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Abstract: Multi-FPGA systems can form larger and more powerful computing units
through high-speed interconnects between chips, and are beginning to be widely used by
various computing service providers, especially in edge computing. However, the new
computing architecture brings new challenges to efficient and reliable task scheduling.
In this context, we propose a resource- and reliability-aware hybrid scheduling method
on Multi-FPGA systems. First, a set of models is established based on the resource/time
requirements, communication overhead, and state conversion process of tasks to further
analyze the constraints of system scheduling. On this basis, the large task is divided into
subtasks based on the data dependency matrix, and the Maintenance Multiple Sequence
(MMS) algorithm is used to generate execution sequences for each subtask to the Multi-
FPGA systems to fully exploit resources and ensure reliable operation. Compared with
state-of-the-art scheduling methods, the proposed method can achieve an average increase
in resource utilization of 7%; in terms of reliability, it achieves good execution gains, with
an average task completion rate of 98.3% and a mean time to failure of 15.7 years.

Keywords: resource management; reliability; hybrid scheduling; Multi-FPGA

1. Introduction
The Commercial Off The Shelf (COTS) Field Programmable Gate Arrays (FPGAs)

support partial run-time reconfigurability, which allows some FPGA resources to be config-
ured without affecting the operation of other resources. This technology allows multiple
tasks to be executed on the FPGA in a spatially and temporally multiplexed manner [1,2].
However, a single FPGA faces resource constraints. Therefore, the resource requirements of
an application can often exceed the resources available on a single FPGA. Even if multiple
run-time reconfigurations are allowed, this may not alleviate the resource constraints of
end-side intelligent computing applications. Today, many edge computing applications
require the simultaneous use of multiple FPGAs (also known as Multi-FPGA systems) to
perform their operations [3,4], such as in urban smart transportation applications. There
are multiple FPGAs required to perform tasks such as real-time traffic monitoring (camera
image processing and traffic monitoring), traffic signal control optimization (signal control
and dynamic switching), and abnormal event detection and response (traffic accidents
and road construction). The system architecture is shown in Figure 1. A Multi-FPGA
system is responsible for submitting and distributing tasks by a client controller, with
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multiple FPGAs serving as servers to execute tasks and return processing results to the
client. Among them, multiple FPGAs are connected to the central client, and the link is
built based on a dual backup method.

Figure 1. Multi-FPGA systems.

While Multi-FPGA system architectures and Dynamic Partial Reconfiguration (DPR) [5]
techniques offer great flexibility, the overheads incurred during system scheduling manage-
ment and reconfiguration must be carefully considered, as they can easily jeopardize the
performance gains achieved through hardware acceleration [6,7]. The Multi-FPGA architec-
ture is like a single FPGA chip, a ‘black box’ that is invisible to the user. Still, there are some
issues that should be taken into account when implementing applications on it: scheduling
order, deployment regions, resource constraints, and complex communication overheads
between tasks. Combined with the application of DPR technology, further requirements for
segmentation and reorganization of large tasks are presented.

Multi-FPGA systems have multiple FPGA resources, and each FPGA can be divided
into different reconfigurable blocks for fine-grained resource control. Deploying tasks
with different resource requirements and execution times to the corresponding blocks
helps to efficiently utilize resources for further deployment of more hardware accelerators
working simultaneously. Task scheduling implements resource resilience policies as well
as management of task configuration and execution order [8–10]. The DPR technique can
reuse the resources of each FPGA in a time-shared manner, providing more options and
optimizations for resource management and task deployment. Therefore, it is a challenge
to efficiently utilize multiple FPGAs and the resources on each FPGA for more efficient
task execution.

Overall, the task scheduling problem is NP-hard because it is a more general op-
timization version of the Resource Constrained Scheduling Problem (RCSP), which is
NP-complete. At the same time, existing research methods for resource scheduling suf-
fer from problems such as low resource utilization, lack of reliable operation guarantees,
and inapplicability to the Multi-FPGA system. In this work, we propose a resource- and
reliability-aware hybrid scheduling method on a Multi-FPGA system. The proposed
method is experimentally verified and the effectiveness of the management and scheduling
is demonstrated. In this context, our contributions are summarized as follows.

(1) A resource-aware scheduler to make sure that the final system can make use of
the available FPGA resources more efficiently. When scheduling tasks, it can provide the
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minimum resources for each task as a service objective, i.e., to schedule as few on-chip
resources as possible for all tasks received within a time unit to improve resource utilization.

(2) A reliability-aware scheduler to ensure the the successful execution of tasks and
improve the expected lifetime in the Multi-FPGA system. The scheduler implements multi-
task scheduling across multiple FPGAs, balancing makespan and reliability by placing
tasks in a redundant and load-balanced manner while ensuring execution efficiency.

(3) The experimental results show that the resource management method is able to
effectively combine and place the tasks, with an average increase in resource utilization
of 7%; the reliability-aware scheduling method achieves good execution gains, with an
average task completion rate of 98.3% and a system’s lifetime of 15.7 years.

The paper is structured as follows. Section 2 discusses related work on FPGA task
scheduling. In Section 3, we provide a detailed description of the resource- and reliability-
aware task scheduler. In Section 4, we evaluate the performance of our method. Section 5
concludes the paper and proposes future work.

2. Related Work
Many previous studies have focused on task planning on a single FPGA. A few other

studies in the literature specifically focused on task scheduling in Multi-FPGA systems.
The research course of task scheduling on Multi-FPGA systems is mainly reflected in the
task model, task sequence, and task state management. In application, the main difference
between scheduling algorithms is whether the task execution mode is determined and
whether the task has a deadline time. The scheduling goals of the algorithms are mostly to
achieve shorter task execution time or less resource consumption.

Tang, Y. et al. proposed a method to build task queues based on task deadline and
task slack time and to build a task model including required resources and task execution
time [11]. Deiana, E. A. et al. proposed an improved method in which resources are
requested as late as possible to reduce the amount of resources [12]. Sun, Z. et al. proposed
a two-phase task scheduling approach to optimize task execution efficiency in a multi-
FPGA system but did not consider load balancing of the system [4]. Unlike a software
strategy, the simple hardware real-time scheduler can directly configure the tasks in the
ready queue according to priority and achieve fast scheduling [13], which is simple and
fast for scheduling, but cannot control global indicators such as load balancing.

Some scheduling algorithms are based on shape modeling, by modeling tasks/
schedulable regions as rectangular blocks for task-resource mapping [14–16]. Task schedul-
ing is modeled using Mixed-Integer Linear Programming (MILP) formulas based on an
architecture with FPGA resources [17]. The grey correlation degree indicates the degree
of correlation between two parameters in the system [18]. Using the grey relation theory,
a task model including task size, task shape, execution time, and configuration time is
established, which is a way to generate a scheduling sequence with the shortest execution
time [19]. Considering the task shape and computation time in the task model [20], a task
implementation that is slow to execute but suitable for the current resource is selected
during scheduling. Therefore, the on-chip resources can satisfy the resource requirements
of more tasks, improve resource utilization, and reduce the task waiting time.

In the above-mentioned studies on task scheduling for the Multi-FPGA system, most
of them focus on improving the efficiency of task execution with little consideration of
reliability assurance. In this work, we propose a reliability-aware, multi-task multi-device
scheduling approach that aims to ensure fault tolerance during task execution and to
balance the task load among multiple FPGAs to extend the system lifetime.
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3. Resource- and Reliability-Aware Task Scheduler
In this section, we design a resource- and reliability-aware task scheduler that sched-

ules multiple subtasks of a large task for execution in a load-balanced and fault-tolerant
manner in a Multi-FPGA system. First, we build a task resource model and a timing model,
and analyze the state changes during the task scheduling process. Second, we further
analyze the impact of multiple FPGA systems on the communication process and establish
a model for inter-FPGA task communication. On this basis, we propose the task hybrid
algorithm for solving the multi-task scheduling problem on multiple FPGA chips.

3.1. Model
3.1.1. Resource Model of the Task

The task model includes the input and output of the algorithm and each task needs
to be represented in the format of the model to generate a task vector. The task model
is divided into a pre-scheduled model mpre and a post-scheduled model mpos, which
are, respectively, used to describe the resource requirements of the task and the re-
source description obtained by the task. The mpre includes width of the resources re-
quired by the task Wi and height of the resources required by the task Hi, processing
time of the data in the current task timesexe, specified deadline Deadlinei, input data
Datain, output data Dataout, and task profile partial BIT biti. The mpre is as follows:
mpre = {Wi, Hi, timeexe, Deadlinei, Datain, Dataout, biti}. The mpos includes the FPGA chip
number at which the task is placed Fi, the coordinate range of the on-chip resources xi,
yi the start time of the on-chip resources si and end time of the on-chip resources ei, the
required storage resources Datamax, and the time occupied by the bandwidth Bi. The mpos

is as follows: mpos = {Fi, xi, yi, si, ei, Datamax, Bi}.

3.1.2. Time Model of the Task

From a time perspective, the on-chip tasks go through four stages: task configura-
tion time timecon f , data reception time timetrain−in, execution data time timeexe, and data
transmission time timetrain−out, which constitute the shortest time timemin for a single task
to be on the FPGA chip. At different stages, there is an indefinite length of waiting time
timewait due to data dependencies between tasks. So, the global time of the task timetotal

is as follows: timetotal = timewait + timemin. When calculating the amount of resources
occupied by a task, the amount of resources is multiplied by a timetotal way of reflecting
the impact of resource occupation time on the total amount of system resources.

3.1.3. Overhead of Task Communication

The communication overhead of the tasks depends on the system architecture. This
work is directed to a system using the AXI bus structure, where there is a continuously
active master node that organizes all communication. The communication overhead can
be divided into device internal communication overhead (Figure 2) and device-to-device
communication overhead (Figure 1).

Communication between subtasks configured on the same FPGA is relatively simple.
After the subtask in the pending receive data state receives the bus, the master node checks
the task address of the data to be sent in the address mapping table and sends a read
command to the task that is sending data. Then, the master node retrieves the data and
sends it to the subtask that has pending received data. The communication overhead
corresponding to the communication process is expressed as follows:

timetrain−i,j = (Dataout−i,j/RateAXI)∗2 (1)



Electronics 2025, 14, 82 5 of 14

Communication of subtasks configured on different FPGAs are more complicated.
When the subtask in the state of pending receiving data obtains the bus, the master node
checks the task location of the data to be sent in address mapping table and send a request
of reading data to another device. It is needed to send a bus request to the CPU and
the other device when sending data and keep the local bus occupied while waiting for
the license. Finally, the communication overhead of local device timetran−receive and the
communication overhead of the other device timetran−send are expressed as follows:

timecpu,j = Dataout−i,j/Ratepcie + Dateout−i,j/RateAXI

timetran−wait = max(BusCPU , BusFPGA)

timetran−send = timeCPU,j

timetran − receive =

max(BusCPU , BusFPGA) + timeCPU,j∗2

(2)

By describing the two communication processes above, it can be seen that the com-
munication overhead between devices is significantly higher than the communication
overhead within the device. Therefore, by default, when the configuration sequence is
generated, the subtasks belonging to a task are configured on the same device. Only if the
current device does not have sufficient resources or the task cannot be completed before
the deadline, is it necessary to try to configure the other devices. If all devices cannot meet
the resource requirements of the subtasks, the subtasks must be reapplied the next time.

Figure 2. The state transition diagram of subtasks.

3.1.4. State Conversion Process of Task

Depending on the time structure of the subtask, the execution of the subtask can be
represented by eight states: unconfigured, configured, pending receiving data, receiving
data, executing, pending sending data, sending data, and pending releasing. The initializa-
tion state of each task is the unconfigured state, the end state is the releasable state, and the
transition relationship between the start and end of the eight tasks is shown in Figure 3.

Figure 3. On-chip system structure diagram.
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3.2. Subtask Sequence Division

Task scheduling requires time constraints on tasks. The main purpose of topological
ordering is to generate a task order that transitions from an unconfigured state to a configured
state, which is relied upon to carry the work forward. Because each branch in the DAG of a
large task is of different lengths, the different topological ordering will affect the execution
time of global tasks. In addition, topological ordering can also prevent resource deadlocks.

The generation of topological sorting is based on a data dependency matrix. According
to the data dependency matrix, all feasible solutions for each large task are stored in a tree
structure, and the tasks on which the pre-tasks depend are configured before configuration.
Suppose there are five tasks A, B, C, D, and E, whose topology is generated by TGFF as
shown in Figure 4.

Figure 4. Task topology.

The data dependency matrix between tasks corresponding to the topology is as follows,
assuming that the amount of data between tasks is 1:

0 1 1 0 0
0 0 0 1 0
0 0 0 1 1
0 0 0 0 1
0 0 0 0 0

 (3)

By analyzing the data dependency matrix and the task topology, it can be known that
if the column vector corresponding to a subtask is a 0 vector, it indicates that there is no
unconfigured predecessor task in the subtask, and the row vector of a particular task is a 0
vector, indicating that a subtask has no successor tasks, which signifies the end task of a
large task. By decomposing the matrix, all possible task sequences can be obtained, and the
decomposition process is as follows:

0 1 1 0 0
0 0 0 1 0
0 0 0 1 1
0 0 0 0 1
0 0 0 0 0

 →


0
0
0
0
0

+
[
0 1 1 0 0

]
+


0 0 1 0
0 0 1 1
0 0 0 1
0 0 0 0

 (4)

There is no data dependency in the startup task that can be executed directly. First, the
row and column vector corresponding to the start task is decomposed. From the decomposed
row vector, it can be seen that the tasks of the subsequent positions of task A are B and C, and
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the column vectors corresponding to tasks B and C become the 0 vectors after decomposing
the row and column vectors of task A. Priority to remove the first column:

0 0 1 0
0 0 1 1
0 0 0 1
0 0 0 0

 →


0
0
0
0

+
[
1 1 0 0

]
+

0 1 1
0 0 1
0 0 0

 (5)

Priority to remove the second column:
0 1 0 0
0 0 1 1
0 0 0 1
0 0 0 0

 →


0
0
0
0

+
[
0 1 0 0

]
+

0 1 0
0 0 1
0 0 0

 (6)

The above corresponds to two decomposition methods, i.e., decomposing tasks B or
task C. Here, we select the first corresponding decomposition method since there is no new
0 vector after the decomposition, so the next one to enter the configuration queue can only
be task C: 0 1 1

0 0 1
0 0 0

 →

0
0
0

+
[
0 1 1

]
+

[
0 1
0 0

]
(7)

After decomposing the row and column vector of task C, the column vector of task D
becomes a 0 vector. Next, we decompose task D:[

0 1
0 0

]
→

[
0
0

]
+

[
0 1

]
+

[
0
]

(8)

At this point, there is only one task E left in the matrix. After E enters the configuration
queue, all tasks enter the configuration state and an effective sequence is obtained through
the decomposition of the matrix: A → B → C → D → E. It is a safe and effective configu-
ration method to generate task sequences in strict accordance with matrix decomposition.

3.3. Deployment of Tasks on Multi-FPGA Systems

The implementation of dividing the subtask sequence corresponding to several large
tasks into the configuration sequence corresponding to several FPGA chips is called main-
taining multi-sequences. We propose a Maintain Multi-Sequence (MMS) algorithm as follows
(Algorithm 1).

First, we set the default device number for each subtask sequence in a circular fashion.
This reduces the overhead of inter-device communication. In a resource-rich environment,
subtasks belonging to the same task should be configured in a default device to reduce
the amount of data communication between devices. On the other hand, load balancing is
beneficial. By distributing large tasks across individual FPGA chips, we prevent multiple
large tasks from being concentrated on a single device, resulting in the under-utilization of
the system’s computing and interface resources. When selecting the default device, first
sort the subtask sequence by Deadline, which prevents the larger Deadline task sequence
from defaulting to the same device. Secondly, sort the devices in descending order of
resources. By allocating resources to a device with more resources, the subtasks in the
same large task will be more centralized on the same device, reducing the overhead of
communication between devices.

In the next step, a deadline-based as-late-as-possible configuration strategy is used to
generate configuration sequences, where each task is configured at the last moment in a
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timeframe that does not affect other tasks. Since the goal of the scheduling algorithm is to
ensure that each task is completed before the deadline and that the same task is executed on
different FPGAs in a dual-mode hot standby for fault tolerance, the time distance (DT) and
resource usage between the current time and the deadline of each configuration sequence
is first calculated. As shown in Figure 5, the process of requesting devices by subtasks uses
back-to-front dynamic allocation. After comparing the deadlines, the largest deadline is
used as the starting point for generating the configuration sequence.

Algorithm 1 Maintain Multi-sequences

Input: Task Collection, Device Collection
1: Sort the task sequence by Deadline and initialize the time
2: Sort devices by resource
3: for m in Task Collection do
4: set the default number for every device
5: end for
6: while time- - do
7: for tasks in Task Collection do
8: if Separate successfully resources for tasks then
9: Reduce the Deadline of tasks

10: end if
11: end for
12: Reorder tasks
13: if Allocation end then
14: Break
15: end if
16: end while{M}ove configuration sequence forward
17: if time < 0 then
18: for mission in Device Collection do
19: mission.time -= time;
20: end for
21: end if

Figure 5. Task sequence partitioning and deployment on Multi-FPGA systems.
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All subtasks form a Device Application Sequence and then enter the Device Config-
uration Sequence. The generation of the device application sequence starts with the last
element of each task sequence, i.e., the end node in the task topology. The device applica-
tion sequence is sorted in descending order of time distance. The task with the largest DT
first selects the device and enters the device configuration sequence. After configuration,
the next task in the same sequence is added to the Device Application Sequence and re-
ordered. Iterating through the above rules dynamically generates the final configuration
sequence. The last action before generating the final configuration sequence is to advance
the configure sequence. Check that there is no downtime when all the tasks are scheduled;
if there is, then the configuration time of all the tasks should be moved forward to eliminate
the downtime.

4. Experimental Evaluation
In this section, we use the Task Graph for Free (TGFF) [21] to generate the Task DAG.

The scheduler based on the Multi-FPGA system was tested to verify its performance and
fault tolerance when scheduling multiple large tasks.

4.1. Testing Environment

We used C++ to build an experimental platform to provide the system framework
and function preset interface for the proposed methods of task sorting, multiple sequence
maintenance, resource management, and task combination, based on the algorithm pro-
posed in this work and the comparison algorithm that is implemented. The test task set
and device network structure adopt three task topology diagrams and two physical FPGA
(XC7A200T-2FBG484l) to implement the scenario of multi-task scheduling on Multi-FPGA.
The algorithm program is designed in C++ language and the FPGA project is designed
in Verilog.

This work sets the common algorithms for target recognition and image processing
as task topology generated by TGFF. The resource requirements of the tasks are shown in
Table 1 [22]. The width and height of the task are generated by random numbers based
on the amount of logical resources, in order to complete the simulation of the real shape
of tasks.

Table 1. List of common algorithm resource requirements.

Algorithm Slices BRAM

Target Recognition

Debayer (2×) 200 2
Rectifier (2×) 500 30
Stereo match 2500 30

Disparity 1000 15
Flex-SURF 1000 0

Motor Control (3×) 200 0

Image Processing

FPN correction 100 0
Dark field corr. 200 1

FFT 800 7
Bad pixel/spike 100 2

CCSDS 122 2500 12
Binning 300 4

Hough Transform 1800 14
Median Filter 800 0

4.2. Evaluation Metrics

In order to evaluate the performance of resource management algorithms, three
evaluation metrics are introduced below.
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Average Resource Vote (ARV): indicates the resource usage of the task and measures
the effect of the scheduling algorithm to save resources. The expression is as follows:

ARV =
1

sizetotal ∗ Ttotal

N

∑
i=0

(sizei ∗ Ti) (9)

Task Completion Rate (TCR): indicates the percentage of successfully executed tasks
compared to all scheduled tasks.

Mean Time to Failure (MTTF): indicates the average time before failure. In systems
where hard fault repair cannot be achieved, it is equivalent to the system lifetime.

4.3. Result and Analysis

We set up three sets of scheduling strategies for verification in three task DAGs.
Regarding the first strategy, we do not use an additional task scheduling algorithm; we
just let three large tasks enter the Single-FPGA one by one. In the second strategy, we use
task hybrid scheduling to combine three large tasks into one large task set and apply for
resources in the Single-FPGA. In the third experiment, we use a load balancing and fault
tolerance strategy (resource- and reliability-aware scheduler) to schedule tasks and set
default devices for large tasks, then mix subtasks scheduled in the same device and apply
for resources in the Multi-FPGA. In the experiment, each device is set to have sufficient
resources to respond to resource requests of subtasks.

Firstly, we evaluated the resource utilization and scheduling efficiency of the proposed
method, and the experimental results are shown in Table 2 and Figure 6. In Table 2,
the ARV, maximum resource utilization rate, and execution time of the three policies
when scheduling three groups of tasks are shown. Among them, the Single-FPGA Task
Continuous Placement strategy has no advantage in each of the metrics, while the Single-
FPGA Task Mix Placement strategy has a higher ARV and maximum resource utilization
rate than the Multi-FPGA Task Mix Placement strategy, but the execution time is much
higher than the latter. Figure 6 shows the resource margin on each FPGA chip as the task
group executes the three scheduling strategies. As a whole, it can be obtained that the task
mix algorithm has a significant effect on improving the scheduling metrics.

Figure 6. The resourcesurplus variation chart of the first group of experiments.
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Table 2. The influence of the task hybrid algorithm and load balancing strategy on the scheduling
effect.

Task Sequence Maintenance Approach
ARV Maximum Resource

Utilization Rate Execution Time

1 2 3 1 2 3 1 2 3

Single-FPGA Task Continuous Placement 15.1% 16.2% 14.9% 34.4% 35.1% 31.1% 1141 1389 1312
Single-FPGA Task Mix Placement 42.6% 45.1% 43.0% 68.3% 74.9% 68.0% 858 1138 1140
Multi-FPGA Task Mix Placement 29.6% 30.4% 30.2% 34.3% 35.6% 34.9% 524 689 627

The above reasons are the task successive placement strategy causes the overall execu-
tion time of the tasks to become longer when dealing with the bursty task collection, and
the much resources remaining indicates that FPGA’s ability for parallel computing is not
utilized to the extent that it is not possible to guarantee that the tasks that are leaning back
will be executed before the deadline. When three tasks are mixed to apply for the resources
of a single FPGA, the three tasks form a mixed task set, the overall execution time decreases,
the resource utilization rises, and compared to sequential placement, the mixed placement
configures more tasks in the FPGA, taking advantage of the FPGA’s parallel nature. Three
tasks are configured in two FPGAs through complex balancing and task mixing, which
reduces the resource residual requirement for a single FPGA compared to mixing three
tasks and reduces the total execution time by joint scheduling of the two FPGA devices,
which can complete the task before the deadline.

Similarly, we use the above scenarios and three scheduling strategies to verify the
reliability performance of the proposed method. The proposed method described in this
paper also aims to extend the MTTF by load balancing to alleviate the stress accumulation on
each FPGA device for a long time. Therefore, we used the method described in Section 3.3
of reference [23] to measure MTTF. The TCR and MTTF results are shown in Table 3. As
shown in the table, the reliability-aware scheduling method proposed in this paper achieves
an average of 98.3% on TCR and 15.7 years on MTTF, which is much higher than the other
two scheduling methods.

The above reasons are due to: (1) simultaneous execution of redundant tasks through
multiple FPGA placements ensures uninterrupted task execution after failures and (2) re-
duced spike stress on a single FPGA by a load-balanced mix of placement tasks on Multi-
FPGA, resulting in extended system lifetime. The experimental results of the Single-FPGA
task mix placement strategy are better than the Single-FPGA task continuous placement
strategy due to the fact that the hybrid placement avoids fault accumulation and stress
accumulation to some extent.

Table 3. The influence of the task hybrid algorithm and load balancing strategy on the scheduling effect.

Task Sequence Maintenance Approach
TCR MTTF

1 2 3 1 2 3

Single-FPGA Task Continuous Placement 66.7% 62.5% 72.5% 5.2 6.0 5.8
Single-FPGA Task Mix Placement 85.0% 82.5% 90.0% 6.3 6.9 6.8
Multi-FPGA Task Mix Placement 100.0% 95.0% 100.0% 15.2 16.0 15.8

In addition, we further investigate the scalability of the scheduling strategy proposed
in this paper on top of a multi-FPGA system and design the following experiments. By
increasing the number of FPGAs to test the number of task groups that can be carried out by
different scheduling strategies in a certain period of time, we have verified the scalability of
the method. The scheduling strategies are Multi-FPGA Task Mix Placement, Single-FPGA
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Task Continuous Placement, and Single-FPGA Task Mix Placement proposed in this paper.
The task groups are then randomly combined from the tasks in Table 1.

From Table 4, it can be seen that as the number of FPGAs increases, the number of
schedulable task groups increases for all scheduling policies, but the Multi-FPGA Task Mix
Placement policy grows at a much higher rate than the other two policies. The reason is that
the Single-FPGA Task Continuous Placement strategy can only schedule tasks sequentially
and cannot execute tasks simultaneously on the chip. The Single-FPGA Task Mix Placement
strategy can schedule different tasks to be executed on a single slice, so it can flexibly deploy
tasks. The Multi-FPGA Task Mix Placement strategy cannot support more tasks when
the number of FPGAs is small because it needs to deploy tasks redundantly, but with
the increase of FPGAs, its scheduling strategy will be better able to support more tasks.
Moreover, as the number of FPGAs increases, the scheduling strategy will make better use
of the resources of each FPGA, and thus, the number of tasks completed can be significantly
increased. The above experiments also demonstrate that the scheduling method described
in this paper has good scalability on Multi-FPGA systems, which improves the adaptability
of the system in large-scale edge computing scenarios.

Table 4. The number of task groups that can be scheduled with the increase of the amount of FPGAs
under different scheduling strategies.

Task Sequence Maintenance Approach
The Amount of FPGAs

2 3 4 5 6

Single-FPGA Task Continuous Placement 4 6 9 13 16
Single-FPGA Task Mix Placement 10 14 19 27 38
Multi-FPGA Task Mix Placement 7 12 18 29 40

5. Conclusions and Future Work
In this paper, a set of task models is established based on the resource/time require-

ments, communication overhead, and state conversion process of the task; based on this,
a resource- and reliability-aware hybrid scheduling method on the Multi-FPGA system
has been proposed to fully utilize FPGA resources to cope with the deployment of bursty
tasks. Experiments show that the method proposed in this paper significantly improves
resource utilization by 7%, which achieves a task completion rate of 98.3% and extends
system reliability with a mean time to failure of 15.7 years. In future work, we will design
an exploration method to solve an appropriate proportion of FPGA usage in the system to
balance reliability and makespan for different applications. In general, the more FPGAs
are used as redundant resources to achieve fault tolerance, the longer the corresponding
makespan. To ensure the main implementation goals of different applications, it is im-
perative to determine the right proportion of FPGA in the system for fault tolerance or
operational tasks. In addition, we will further investigate the scalability and energy of
scheduling strategies on Multi-FPGA architectures to more fully evaluate their applicability
in large-scale edge computing environments.
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