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Fault-tolerant quantum computers are expected to be offered as cloud services due to their significant resource and infrastructure requirements. 
Quantum multiprogramming, which runs multiple quantum jobs in parallel, is a promising approach to maximize the utilization of such systems. 
A key challenge in this setting is the need for an online scheduler capable of handling jobs submitted dynamically while other programs are 
already running.
 In this study, we formulate the online job scheduling problem for fault-tolerant quantum computing systems based on lattice surgery and 
propose an efficient scheduler to address it. To meet the responsiveness required in an online environment, our scheduler approximates lattice 
surgery programs, originally represented as polycubes, by using simpler cuboid representations. This approximation enables efficient 
scheduling while improving overall throughput. In addition, we incorporate a defragmentation mechanism into the scheduling process, 
demonstrating that it can further enhance QPU utilization.

Fault-tolerant quantum computing 

Quantum multiprogramming (QMP, parallelly execute 
multiple jobs on a single computing system) works well with 
client-server model.
👍 Pros
• Increase the throughput of the system
👎Cons
• Side effects of sharing resources (noise, competing for 

magic states, etc.)
• (Classical) Computing resource for scheduling and 

resource distribution
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Fig. 13 Responsiveness

Fault-tolerant quantum computing (FTQC) with quantum error-correcting codes 
(QECCs) has been proposed to realize practical quantum applications in noisy quantum 
devices. (Rotated) surface codes [1] have attracted attention as one of the codes suitable 
for FTQC (Fig. 1). A method called lattice surgery has been proposed to implement the 
logic gates on surface codes (Fig. 2). To realize a quantum circuit using lattice surgery, it 
is necessary to arrange the qubits, and this arrangement is called a floorplan (Fig. 3). 
floorplan consists of logical data qubits as well as logical auxiliary qubits that are used as 
pathways for lattice surgery.  (Fig. 4). Given floorplan, a quantum circuit can be compiled 
as a lattice surgery sequence on a two-dimensional plane. By arranging gate rows that 
cannot be executed in parallel, the quantum program in the end becomes a polycube in 
space-time 3D space (Fig. 5).
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Fig. 6 Quantum multiprogramming

Parallel execution

Job

The quantum multiprogramming method for FTQC proposed so far [2] is not online -
new jobs cannot be added while a job is running. Also, it does use polycube-based ILP 
which is not responsive enough

Quantum Multiprogramming

We formalized the online scheduling problem for fault-tolerant quantum 
multiprogramming as an integer linear program (ILP) problem.

• 𝑊/𝐻: width / height of processor
• 𝑋! , 𝑌! , 𝑍!: size of a program 𝑃!
• 𝑥! , 𝑦! , 𝑧!: coordinate of 𝑃! ’s 

schedule (positive int)
• Termination time for all programs

𝑇 ≔	/
!

𝑍!

• (decision variable) 𝑎!" , 𝑏!" , 𝑐!": 
Collision between program 𝑃! 
and 𝑃"
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In this work, we formulated the online scheduling problem for fault-tolerant quantum 
multiprogramming. Although we assumed that the quantum processor employs lattice surgery 
on surface codes, the scheduling is based on 3D space-time job requests and can therefore 
be straightforwardly generalized to any quantum programs on 2D quantum processors using 
different QECCs or logical gate implementations.
We proposed two schedulers: an ILP-based scheduler and a scheduler referred to as corner 
greedy. Both approaches rely on a preprocessing step that transforms polycube 
representations into cuboids, enabling significantly higher responsiveness compared to 
schedulers based directly on polycube formulations. 
Furthermore, by introducing the concept of defragmentation, we experimentally demonstrated 
that average throughput can be improved in some datasets.

We propose a flow for online scheduling (Fig. 8). It hires a suboptimal scheduler which we 
call corner-greedy (Fig. 9) and defragmentation for quantum jobs (Fig. 10) inspired by 
classical memory defragmentation [3]. 

Fig. 7 An example of schedule for 𝑃!, 𝑃", 𝑃#

Fig. 8

DatasetSize of job request programs

Experimental settings

Fig. 11 
Speedup relative to naive total job execution time (= ∑$ 𝑙$)

Fig. 12 Improvement rate (%) through defragmentation 
against the scheduler without defragmentation

Our evaluation demonstrates that the proposed 
scheduler, together with the defragmentation 
technique, improves the throughput by 2.3 to 2.4 
times on average, with a maximum improvement of 
4.53 times.
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