tid)
5: __syncthreads()
6: if tid == 0 then
7. stack_ptr = 0;edge_stack[stack_ptr] =0
8 wal=1;col =0;idx =0
9:  while stack_ptr > 0 do
10: edge_ptr = edge_stack[stack_ptr]
11: if edge_ptr == @ then
12: stack_ptr — —; continue
13: node_ptr = Edges[edge_ptr].node_pointer
14: if node_ptr == @ then
15: C[bid - MNZR + idx] = col
16: V[bid - MNZR + idx] = val - Edges[edge_ptr].
weight
17: stack_ptr — —; idx + +; continue
18: if left_right[stack_ptr] == 2 then
19: left_right[stack_ptr] = 0; stack_ptr — —
20: val = val/Edges[edge_ptr].weight
21: col = col — (1 << Nodes[node_ptr].qubit_lv)
22: else
23: child_idx = 2-up_down|[stack_ptr]|+left_right
[stack_ptr]
24: left_right[stack_ptr] + +
25: val = (left_right[stack_ptr] == 1) ? val -
Edges[edge_ptr].weight : val
26: col = col + (left_right[stack_ptr] — 1) - (1 <<
Nodes[node_ptr].qubit_lv)
27: edge_stack[stack_ptr] = Nodes[node_ptr].e-
dge_pointers|child_idx]
28: stack_ptr ++

To address these issues, we describe the kernel execution
and the data movement as tasks and organize them into a
task graph based on their dependencies. By delegating the
scheduling of task graph to a GPU runtime, such as CUDA
Graph [43, 61], SYCL Graph [11], or HIP Graph [3], we can
minimize repetitive kernel call overhead while overlapping
kernel execution with data movement. In Section 3.3.1, we
introduce the BQCS kernel, and in Section 3.3.2, we define
the task dependencies.

3.3.1 BQCS Kernel. The BQCS kernel is an ELL-based
SpMM kernel, where the gate matrix, represented in ELL,
multiplies a matrix that represents a batch of state vectors.
Since task graph-based execution imposes no restrictions on
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the kernel, any ELL-based spMM kernel can be easily inte-
grated into the task graph as the BQCS kernel. In this paper,
we implement a custom BQCS kernel based on previously
studied ELL-based spMM algorithms [45, 46].

1
! For even-indexed
[ D[0] D[1] H batches

1
i
1
GPU ! |
memory | For odd-indexed
AN 0121 [ D3] ;
! ' batches
(a) Memory buffers in GPU memory.
CcPUto— —— —  — 1
' GpU |CPUto CPU to CPU to CPUto |!
memepyl 2001 |\ | 2! 2 \L2 N /LPEL N
Kernel Batch 3
! (‘xc(‘tflmp on ko
GPU
{GPU to CPU\ D[0] to D[2] to D[3] to i
memepy CPU CPU CPU CPU

Task graph execution time

(b) Dependencies in our task graph for BQCS execution.

Figure 8. Memory buffers and task dependencies.

3.3.2 Task Dependencies. To overlap the execution of
BQCS kernels with data movement tasks across batches, we
use multiple memory buffers [42, 44] to store different BQCS
inputs and outputs on GPU at the same time. As shown in
Figure 8a, we use two buffers (D[0] and D[1]) to store the
inputs and outputs of even-indexed batches, and another two
buffers (D[2] and D[3]) to store the inputs and outputs of
odd-indexed batches. Specifically, for batch Ip, the input and
output of kernel I are determined by D[2(I%2) + (|Iz/2] -
(L+1)+I)%2] and D[2(Ig%2) + (|Ig/2] - (L+1) + [ + 1) %2],
respectively. Here, L is the total number of BQCS kernel calls
per batch.

Figure 8b shows the dependencies of our task graph for
BQCS execution across multiple batches. There are four
batches, each with two BQCS kernels, ko and k;. Before simu-
lating batch 0, its input is copied from the CPU to D[0]. Ker-
nel ky reads from D[0] (i.e., D[2(0%2)+(|0/2]-(2+1)+0)%2])
and writes to D[1]. Then, k; reads from D[1] and writes back
to D[0]. Meanwhile, the CPU copies the input for the coming
batch 1 to D[2] (i.e., D[2(1%2) + ([1/2] - (2 + 1) + 0)%2]).
After batch 0 finishes, batch 1 begins. Similarly, kernel kq
reads from D[2] and writes to D[3] (i.e., D[2(1%2) + (| 1/2]
(2+1) +1)%2]), and then k; reads from D[3] and writes to
D[2]. Meanwhile, the result from batch 0 (i.e., D[0]) is copied
back to the CPU, and the input of batch 2 is copied from the
CPU to D[1] (i.e, D[2(2%2) + (| 2/2] - (2+ 1) + 0)%2]). Both
of these copies must finish before batch 2 starts. The same
process applies to the remaining batches.
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4 Experimental Results

We evaluated the performance of BQSim on 16 medium and
large quantum circuits selected from MQT-Bench [51], which
are representative of different quantum applications includ-
ing machine learning and portfolio optimization. In Sec-
tion 4.2, we compare the runtime of BQSim with three base-
lines. We then evaluate the performance of the three stages
of BQSim separately: BQCS-aware gate fusion (Section 4.3),
DD-to-ELL conversion (Section 4.4), and task graph-based ex-
ecution (Section 4.5). In Section 4.6, we demonstrate the scal-
ability of BQSim over increasing batch sizes. In Section 4.7,
we evaluate the power consumption of BQSim. In Section 4.8,
we study the runtime breakdown of the three stages of BQSim.
Finally, in Section 4.9, we perform an ablation study to evalu-
ate how each stage contributes to the performance of BQSim.

For each simulation run, we randomly generate 200 input
batches, each of 256 inputs (i.e., state vectors), based on the
popular BQCS settings [33, 62, 63]. We set the threshold 7 to
2000, which can yield decent performance on our machine.
All experiments are conducted on a Ubuntu 22.04.3 LTS ma-
chine with 16 Intel i7-11700 CPU cores at 2.50 GHz, one RTX
48 GB A6000 GPU, and 128 GB RAM. We implement our task
graph using Taskflow [27, 28], which provides a high-level
C++ wrapper over CUDA Graph. For data with exponential
differences, we measure the average in geometric mean. We
validate BQSim by comparing our simulation results with the
baselines, where we observe identical state amplitudes in the
output.

4.1 Baselines

Given the page limit and many simulators, it is impossible to
compare BQSim with all of them. Instead, we consider three
representative simulators as our baselines, cuQuantum [7],
Qiskit Aer [31], and F1atDD [32], for two reasons: (1) All
the baselines are open-source [1, 2, 4], allowing us to fairly
study and reason their results. (2) All the baselines are highly
optimized. cuQuantumand Qiskit Aer are GPU-accelerated
QCS libraries. F1atDD is a recent simulator that has success-
fully parallelized DD using manycore CPU. Both Qiskit Aer
and F1atDD also provide powerful gate-fusion algorithms.

cuQuantum only provides gate-level BQCS via the custa-
tevecApplyMatrixBatched API[12]. To simulate the whole
circuit, we apply this API iteratively to each quantum gate.
Since Qiskit AER and F1latDD do not support BQCS at all,
we run eight processes to simulate eight input states in paral-
lel. This configuration of process-level parallelism provides
the best throughput performance on our machine. Addition-
ally, each F1atDD process uses 16 CPU threads at which its
performance saturates on our machine.

4.2 Overall Comparison

Table 2 compares the overall runtime of BQSim with cuQuan-
tum, Qiskit Aer, and F1latDD. Unless otherwise specified,
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all runtimes are measured in milliseconds (ms), and we ter-
minate the runs that take longer than 24 hours.

BQSim is faster than cuQuantum, Qiskit Aer, and FlatDD
on all quantum circuits. On average, BQSimis 3.25X, 159.06%,
and 331.42X faster than cuQuantum, Qiskit Aer,and F1atDD,
respectively. The largest speed-up is observed when com-
pared with F1atDD, which is limited to CPU parallelism.
While Qiskit Aer has GPU acceleration, BQSim significantly
outperforms Qiskit Aer due to its lack of support for BQCS.
Although GPU-based cuQuantum supports gate-level BQCS,
BQSim is still 3.25% faster than cuQuantum. We attributes
this speed benefit to our BQCS-aware gate fusion and task
graph-based execution, which reduce the amount of BQCS
computation and provide scheduling-level enhancements.

The speed-up of BQSim over the baselines become more
remarkable when simulating large quantum circuits. For
example, when simulating the 16-qubit VQE of 78 gates,
BQSim is 2.46X faster than cuQuantum; when simulating the
larger 16-qubit Portfolio optimization of 424 gates, BQSim is
5.10% faster than cuQuantum.

Table 2 presents results for circuits with up to 21 qubits.
However, BQSim can scale to larger qubit counts by adjusting
batch sizes and leveraging multiple GPUs. For instance, the
batch of state vectors can be partitioned across multiple
GPUs where each GPU can afford a larger qubit count. This
indeed highlights another advantage of BQSim: the circuit is
optimized once into a reusable simulation task graph that
can run different batches on multiple GPUs.

4.3 Evaluation of BQCS-aware Gate Fusion

In Table 3, we evaluate the effectiveness of BQSim’s BQCS-
aware gate fusion by comparing the resulting #MAC among
BQSim and the baselines.

BQSim outperforms cuQuantum, Qiskit Aer, and FlatDD
across all quantum circuits in terms of #MAC. BQSim achieves
the largest improvement compared with cuQuantum, which
is 10.76X on average. This is because cuQuantum does not
fuse gates. While Qiskit Aer incorporates a powerful gate-
fusion algorithm, BQSim is still 3.85x% faster on average. This
is because Qiskit Aer’s gate fusion is limited to array-based
gate matrix representation, which computes redundant zeros
and repeated sub-matrices (Section 2.3). Although F1atDD
efficiently avoid such redundancy by representing gates with
DD, BQSim is still 1.23% faster on average, because F1atDD’s
gate-fusion algorithm is limited to optimizing CPU-based
single-input QCS.

4.4 Evaluation of DD-to-ELL Conversion

Figure 9 compares the runtimes of GPU-based, CPU-based,
and hybrid DD-to-ELL conversions across five circuits with
different numbers of qubits: QNN (n = 17,19, 21), VQE (n =
16), and TSP (n = 16). For QNN (n = 17, 19, 21), hybrid con-
version yields the best performance. For instance, on QNN
of n = 17, GPU-based and CPU-based conversions are 1.96x
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Table 2. Comparison of runtimes among BQSim (ours), cuQuantum, Qiskit Aer, and F1atDD on 16 circuits representative of

different quantum applications.
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Circuits Runtime (ms) Speed-up of BQSim over
#Qubits s BQSim s

Name (n) #Gates | cuQuantum | Qiskit Aer | FlatDD (ours) cuQuantum | Qiskit Aer | FlatDD
17 934 246280 1663228 24195648 | 24218 10.17% 68.68% 999.08%
ONN 19 1158 1181539 5491441 >24h 113254 10.43% 48.49% >762.89%X
21 1406 5598394 20428647 >24h 517621 10.82% 39.47X >166.92X

12 58 1433 394267 167565 884 1.62X 446.00x 189.55%

VQE 14 68 5901 470945 576705 2495 2.37X 188.76X 231.14%
16 78 24619 874623 2442323 | 10026 2.46X 87.24% 243.60x

Portfolio 16 424 56934 1035447 3393370 11159 5.10X 92.79X 304.09%
opt. 17 476 122784 1755908 6979064 | 24551 5.00% 71.52% 284.27%
18 531 264992 3135291 15009161 | 51675 5.13% 60.67X 290.45%

Graph 16 32 18424 872669 1056870 9822 1.88% 88.85X 107.60X
state 18 36 75305 2923585 4537635 39611 1.90% 73.81% 114.55%
20 40 308446 10285365 20036118 | 157555 1.96X 65.28% 127.17X

TSP 9 94 245 373035 130619 138 1.78% 2703.15X 946.51X
16 171 36083 886423 3986412 16435 2.20X 53.94% 242.56X
Routing 6 39 51 363760 54736 31 1.65%X 11734.19% 1765.68X
12 81 1628 392998 240627 666 2.44% 590.09% 361.30X

Table 3. Comparison of #MAC (smaller is better) among BQSim, cuQuantum, Qiskit Aer, and F1atDD on 16 circuits represen-
tative of different quantum applications.

Circuits #MAC Improvement vs.

Name #Qubits #Gates | cuQuantum | Qiskit Aer FlatDD BOSim cuQuantum Qiskit FlatDD

(n) (ours) Aer
17 934 489684992 60162048 19791872 17301504 28.30% 3.48% 1.14X
ONN 19 1158 2428502016 266338304 87556096 77594624 31.30% 3.43% 1.13%
21 1406 11794382848 | 1178599424 | 383778816 | 343932928 34.29% 3.43% 1.12%
12 58 950272 360448 348160 253952 3.74X 1.42% 1.37X
VOE 14 68 4456448 1703936 1589248 1277952 3.49% 1.33% 1.24X
16 78 20447232 7864320 7602176 6029312 3.39% 1.30% 1.26X
Portfolio 16 424 111149056 92798976 8912896 8388608 13.25% 11.06X 1.06X
opt. 17 476 249561088 210763776 19267584 17825792 14.00x 11.82% 1.08%
18 531 556793856 475004928 39845888 37748736 14.75% 12.58% 1.06X
Graph 16 32 8388608 4194304 2293760 2097152 4.00% 2.00% 1.09%
state 18 36 37748736 18874368 10223616 9437184 4.00% 2.00x 1.08%
20 40 167772160 83886080 45088768 41943040 4.00x 2.00x 1.08%
TSP 9 94 192512 81920 95232 55296 3.48% 1.48% 1.72%
16 171 44826624 19660800 17432576 12582912 3.56X 1.56% 1.39%
Routing 6 39 9984 3840 4736 3072 3.25% 1.25% 1.54X%
12 81 1327104 540672 499712 393216 3.38% 1.38% 1.27%

and 1.56% slower than hybrid conversion. This is because
some gates have simpler DD structures, better suited for the
GPU, while others are more complex with many branches,
which run more efficiently on the CPU. Hybrid conversion
outperforms both by adaptively selecting either GPU-based
or CPU-based conversion depending on the structural com-
plexity of each DD. For VQE of n = 16 and TSP of n = 16,

GPU-based and hybrid conversions both deliver the best per-
formance. We attribute this result to the simpler DD struc-
tures in these circuits, which are more efficient on GPU, and
hybrid conversion always selects GPU-based conversion for
optimal performance.
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Figure 9. Runtime comparison of GPU-based, CPU-based,
and hybrid DD-to-ELL conversion across five circuits. For
each circuit, the conversion times are normalized by dividing
them by the respective hybrid conversion time.

4.5 Evaluation of Task Graph-based Execution

To evaluate our task graph-based execution strategy, we
compare the BQCS runtimes between BQSim and cuQuantum.
Since cuQuantum does not have gate fusion, we run cuQuantum
with both our BQCS-aware gate-fusion (i.e., cuQuantum+B)
and Qiskit Aer’s gate-fusion (i.e., cuQuantum+Q) algorithms,
to ensure a fair comparison. Table 4 compares the BQCS run-
times among BQSim, cuQuantum+B and cuQuantum+Q. On av-
erage, BQSim is 407.42X faster than cuQuantum+B and 3.62%
faster than cuQuantum+Q. We attribute this result to our
task graph-based model and scheduling using CUDA Graph,
which reduce repetitive BQCS kernel call overhead and en-
hance asynchrony by overlapping BQCS kernel tasks with
data movement operations. Another contributing factor is
that the gate-level BQCS API in cuQuantum only supports
quantum gates in dense format, incurring significant com-
putation overhead.

4.6 Scalability of BQSim

We evaluate the scalability of BQSim with increasing batch
sizes (B). Figure 10 illustrates the speed-up of BQSim com-
pared with cuQuantum on two quantum circuits, QNN and
VQE. When B increases, BQSim’s speed-up over cuQuantum
also increases. For instance, for VQE with n = 16, the speed-
up is 2.16X at B = 32 and 2.52X at B = 512. The result
eventually saturates at B = 1024. We attribute this to the use
of memory buffers (Section 3.3.2) to store multiple batches at
the same time. When the batch size is large, the data move-
ment reaches memory bandwidth limit. Nevertheless, BQSim
remains significantly faster than cuQuantumat B = 1024 (e.g.,
9.59x% faster on QNN of n = 17). This result highlights the
scalability of BQSim at different batch sizes.
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Figure 10. Speed-up of BQSim compared with cuQuantum
on two quantum circuits (QNN of n = 17 and VQE of n = 16)
with increasing batch sizes.

4.7 Power Consumption of BQSim

Figure 11 compares the average power among BQSim, cuQuan-
tum, Qiskit Aer, and FlatDD on CPU and GPU for simulat-
ing three circuits (QNN, VQE, and TSP) using ten batches. We
measure GPU power consumption using nvidia-smi [49]
and CPU power consumption using powerstat [35]. Since
F1atDD does not utilize GPU, we only measure its CPU power
consumption.

BQSim consumes less GPU power than cuQuantum, reduc-
ing power consumption by 27.17%—52.76%. We attribute this
reduction to BQSim’s BQCS-aware gate fusion and task graph-
based execution, which minimize redundant operations on
the GPU. Additionally, BQSim outperforms Qiskit Aer and
F1atDD in terms of CPU power consumption, reducing it
by 43.20%—46.59% over Qiskit Aer and by 41.19%—42.54%
over FlatDD. The higher power consumption of Qiskit Aer
and F1latDD can be attributed to their high utilization of
multi-threading and multi-processing. BQSim also outper-
forms cuQuantumand Qiskit Aer in overall (i.e., CPU+GPU)
power consumption, reducing it by 15.29%-41.93% over cu-
Quantum and by 15.91%-36.48% over Qiskit Aer. Although
FlatDD consumes less power than BQSim, its simulation time
is considerably longer, resulting in a much higher total en-
ergy cost than BQSim.

4.8 Runtime Breakdown of BQSim

Figure 12 shows the runtime breakdown of BQSim on three
circuits (Routing, Portfolio optimization, and QNN) at dif-
ferent numbers of batches (N). While BQCS-aware gate fu-
sion and DD-to-ELL conversion can effectively reduce the
amount of BQCS computation and enable efficient GPU exe-
cution, they also incur some runtime overhead. For example,
when simulating the 21-qubit QNN with ten batches, such
overhead takes about 16.20% and 41.31% of the total run-
time. However, gate fusion and conversion are performed
only once for any given circuit, and the result will remain
unchanged throughout the simulation. As N increases (typi-
cally hundreds to thousands of batches), such overhead can
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Table 4. Comparison of BQCS runtimes among BQSim, cuQuantum with BQSim’s BQCS-aware gate fusion (cuQuantum+B),
and with Qiskit Aer’s gate fusion (cuQuantum+Q), on 16 circuits representative of different quantum applications. Some
cuQuantum+B runs fail because the gate-level BQCS API in cuQuantum only supports gate matrices in dense format, causing

the fused gates to exceed memory capacity.

Circuits Runtime (ms) Speed-up vs.
Name | #Qubits (n) | #Gates | cuQuantum+Q | cuQuantum+B | BQSim (ours) | cuQuantum+Q | cuQuantum+B
17 934 367121 - 22605 16.24X -
ONN 19 1158 1828465 - 105745 17.29% -
21 1406 9054894 - 481913 18.79% -
12 58 1192 24334 854 1.40% 28.49%
VQE 14 68 4820 69319242 2439 1.98% 28421.17%
16 78 19655 1266788 9809 2.00x 129.15%
Portfolio 16 424 77945 - 10786 7.23X -
oot 17 476 175373 - 23790 7.37X -
Pt 18 531 386924 - 49981 7.74X -
Gravh 16 32 17253 3053229 9736 1.77%X 313.60%
stafe 18 36 70727 43888468 39215 1.80% 1119.18%
20 40 286244 - 155771 1.84% -
TSP 9 94 224 46769 111 2.02% 421.34%
16 171 28093 238363 15919 1.76X 14.97X
Routin 6 39 36 2889 22 1.64X 131.32%
& 12 81 1320 6479010 637 2.07% 10171.13%
v277) BQSim on CPU Qiskit Aer on CPU BN BQCS-aware gate fusion
S BQSim on GPU Qiskit Aer on GPU DD-to-ELL conversion
cuQuantum on CPU FlatDD on CPU Simulation (via task graph)
cuQuantum on GPU g 100
£300 &
5 g
£ 200 5 50
Iy (=7
5 [}
2100 £
5 :
< 0 “o0 o %~ o %~ © o~ o %~ o % ~
QNN of n=17 VQE of n=16 TSP of n=16 é{ > é/ )\ é/ > é{ » é/ b\
Circuits §SE §FE §F5E &FSE FES
&0, o O & [e)e} &, o O & [ele) & [e)e)
Svs Svs Srse Svs Sy
. . ) §§< §§ 55 §§< §§
Figure 11. Comparison of average power among BQSim, STO PO O g0 S0
cuQuantum, Qiskit Aer, and FlatDD on CPU and GPU for N=10 N=20 N=50 N=100 N=200

simulating three circuits (QNN of n = 17, VQE of n = 16, and
TSP of n = 16) with ten batches.

be amortized by the simulation time which had significantly
benefited from fused gates and converted ELL formats. For
example, when N increases to 200, the simulation time takes
93.04%, while BQCS-aware gate fusion and DD-to-ELL con-
version are amortized to 1.94% and 5.02%.

4.9 Ablation Study of BQSim

We conduct an ablation study to evaluate the contribution
of each stage of BQSim to its overall performance on four cir-
cuits (QNN, VQE, Portfolio optimization, and TSP) with ten
batches. As shown in Figure 13, we compare the runtimes

Figure 12. Runtime breakdown of BQSim on three circuits
(Routing of n = 6, Portfolio optimization of n = 18, and QNN
of n = 21) at different numbers of batches (N).

of (1) the original BQSim, (2) BQSim without BQCS-aware
gate fusion, (3) BQSim without DD-to-ELL conversion (where
BQCS is conducted using DDs stored on GPU, as shown in
Section 3.2.1), and (4) BQSim without the task graph-based
execution. For each circuit, runtimes are normalized by di-
viding them by the respective runtime of the original BQSim.
The contribution of each stage is quantified as the normalized
runtime of BQSim without that stage.



BQSim: GPU-accelerated Batch Quantum Circuit Simulation using Decision Diagram

BQCS-aware gate fusion accelerates BQSimby 1.39X-6.73X,
with the speed-up largely dependent on the circuit structure.
We attribute this speed-up to the effectiveness of our gate-
fusion algorithm, which significantly reduces the BQCS cost.
DD-to-ELL conversion accelerates BQSim by 5.55X-35.08X,
as the ELL format lowers thread divergence and enables ef-
ficient memory access patterns on GPU. Additionally, ELL
allows direct access to gate matrix values, avoiding the DFS
overhead required when accessing DD-based gate matrix
values (see Algorithm 1). Task graph-based execution im-
proves BQSim’s performance by 1.46x-1.73X. We attribute
this speed-up to our task graph-based model and CUDA
Graph scheduling, which reduce the overhead of repetitive
BQCS kernel calls and enable efficient overlap of kernel exe-
cution with data movement.

I Original BQSim
BQSim without BQCS-aware gate fusion
I BQSim without DD-to-ELL conversion
BQSim without task graph

Normalized runtime
= =3

Circuits

Figure 13. Ablation study of the three stages in BQSim on
four circuits (QNN of n = 17, VQE of n = 16, Portfolio
optimization of n = 16, and TSP of n = 16) with ten batches.
For each circuit, the runtimes are normalized by dividing
them by the respective runtime of BQSim.

5 Related Work

Existing QCS research has introduced various strategies to
improve simulation performance by optimizing both space
and time complexity. To name a few recent works, [67]
leveraged lossy data compression to simulate more qubits.
[32, 48, 72] used DD to explore sparsity and regularity in
quantum circuits. [26] leveraged task-parallel decomposition
to explore both inter- and intra-gate parallelisms. [34, 37, 68—
70] leveraged GPU to further accelerate QCS; in particu-
lar, [34, 37, 70] optimized CPU-GPU data communications,
and [68, 69] improved GPU memory locality to reduce la-
tency. Additionally, [13, 16, 22, 30, 32, 47, 60, 68] optimized
the quantum circuit using gate fusion and pattern match-
ing. While these strategies can improve the performance of
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QCS, they are limited to the strong scaling within a single
simulation input.

On an orthogonal route, several works have explored effi-
cient QCS of multiple quantum circuits. [23, 40, 58] simulated
multiple noisy quantum circuits, each representing a differ-
ent noise condition. [29] simulated a variational quantum al-
gorithm under different circuit configurations. To accelerate
this type of QCS, [23, 29, 40] avoided redundant computa-
tion shared across consecutive simulation runs on different
circuits, whereas [23, 58] leveraged SIMD and GPU paral-
lelism to simulate multiple circuits simultaneously. Although
these QCS works share a similar inspiration with BQCS, they
target a completely different problem formulation.

6 Conclusions

In this paper, we have presented BQSim, a GPU-accelerated
batch quantum circuit simulator, inspired by the state-of-the-
art DD but overcomes its limitation of CPU-centric simu-
lation. BQSim uses DD to optimize the quantum circuit for
reduced BQCS computation, and converts DD to a GPU-
efficient data structure. Additionally, BQSim introduces a task
graph-based execution strategy using CUDA Graph to mini-
mize repetitive kernel call overhead and efficiently overlap
kernel execution with data movement. Compared with three
state-of-the-art quantum circuit simulators, cuQuantum, Qis-
kit Aer, and F1atDD, BQSim is respectively 3.25X, 159.06X,
and 311.42X faster on average.

Our future work will focus on designing efficient accel-
erators for BQSim by leveraging specialized DD properties,
such as their ability to compactly represent gate matrices
and state vectors through regularity and sparsity. For exam-
ple, the structure of DD enables efficient parallel process-
ing, as each DD node represents a unique sub-matrix or
sub-vector. After each parallel computation round, identical
sub-structures within DDs can be merged, thereby reducing
memory overhead and computational redundancy.
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A Artifact Appendix
A.1 Abstract

This artifact appendix describes the steps to compile and
run BQSim on various quantum circuits and provides a per-
formance comparison of BQSim against cuQuantum, Qiskit
Aer, and F1atDD, reproducing the runtime results from Sec-
tion 4.2 and Section 4.5.
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The artifact includes the source code for BQSim, cuQuantum,
Qiskit Aer, and FlatDD, along with 16 quantum circuits
and their corresponding inputs with varying numbers of
qubits for evaluation. Running the artifact requires a CUDA-
enabled GPU with at least 48 GB of memory, 20 GB of system
RAM, and 20 GB of free disk space.

A.2 Artifact check-list (meta-information)

e Compilation: GCC 12.3.0, NVCC 12.6, CMake 3.22.1. We
provide an automated compilation script and a Dockerfile.
Datasets: 16 quantum circuits, and the corresponding ran-
dom circuit inputs.

e Hardware: CUDA-enabled GPU with 48 GB of memory
and 20 GB of system RAM.

e Metrics: Simulation runtime.

e Output: Metric data in the console log.

Experiments: We provide automated scripts for running

the experiments.

o How much disk space required (approximately)?: 20 GB.

e How much time is needed to prepare workflow (ap-
proximately)?: 10 minutes.

e How much time is needed to complete experiments
(approximately)?: For Section 4.2, all experiments take
approximately four days to complete. To reduce runtime, we
can evaluate each simulator separately. The fastest simula-
tor, BQSim, takes less than 20 minutes, whereas the slowest
simulator, F1atDD, takes more than two days. For Section 4.5,
the experiments take approximately 10 minutes to complete.

e Publicly available?: Yes.

Code licenses?: MIT License.

o Archived: 10.5281/zenodo.14775677

A.3 Description

A.3.1 How to access. The code repository for BQSim can
be downloaded from https://github.com/IDEA-CUHK/BQSim.

A.3.2 Hardware dependencies. An x86host witha CUDA-
enabled GPU (at least 48 GB of memory), 20 GB of system
RAM, and 20 GB of free disk space.

A.3.3 Software dependencies. Our experiments are con-
ducted on a Ubuntu 22.04.3 LTS machine, which can run
either with or without a Docker container. The software
dependencies for both cases are listed below:

Without Docker:

e CUDA 12.6 with cuQuantum SDK.

e GCC 12.3.0, NVCC 12.6, CMake 3.22.1.

o libeigen3-dev.

e OpenMP.

e Python 3.10.12 with NumPy 1.26.4, Qiskit Aer GPU
0.15.0, and Qiskit 1.2.0.

With Docker:

e Docker 26.1.3.
e NVIDIA Container Toolkit.
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A.3.4 Datasets. The artifact includes 16 MQT-Bench quan-
tum circuits along with their corresponding randomly gen-
erated inputs.

A.4 Installation

A.4.1 Without Docker. Clone the repository to a local
machine and jump into BQSim folder:

~$ git clone https://github.com/IDEA-CUHK/BQSim
~$ cd BQSim

Then, run the compilation script compile. sh, which will
automatically generate the executables for BQSim and the
baseline simulators.

~/BQSim$ ./compile.sh

A.4.2 With Docker. Build a docker image bgsim_image
using Dockerfile. The compilation script docker_compile.
sh is included in the Dockerfile, so if the Docker image
builds successfully, the program should compile without
issues.

~/BQSim$ sudo docker build --no-cache -t
bgsim_image .

Run a docker container bgsim_container using the im-
age.

~/BQSim$ sudo docker run -it --rm --gpus all
--name bgsim_container bgsim_image:latest

A.5 Experiment workflow

We provide automated scripts to run BQSim, cuQuantum,
Qiskit Aer,and F1atDD on the quantum circuits. The scripts
report the runtime of each simulator for each circuit.

A.6 Evaluation and expected results

Both inside and outside the Docker container, the same gen-
eral steps apply here.

A.6.1 Experiments in Section 4.2. To run simulators
BQSim, cuQuantum, Qiskit Aer, and F1atDD on 16 quantum
circuits, we run the overall. sh script. However, this process
takes approximately four days. To reduce the runtime, we
can evaluate each simulator separately by running individual
scripts (e.g., bgsim. sh). The fastest simulator, BQSim, takes
less than 20 minutes, whereas the slowest simulator, F1atDD,
takes more than two days. The simulation runtimes should
match those in Section 4.2. For more detailed instructions,
please refer to the README . md file in the repository.

A.6.2 Experiments in Section 4.5. First, we export the
fused gates obtained from BQCS-aware and Qiskit Aer’s
gate fusion by running script export_fused_gates. sh. This
script will export the fused gates to log/fused_gates/,
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where some pre-exported fused gates are already provided.
Due to memory and time constraints, we did not export
all the fused gates analyzed in Section 4.5. You may mod-
ify export_fused_gates.sh to export additional gates as
needed.

Next, we run cuQuantum with both our BQCS-aware gate-
fusion (i.e., cuQuantum+B) and Qiskit Aer’s gate-fusion (i.e.,
cuQuantum+Q) algorithms by executing script cuquantum_
plus_bg. sh. The simulation runtimes should match those
in Section 4.5.
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