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Abstract — To meet the increasing computing needs
of various application fields, Field programmable gate
array (FPGA) has been widely deployed. In FPGA-based
processing, hardware tasks can be better accelerated by
allocating appropriate computing resources. Therefore,
FPGA-based hardware task scheduling has become one
of the mainstream research directions in academia
and industry. However, the optimization objectives of
existing FPGA-based hardware task scheduling methods
In this
summarizes the research status of hardware task dynamic
scheduling from the three essential elements of FPGA

are relatively scattered. regard, this paper

processing: and power consumption.

This paper analyzes,

time, resources,

sorts out, categorizes the ideas

and implementations of various scheduling methods and
analyzes and evaluates optimization effects of various
scheduling methods from multiple dimensions. Then, the
shortcomings of the existing methods are summarized and
some practical applications are introduced. Finally, the
research direction of task scheduling based on FPGA is
prospected and summarized.
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I. Introduction

In recent years, artificial intelligence, big data,
cloud computing, and other fields have developed
rapidly. However, due to the black silicon effect!!),
the general computing architecture composed of Central
processing units (CPUs) alone can not meet the
increasing demand of computing in various fields.
The CPU+FPGA heterogeneous computing system has
shown great potential in high performance, low power
consumption and reconfigurability, and has been widely

used in academia and industry. Typical cases such as
Microsoft!?, Amazon[®| and other cloud service providers
deploy FPGAs in their data centers to support various
compute-intensive applications*. Modern FPGA sup-
ports Dynamic partial reconfiguration (DPR)W7 which
allows multi-task parallel processing, and dynamically
reconfigures part of FPGA resources at runtime without
affecting the task running on other parts. This processing
allows limited computing resources to be reused promptly.
In addition, this gives FPGA greater flexibility and
computing power when handling large-scale compute-
Compared with the traditional
general architecture, the advantage of CPU+FPGA
heterogeneous computing architecture is that the system
can dynamically allocate computing resources for each
task according to application requirements and resource

intensive applications.

status. The system improves processing performance
through hardware acceleration also ensure high flexibility
and adaptability. However, achieving efficient dynamic
scheduling of hardware tasks on FPGA is a very
challenging problem. It is also the key to giving play to
the processing capabilities, flexibility, and adaptability of
the entire architecturel®.

FPGA-based hardware task scheduling is an NP-
hard problem(”8l. In the application process, designers
need to comnsider factors such as when to configure,
perform tasks, and arrange tasks. At present, many
researchers have optimized various problems involved
in scheduling methods and achieved some optimization
results. However, we need to clearly understand the
different scheduling methods’ multiple problems and
limitations if we want to realize multi-dimensional
efficient task scheduling. Therefore, this paper gives
a comprehensive overview of the dynamic scheduling
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method of FPGA computing tasks.
compare and analyze the advantages and disadvantages
of the existing methods from various perspectives, and
combining the actual needs in field applications, clarify
the future research of FPGA-based task scheduling
methods.

The main contributions of this paper are as follows.

1) The model and optimization problem of FPGA-
based dynamic scheduling of hardware tasks involved in
the current research are analyzed.

2) The latest progress of FPGA-based dynamic
scheduling of hardware tasks is summarized from three
optimization perspectives: time, resource and power
consumption.

It is expected to

3) The typical algorithms for the various optimiza-
tion techniques under each optimization perspective are
analyzed.

4) The researches are compared and summarized
from four aspects, some practical applications are
introduced, and the future work is discussed.

The rest of this paper is organized as follows. Section
II introduces the FPGA-based hardware task dynamic
scheduling system model and task model, and analyzes
the optimization problems. Section III introduces the
latest progress of FPGA-based hardware task dynamic
scheduling. Section VI compares and summarizes the
scheduling methods. Section V introduces some practical
applications. Section VI discusses the challenges and
future research. Section VII concludes the paper.

II. Scheduling Model and Optimization
Problem

1. System model

The scheduling system model consists of a CPU
scheduling module and FPGA computing resources, as
shown in Fig.1. The CPU scheduling module includes
a scheduler, a placer, and a loader. The scheduler is
responsible for receiving application tasks, analyzing
task requirements, determining the execution order of
tasks and the required computing resources according to
task data dependencies and system status, and correctly
transitioning the task status during processing. The placer
is responsible for determining the appropriate placement
position of the hardware task on the FPGA with limited
resources and feedback the hardware resource status
to the scheduler in real-time to ensure the feasibility
of scheduling. If there is an available placement, the
loader is responsible for loading the task’s configuration
data to the designated location on the FPGA. FPGA
computing resources are abstracted as heterogeneous
resource arrays, including Configurable logic block (CLB),
Block random access memory (BRAM), and Digital
signal processor (DSP), responsible for accelerating

Different
hardware tasks will occupy computing resources in
different sizes of rectangular areas on the FPGA during
processing. Therefore, task placement can be regarded
as a boxing problem!®.  This model can achieve a
tight arrangement of tasks and improve FPGA resource
utilization. On the other hand, the task placement’s
high flexibility makes it quite challenging to find the
optimal allocation plan for the task. The task scheduling
algorithm design will become more complicated.

computationally intensive hardware tasks.
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Fig. 1. Scheduling system model

Unfortunately,
above-mentioned idealized scheduling model in practice.
Therefore, the realistic scheduling model should follow
many technical bottlenecks in the current FPGA design
flow, such as DPR. constraints!!®'': 1) The FPGA
is divided into a static area and a dynamic area.
The static area will not be reconfigured, including

it is a challenge to achieve the

fixed processing structures during the execution of
application tasks. The dynamic area is further divided
into several Reconfigurable regions (RR). Each RR
can be reconfigured independently without affecting the
operations of other RRs. 2) RR can only place hardware
IP core called “Reconfigurable module (RM)”. Each RM
can handle subtasks separately, but RR can only place
one RM at a time. 3) FPGA Internal configuration access
port (ICAP) can only process one reconfiguration request
simultaneously and cannot reconfigure multiple RRs at
the same time. Under these strict technical constraints,
the FPGA system model is shown in Fig.2. After the
FPGA is divided into multiple areas, each task can only
be placed in the designated region.

2. Task model

FPGA computing resources are limited and cannot
meet the needs of large-scale applications at the same
Therefore, applications are usually divided into
The tasks are configured to

time.
many interrelated tasks.
perform specified functions on a specific area of the
FPGA, and the computing resources are time-shared to
complete the entire application processing. Generally, a
Directed acyclic graph (DAG)[12] is used to represent the
application. Fig.3 shows an example of a DAG, in which
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each node and directed edge represent tasks and data
dependencies between tasks. Ty and T3 must be executed
after T7, and Ty must wait for T5 and T3 to complete.

FPGA

Dyrjamic

Fig. 2. FPGA system model under strict constraints

/ N

T
=

/

Fig. 3. DAG

3. Scheduling optimization problem

This paper considers FPGA resource constraints,
task time-related constraints, and multi-dimensional
optimization goals to optimize FPGA-based hardware
task scheduling.

1) Resource constraints. The resources occupied by
all tasks Y T; cannot exceed the total number of resources

on the FPGA.:
> wi <W (1)

> hi<H (2)
Z (clb;, dsp;, bram;) < (CLB,DSP,BRAM)  (3)

Among them, w; and h; represent the width
and height of the resource area occupied by T;; W
and H respectively represent the width and height
of the FPGA total resource area; clb;,dsp;, bram;
respectively represent the CLB, DSP, BRAM occupation
by T;; CLB,DSP,BRAM respectively represent the
total amount of various resources on the FPGA.

2) Time constraints. To avoid the task being rejected,
the entire processing of the task must be completed before
the deadline of the task is reached:

Ttotal = trec + texe + 2‘;com (4)

Ttotal + tcur S tdead (5)

Among them, Tio4a1 represents the time required for
the entire processing of the task; t,o. represents the task
configuration time; tey represents the task execution
time; t.om represents the task communication time; tcy;
represents the current time; and tqeaq represents the task
deadline.

3) Optimization goals. Different application scenarios
need to be optimized for different goals. For example,
applications with high real-time requirements need to
reduce time overhead; applications with limited FPGA
resources need to make full use of resources; and low-
cost applications need to reduce power consumption as
much as possible. Therefore, in this paper, the three
dimensions of time, resources, and power consumption
comprehensively consider the optimization problems,
including minimizing the processing time 7 of the
application, maximizing the utilization rate U of FPGA
resources, and minimizing the power consumption P of

the FPGA.
min7T or maxU or min P (6)

On the other hand, in FPGA hardware task
scheduling, multi-objective T,U, P can be optimized
simultaneously. However, this may compromise time,

resource, and power consumption, as discussed in Section
Iv.

ITI. FPGA-Based Hardware Task
Scheduling Method

This paper selects the hardware task scheduling
research work in the past two decades from IEEE,
ACM, Elsevier, Springer conferences, and journals to
review, classify the papers’ scheduling methods. Aiming
at the optimization goals described in Section II.3, the
paper divides the hardware task dynamic scheduling
methods into three categories: reducing time overhead,
optimizing resource utilization, and reducing leakage
These scheduling methods are
analyzed in detail in this section. The optimization effects

power consumption.

of these scheduling methods are compared in detail in
Section IV.

1. Scheduling to reduce time overhead

The time overhead that can be optimized for FPGA
hardware task scheduling mainly includes the lengthy
task reconfiguration time and the data communication
overhead between tasks. According to the different opti-
mization objects, the scheduling method for reducing time
overhead is further divided into reducing reconfiguration
overhead and optimizing communication overhead.

1) Scheduling to reduce reconfiguration time

Angermeier and Teich!*3 compared scheduling meth-
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ods that do not consider reconfiguration and consider
reconfiguration. The results show the necessity of
considering reconfiguration overhead in hardware task
scheduling. Therefore, specific methods must be used to
reduce or hide the massive overhead of reconfiguration
effectively. The current scheduling strategy for reducing
reconfiguration overhead is mainly based on the two basic
ideas of “configuration prefetching” and “module reuse”.

Configuration prefetching!'¥ means that if the
configuration port is available and the task is ready to
be placed on the FPGA, the task can be configured in
advance during the execution of other tasks to achieve
hidden reconfiguration time. This method dramatically
reduces the impact of reconfiguration on performance,
thereby improving the overall execution efficiency of the
application. Fig.4 shows the different scheduling results
for the DAG in Fig.3 without prefetching and with
prefetching. In the absence of prefetching, 7o and Tj
can only be configured after T7 processing is completed.
Although Ty and T3 can be processed in parallel, FPGAs
usually have only one reconfigure port and cannot process
two configuration requests simultaneously. T3 can only
be configured after 75 is configured. When 75 and T35 are
processed, Ty starts to configure and execute. In the case
of prefetching, once the reconfigure port is free, the next
task to be processed can be configured in advance. The
configuration phases of Ty, T3 and T4 can be completed
in advance during the execution of other tasks, thereby
hiding the reconfiguration time.

Reconfiguration R B
Execution 4 &
R; E;
R, | E
Rl El Tinﬁ:
>
Reconfiguration
e R, E,
Execution
Waiting R; Es
R, E,
R, E; Time
.

Fig. 4. Without prefetching and with prefetching

Banerjee et al.['%! first proposed using configuration
prefetching in FPGA hardware task scheduling to hide
the reconfiguration time. In their work, each task in the
application uses the predecessor’s output as its input.
The heuristic algorithm is used to configure the next
task in advance during the execution of the current task,
which reduces the impact of reconfiguration overhead
on performance. However, this method is only suitable
for applications with linear data dependencies. For
more general applications, Resano et al.l'®l proposed
a hybrid configuration prefetch scheduling strategy to
avoid runtime overhead caused by high computational

complexity!!”l. At the beginning of the scheduling, firstly,

regardless of the impact of the reconfiguration time on
the scheduling results, the branch and bound algorithm
is used to determine the initial scheduling table. The As
late as possible (ALAP) algorithm is used to calculate the
critical path. When the task is running, reconfiguration is
considered. According to the initial schedule and critical
path, the next task’s configuration phase is completed in
parallel when the task is executed. In some cases, 93%
to 100% of the reconfiguration overhead can be hidden.
Khuat et al.'®! believed that using the branch and bound
algorithm to search all Integer linear programming (ILP)
solutions and find the optimal solution also requires a
lot of computing time, so they proposed a fast task
placement feasible region search method. Considering
that the number of BRAM occupied by the task is
less than the number of CLB resources, search for a
feasible region that meets the BRAM requirements, and
all feasible regions can be covered. Then, from the limited
scan results, select feasible regions that also meet other
resource requirements and place tasks in them. In order to
avoid resource competition, a method for avoiding feasible
region conflicts is further proposed. It evaluates the
situation after the current task occupies each feasible area
and selects the position with the most negligible influence
on the number of the feasible regions for subsequent
tasks. The experimental results show that compared
with the method without configuration prefetching, the
application’s total execution time is reduced by 22%.
However, the above scheduling algorithms are only
suitable for single application processing. Aiming at the
FPGA hardware task scheduling problem in continuous
multiple application scenarios, Ramezani'®) proposed
a Forefront-fetch technology. During an application’s
execution, some tasks of the following application to
be processed are packaged and configured in advance.
However, this method has a sizeable reconfiguration
granularity and can only hide part of the reconfiguration
overhead.

The above algorithms implicitly implement config-
uration prefetching, but they cannot completely hide
the task configuration overhead. Using queues to
manage task configuration in hardware task scheduling
can effectively hide the configuration phase of hardware
tasks. PATS[Y introduces the concept of task efficiency
in task scheduling. It maintains Not released queue
(NRQ), Low efficiency queue (LEQ), and Full efficiency
queue (FEQ) to manage waiting tasks. The three queues
are inserted into inefficient tasks that are not completed
by predecessors, inefficient tasks that have not been
configured, and high-efficiency tasks that have completed
configuration. PATS prioritizes tasks with high task
efficiency. During the execution of the current task,
the waiting task’s status is updated, such as prefetching
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the task in the LEQ, which can dynamically change
the task efficiency at runtime. Compared with the
three classic scheduling algorithms of Early deadline first
(EDF), Rate monotonic scheduling (RMS), and round-
robin, PATS shortens the total application execution time
by an average of 1.45 times. However, if a successor
task in the LEQ configures first, and the FPGA does
not have free resource space to configure its predecessor
task, which results in both the predecessor task and the
successor task cannot be executed, and deadlock occurs.
As shown in Fig.5, taking Fig.3 DAG as an example, if
T, is configured before T3, and the FPGA resource space
after configuration cannot configure 73, both T3 and T}
cannot be executed.

Reconfiguration

i
Ry I E !
Execution L”‘E,L,,,,E,,,,,‘ ,,,,,,
1
Waiting R4 i E4 !
Ry E,
R; E; Time

Fig. 5. Scheduling deadlock

To avoid this problem, CPSAPY modifies the
management mode of the unconfigured task queue, and
only prefetches all the tasks whose predecessor tasks
have completed the configuration, effectively avoiding
the scheduling deadlock problem. PaRA-Sched?? is
an automated design method for FPGA hardware task
scheduling, which includes three steps: preprocessing,
scheduling and post-processing. Preprocessing is to use
the task mapping information obtained by the A2B[23]
algorithm, explicitly introduce the reconfiguration task in
the DAG, and use the dynamic programming algorithm
to calculate the critical path information. Scheduling
is responsible for assigning start and end time to each
task under the premise of satisfying the task data
dependency. Postprocessing uses additional edges in the
task graph to clarify the execution order of all tasks, which
automatically hides the reconfiguration overhead during
the scheduling process and improves the system’s overall
performance.

Configuration prefetching hides the reconfiguration
overhead during the scheduling and execution of FPGA
hardware tasks, and module reusel?* is to reduce the
reconfiguration overhead further. It reuses as many tasks
as possible that have been configured on the FPGA to
reduce hardware task configuration times. In the research
of many applications, it can be observed that different
hardware task modules may have the same or similar
functions. For this reason, it is very efficient to reuse
the configured tasks, which helps to reduce the total
execution time of the application and keep the impact
of configuration data transfer on memory bandwidth at a
low level.

When the task arrives, RCSched® first checks
whether there is a reusable task module in an idle
state; if there is, it will be reused; otherwise, the
Least recently used (LRU) strategy will be used for
reconfiguration. When there is no reusable task module
and no configuration space, the task is migrated to the
software processing unit for execution. Similar work
is also a scheduling algorithm proposed by Hariharan
and Kannan?®! that uses LRU and optimal replacement
strategy. They try to avoid using software processing
units and pay more attention to using more efficient
hardware resources to process all tasks. When the number
of waiting tasks is higher than the total number of
hardware processing units, the LRU strategy is used for
reconfiguration, and the least recently used task module is
replaced; otherwise, the optimal replacement strategy is
used to replace the task module with less reconfiguration
overhead. However, both of these methods keep the task
modules on the FPGA as much as possible, resulting in
excessive, unnecessary power consumption. RBSI?7 uses
the Least probability of reappearance (LPR) strategy to
retain only a part of the tasks and select non-important
tasks with a small reappearance probability and are large
enough to accommodate the new task for replacement.
RBS regards tasks with high reconfiguration overhead
and high probability of reappearing as important tasks.
After execution, it retains its task modules on the FPGA
and divides the FPGA into two parts, one for important
tasks and the other for non-important tasks. It uses a
scan-based algorithm to schedule tasks and dynamically
adjusts the two FPGA partitions’ size to reduce the
possibility of task rejection. As shown in Fig.6, the FPGA
is divided into Part A and Part B that can be dynamically
adjusted. Part A places non-important tasks, and Part
B reserves the task modules to be reused. Taking Fig.3
DAG as an example, suppose T module will be reused
by Ty, Part A is used to load T; and T3, Part B loads
Ty, when Ty and T3 are executed, Ty directly reuses T3
module for processing. However, this method is expensive
in scanning calculation and relies on the artificially set
LPR threshold.

Reconfiguration
Execution

Part B R, E, E;

Part A R, E,; R; E; TinE

-

Fig. 6. RBS

In FPGA hardware task scheduling, considering both
configuration prefetching and module reuse can reduce the
impact of reconfiguration overhead on performance to a
greater extent. Deiana et al.?8] proposed a scheduling
method based on Mixed integer linear programming
(MILP). They designed the IS-k algorithm to schedule &k
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tasks in each iteration to reduce computational overhead.
IS-k was verified in a real image analysis case study,
and some tasks in the case study were preconfigured and
reused task modules. Compared with PaRA-Sched based
on the ant colony optimization algorithm, IS-k reduces
the total application execution time by 16%—27.7% on
average under different k values.

2) Scheduling to reduce communication overhead

When the FPGA reloads the task configuration,
the on-chip interconnect structure will also change.
Therefore, in FPGA-based hardware task scheduling, it
may not be possible to guarantee correct data exchange
between tasks or between tasks and external devices
On the
other hand, data communication between tasks also

if data communication is not considered.

takes a long time during task processing, especially for
compute-intensive tasks with a large amount of data.
Therefore, some researchers have researched optimizing
communication overhead.

Fekete et al!?! first considered the impact of
communication overhead on FPGA hardware task
scheduling, regarded communication overhead as a
constant, and proposed a model that implicitly expresses
communication overhead by increasing task execution
time. However, the various assumptions based on the
model significantly reduce the reliability of the method.
CASABY i5 the first scheduling algorithm that explicitly
handles the communication overhead between FPGA
hardware tasks. It uses a modified Flow scanning (mFS)
algorithm to search for FPGA free computing resources
to place tasks. Data communication between tasks and
between tasks and external devices is regarded as specific
constraints in the scheduling. A Locked communication
scheduling (LCS) method is proposed to deal with
communication constraints: When a task is scheduled, the
required communication bus is immediately locked. The
bus is released until the end of the data communication,
The
communication overhead problem in task scheduling will
be more complicated for FPGAs with heterogeneous
computing resources. Abdessamad et al.l3!l carried out
mathematical modeling for the scheduling problem in the
CPU+4+FPGA architecture, proposed a nonlinear model

ensuring the data communication demand.

and a linear model of heterogeneous communication
scheduling, and used the data dependency relationship
to reduce the number of constraints of the linear model
and realize the solution of smaller-scale applications in
a short time. The MILP model’s limitation is that
when the scale of the application becomes larger and
larger, the algorithm’s performance will drop sharply or
even impossible to solve. In response to this problem,
Abdallah et al.l®? proposed two heuristic algorithms:
Multithreaded simulated annealing (MSA) algorithm and

Multithreaded genetic algorithm (MGA) realize parallel
task processing and solve the scheduling problem of
larger-scale applications considering the communication
between tasks.

However, the above method only regards communi-
cation overhead as a constraint condition for FPGA-based
hardware task scheduling and does not substantially
reduce communication overhead. Ahmadinia et al.[?]
developed a dynamic scheduling algorithm that reduces
communication overhead. It minimizes the communica-
tion overhead between task modules by placing tasks with
data dependencies as close as possible. The simulation
experiment uses task sets of different scales. Compared
with the First-fit (FF) and Best-fit (BF) methods, the
communication overhead of this method is reduced by
12.1%-90.2%. However, this method does not consider
FPGA on-chip interconnect resources. CA-MAE[PB4
considers the actual communication channel, local bus,
system bus, and peripheral bus of FPGA, as shown
in Fig.7. A communication coefficient is introduced
in the scheduling to measure the relationship between
task location and communication overhead, and task
scheduling is optimized by placing hardware tasks closer
to the communication channel, which avoids excessive
occupation of the system bus due to tasks being far
away from the channel and can reduce communication
overhead.

Communication channel

FPGA
i
Peripherat = -
System bus
F—
| ]Local bus 1
-
i T3 7 T
1 4

Fig. 7. CA-MAE task communication model

RDMS[B5! considers data communication and re-
source utilization between tasks in scheduling, and
configures tasks in groups, especially tasks with data
dependencies, to minimize communication overhead
between tasks from reducing data movement. However,
if tasks with data dependencies are not grouped into the
same group, it may cause more significant communication
overhead between groups. Mathematical analysis shows
that the worst-case time complexity of the algorithm
is O(n3W?), n is the total number of tasks, and W
is the upper bound of the number of groups. To
avoid this problem, Yoosefi and Najil*®! introduced
the idea of task clustering into FPGA-based hardware
task scheduling and proposed a communication-aware
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clustering scheduling algorithm. Similar to task grouping
in Ref.[35], tasks are clustered into the same cluster.
Then a penalty-based merging strategy is used to
merge the two clusters with the least cost of merging
operation to eliminate communication between tasks in
different clusters. However, the experimental results
show that when the communication overhead between
task clusters is too significant, the number of clusters
that can be merged is small. The effect of reducing
the communication overhead between clusters is not
apparent.

2. Scheduling to optimize resource utilization

Due to the limited number of FPGA computing
resources, improper use of resources is one of the critical
reasons why tasks are rejected. If the task placement
that has been placed on the FPGA is relatively scattered,
it will cause the FPGA to lack available computing
resources with a large enough area. At this point,
even if the FPGA has enough resources to meet the
resource requirements of the newly arrived task, the
task cannot be configured because the resources are
fragmented, resulting in the task being rejected. Using
efficient resource or task management strategies in the
FPGA hardware task scheduling can effectively avoid this
problem. According to different management objects, the
scheduling method for optimizing resource utilization is
further divided into free resource management scheduling
and task management scheduling.

1) Scheduling of free resource management

The free resource management scheduling method
maintains an FPGA free resource area list, which contains
the location information of each continuously available
computing resource on the current FPGA, which is
dynamically updated during the scheduling. = When
placing tasks, select the positions where the tasks can
be placed in the FPGA free resource area list, effectively
avoiding resource fragmentation.

Bazargan and Kastner®” first studied this kind of
problem. They proposed a Keeping maximal empty
rectangle (KMER) algorithm to manage FPGA free
resources, divide the FPGA free area, save it as a non-
overlapping rectangular set, and assign each task to an
appropriate rectangular area. However, this method
sacrifices placement quality because tasks cannot be
arranged tightly, resulting in rejection of tasks that could
be placed. As shown in Fig.8(a), assuming that 77 and
T have been placed on the FPGA, T3 and Ty are waiting
tasks, and the free area of the FPGA is divided into four
areas A, B, C, and D, where T3 can be placed on area D.
Although the hardware resources are sufficient, T, will be
rejected because it does not have a large enough free area.
On the other hand, as the FPGA area gradually increases,
the cost of searching out all the free areas of the FPGA

will increase. Aiming at the high cost of time for KMER
to search for free areas, Walder et al.38) proposed a hash
matrix method, which can find a suitable rectangular
area in constant time, but introduces the additional cost
updating the hash matrix. To solve the high rejection rate
of KMER tasks, Marconi et al.?9 proposed an intelligent
merging algorithm to extend KMER. When there is no
large enough free area to place the newly arrived task,
the adjacent non-overlapping free areas can be merged to
form a larger rectangular area until there is enough space
to place the new task. As shown in Fig.8(b), Ty can be
placed by merging area A and area B to avoid rejection of
Ty. At the same time, the performance of the algorithm
has been improved. Compared with KEMR, the speed of
the algorithm is increased by 1.72 times.

FPGA FPGA

(a) (0)

Fig. 8. KEMR and Intelligent merging KEMR

Handa and Vemuril*?! modified the management

method of free resources, saving FPGA’s free area as
rectangles that overlap each other and identify the
Maximal empty rectangle (MER). As shown in Fig.9,
assuming that 1 and 2 have been laid out on the FPGA,
MER;, MERs, MERg3 can be identified. Compared with
the KEMR as mentioned above and other algorithms,
under the same scheduling situation, the free area where
tasks can be placed is more substantial, which reduces
the probability of task rejection. Similar work is the TT-
KAMERMI- an algorithm that calculates and manages
MER based on the upper boundary of the task and the
resource’s lower boundary. It uses a linked list to store
the largest free rectangles after placing different tasks,
updates the linked list while tasks are being executed,
and achieves better resource utilization. Wang et al.[*?]
proposed two heuristic methods based on MER: MER-3D-
Contact and MER-Resource-Contact. The former puts
newly arrived tasks on the resource boundary or adjacent
to other tasks as much as possible. The latter sorts and
prioritizes tasks according to resource type requirements.
Both methods improve resource utilization.

2) Scheduling of task management

Ahmadinia et al.*3! believe that the number of
resource areas usually occupied by tasks is less than the
number of FPGA free areas. The location of management
tasks can be more efficiently avoided FPGA resource
fragmentation. The task management scheduling strategy
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is mainly developed around the two basic ideas of “non-
preemptive” and “preemptive”.

Non-preemptive FPGA hardware task scheduling
is to determine the location of the task before the
task FPGA. Once the task is
configured, it will not be changed. This method avoids

is loaded on the

multiple reconfigurations of the same task and reduces
computational complexity. However, it may only improve
resource utilization to a lesser extent!44.

FPGA

MER,

! | MER,

MER; |
T, ¢ -

Fig. 9. MER

Quad-Corner®! considers the 2D resource model of
FPGA and places the tasks at the four corners of the
FPGA as far as possible. A large free area is reserved
in the center for tasks that may occupy a large area in
the future. As shown in Fig.10, assuming that Ty, 7%,
T3 and Ty have been configured on the FPGA, and Tj
is a waiting task. Task scheduling that does not use
Quad-Corner may cause Ty to be rejected due to resource
fragmentation. Quad-Corner places Ty, 15, T3 and Ty
in the four corners of the FPGA respectively, and then
Ts can be placed in the central free area for processing.
However, this method disperses the tasks, resulting in a
huge communication overhead between tasks.

FPGA FPGA

T, T; Ty
T2 T2

[ 15

>Z< I T,

(a) (0)

Fig. 10. Quad-Corner algorithm

In order to avoid the introduction of additional
communication overhead while minimizing resource
fragmentation, some research workplaces multiple tasks
closely. Tabero et al.[*8! designed a scheduling method
based on the adjacency value of task modules, in which
the sum of the length of the contact between the
placement position of the new task and the adjacent
placed task or resource boundary is the 2D adjacency
value, and 2D adjacency value is multiplied by the length
of time the new task is adjacent to other tasks or

boundaries to obtain the 3D adjacency value. As shown
in Fig.11, assuming that the newly arrived T3 placement
position is adjacent to 77 and T», the sum of adjacent
edges m and n is the 2D adjacency value; considering the
time dimension, the sum of the contact areas S; and S is
the 3D adjacency value. The larger the adjacency value,
the more compact the task is placed, and the less resource
fragmentation. Therefore, the task will be preferentially
placed in the candidate position with a large 3D adjacency
value. However, this method needs to calculate the 3D
adjacency values of all the candidate placement positions,
and the calculation cost is relatively high. In order to
solve this problem, 3DCM*7) associates the newly arrived
task with the scheduled previous task and the next task.
It only calculates the candidate position with the best
starting time of the new task, reducing the computational
overhead. Similar to the scheduling strategy based on
3D adjacency values, Xu et al.l*¥l proposed a scheduling
algorithm based on 3D fragmentation, which considered
the contact surface area between the task and the
free area after placing, and reduced the probability of
task rejection without adding additional time overhead.
However, the anti-fragmentation scheduling method
measured by adjacency value is not suitable for FPGAs
with heterogeneous resources. The FAReP[*?! algorithm
calculates the Fragmentation coefficient (FC) based on
the “independence” of the candidate placement position
of the task on the FPGA, and also considers the module
reuse. According to the historical multiplexing times
num, reconfiguration time ¢, and FC value, the task
module with the smaller reconfiguration cost ¢ = numxt
will be deleted first. If the reconfiguration cost ¢ of
multiple tasks is similar, the task module with the larger
FC will be deleted first.

FPGA
T, ”
n
T3
no| B2
LL

(a) 2D-Adjacency

(b) 3D-Adjacency

Fig. 11. Adjacency value

Preemptive FPGA hardware task scheduling is task
relocation®®, which can release the resources occupied
by the current task in advance and move the task from
one reconfigurable area to another, effectively avoiding
resource fragmentation. This allows the computing system
to process more tasks before the application task deadline
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arrives, reduces the probability of task rejection, and
maximizes FPGA resource utilization. However, it will
perform multiple reconfigurations for the same task,
severely reducing system performance.

51 reorder the tasks to be

Diessel and Elgindy!
processed and the tasks currently being executed, placing
the high-priority waiting tasks in a position that
minimizes resource fragmentation. If the position is
occupied by the task currently being executed, move the
task being processed in the same direction to arrange the
tasks together closely. However, this method assumes
that all tasks can be suspended at any time, which is
unacceptable for real-time applications. Gericota et al.l>?]
introduced a dynamic relocation technology that allows
moving task modules in execution without suspending
tasks but did not analyze the computational overhead of
this method.

Unfortunately, none of the above scheduling methods
have been implemented in actual hardware due to existing
technical bottlenecks. But some researchers considered
the real world’s technical limitations and carried out
related research work. RTSMP3 implements hardware
implementation on the ZedBoard platform, saves the
hardware task configuration information in the bitstream
library, divides the FPGA into reconfigurable areas of
different sizes, connects to the system bus. After the
hardware tasks are scheduled, they are placed in the
most suitable reconfigurable area, and the hardware
tasks can be relocated between the reconfigurable areas.
Morales-Villanueva and Gordon-Ross!®¥ did similar work
on Virtex-5. They seized and restored hardware task
modules on resource areas of different sizes, allowing
designers to customize reconfigurable areas according
to application task types. But they don’t restore
the state of the BRAM, which may result in data
loss. Enemali et al.l®® implemented a low-cost resource-
aware scheduling strategy on ZYNQ XC7Z100. This
method uses the FAReP algorithm to calculate the FC
fragmentation coefficient for each task module in the idle
state on the FPGA. Suppose the FC value is greater
than the set fragmentation threshold, and the time used
to relocate the task module does not exceed the time
In that case, the
idle task module can be migrated without affecting the
configuration or execution of other tasks. This method

when the module is used next time.

improves resource utilization and, at the same time,
avoids the impact of multiple configurations of the same
task on system performance.

3. Scheduling to reduce leakage power con-
sumption

“Configuration prefetching”, which is described in
Section III.1.1), hides the hardware task configuration
time by parallelizing the task’s configuration phase with

the execution phase of the current task, which brings
about the problem of power leakagel®s!. As shown in
Fig.12, taking the schedule of Fig.4 as an example, T3
and Ty need to wait for the data-dependent 77 and T3
processing to be completed after they are configured on
the FPGA before they can be executed, resulting in
the separation of configuration and execution. To avoid
the loss of task configuration information, the configured
Static random access memory (SRAM) unit cannot be
powered off, thus causing leakage power consumption. In
order to reduce the leakage power consumption caused
by configuration prefetching, the optimization goal of
scheduling is to minimize the interval between the task
configuration phase and the execution phase.

Reconfiguration
© Ry E,
Execution
Leakage R3 E3
R, E,
R4 E; Time
|-

Ll
Fig. 12. Leakage power consumption

Yuh et alP” put forward the idea of mitigating
FPGA leakage power consumption in scheduling. The
author gave a two-stage scheduling method. The first
stage aims at performance optimization and minimizes
the DAG scheduling length to generate the initial
schedule. In the second stage, a heuristic scheduler is
designed to optimize the initial schedule. Under the
premise of ensuring that the performance is not affected,
the interval between task configuration and execution
is shortened, and the leakage power consumption is
minimized, which proves the feasibility of reducing power
consumption by optimizing task scheduling. However,
this method considers the leakage power consumption
after the schedule is generated, so the optimization
space is limited and may not significantly reduce the
leakage power consumption. As shown in Fig.13(&)[57’59]7
taking Fig.12 as an example, this method can eliminate
the leakage power between R4 and FE4. Since the
schedule has been generated, in order not to affect the
total execution time of the application, the difference
between Ry and E5 The interval will not be shortened.
Similar work also Ref.[58], Li et al. proposed a post-
placement leakage-aware scheduling algorithm. It reduces
the leakage power consumption caused by configuration
prefetching by optimizing the scheduling in the layout
stage after the initial scheduling is completed. However,
the algorithm has poor schedulability and cannot reduce
the delay between task reconfiguration and execution
in some cases. In response to this problem, ELAA]
binds the configuration and execution phase of tasks
before scheduling, and then assigns priority to each task
according to the data dependency between tasks, and
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generates an initial schedule. Finally, check the deadline
of the task. If the task cannot be executed before its
deadline, split the bound configuration and execution
phases. As shown in Fig.13(b), assume that the end
time of E4 in Fig.12 is the deadline of 7,. ELAA can
further reduce leakage power consumption by changing
the configuration sequence of T, and T3, and splitting the
configuration and execution phase of T5. However, ELAA
cannot meet the needs of real-time applications by using
static prioritization tasks.

Reconfiguration
- R, Ei
Execution
Leakage R; Es
Ry E,

R, E,

Time
.

Reconfiguration
- R, Ei
Execution
Leakage R; Es
Ry E,

R, E; Time
.

»

Fig. 13. Leakage power optimization!57-59]

In LRMAI[SY & priority function is designed to
reduce leakage power consumption, and a cost function is
derived from managing the trade-off between performance
optimization and leakage power optimization. In order
to further improve the scheduling results, a heuristic
algorithm is proposed. This method provides developers
with design flexibility and can balance performance
and power consumption. Experimental results show
that compared with ELAA when the application scale
gradually increases, the performance advantage of this
algorithm becomes more and more obvious under the
premise of ensuring the reduction of leakage power
consumption. LBHS2DI%Y has been modified on this
basis to apply to the 2D FPGA resource model. Pham
et al.[%? proposed a scheduling strategy using genetic
algorithm based on LRMA, further solve the trade-off
problem between performance and power consumption.
This method can traverse the design space and obtain
the Pareto optimum of performance or leakage power
consumption, allowing developers to choose the best
solution for different optimization goals. At the same
time, in order to solve the problem of excessive calculation
time, the author developed a machine learning component
that uses linear regression and clustering algorithms.
Compared with the scheduling strategy using a genetic
algorithm, it can get the approximate Pareto optimum
in a short time. However, this component sacrifices

about 10% of the scheduling quality. TBLA3! is a time-
based leakage-aware algorithm. The method includes
three stages: scheduling, pre-placement and optimization.
TBLA obtains time-related task parameters, and tasks
with long configuration time and short deadlines are
scheduled first.  Then, similar to ELAA, the task
configuration and execution phase are considered as a
whole for pre-placement. If the scheduling result cannot
hide the task configuration time, split the configuration
and execution phases, and sacrifice part of the leakage
power to shorten the total execution time of the
application. Experimental results show that the leakage
power generated by TBLA is far less than the As soon as
possible (ASAP) algorithm without considering leakage
power, and the effect of reducing FPGA leakage power is

better than LBHS2D.
In Refs.[64,65], the mathematical models for reducing

leakage power consumption are presented respectively.
Ghorbanil® proposed energy yield and formulated the
task scheduling under process variation as a MILP
problem. In this work, the author considered leakage-
power by defining some variables that depend on the
calculation method of energy yield. However, the method
produced too many variables that result in a MILP that
requires high computational time to obtain the optimal
solution. This is unacceptable in practical applications.
Khodabandeloo et al.[%%] proposed a mnovel formula
considering leakage power for hardware task scheduling
problems. It uses a uniform formula to capture parameter
uncertainty. A given random parameter in the formula
is used to solve the feasible region, thus optimizing
the objective function. Compared with the method in
Ref.[64], the number of formula parameters is significantly
reduced. Experimental results show that this can improve
performance by many times.

On the other hand, as the manufacturing process
improves, integrating more components on an FPGA chip
will cause the chip to heat up rapidly. The temperature
of the chip has significant effects on leakage power.
Therefore, it is very important to design a task scheduling
method that can reduce the chip temperature and the
energy consumption of the chip. Yang et al.l%! studied
the leakage-aware energy efficiency scheduling when the
leakage power depends on the temperature. To simplify
the dependency between leakage and temperature,
the authors designed a quadratic leakage model and
proposed a pattern-based task scheduling method. The
method achieves periodic task scheduling and reduces
leakage power by periodically switching between active
mode and dormant mode. However, this pattern-based
scheduling method cannot guarantee the maximum
temperature constraint. In response to this problem,
Huang et al.l”) incorporated the interdependence of
leakage, temperature, and supply voltage into the
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analysis. They designed a novel method to estimate
the overall energy consumption quickly. The authors
proposed a scheduling method to minimize the overall
energy consumption under the maximum temperature
constraint. Compared with Ref.[66], the performance
of power reduction is improved by 11.2%. Similarly,
Saha et al.[%¥ proposed a genetic algorithm-based task
scheduling method that satisfies thermal constraints to
reduce energy consumption and simultaneously meet
the maximum temperature and task deadlines. But this
method does not consider the heterogeneity of real-
time tasks. Zhou et al.l proposed a two-stage energy-
efficient temperature-aware task scheduling method,
which minimizes the dynamic energy consumption by
a heuristic task scheduling approach in the first stage
and minimizes the leakagepower by reducing the chip
temperature through slack distribution. The simulation
results show that the proposed algorithms consume up
to 11.1% less energy than Ref.[68]. Ekhtiyari et al.[™]
proposed a partitioned-based dynamic task scheduling
method. The fuzzy-based technology proposed by the
authors determines the priority of task assignment
according to the utilization rate and temperature of chip,
which can reduce the leakage power and the overall
system energy consumption at the same time. Simulation
results show that compared with Ref.[69], the proposed
method reduces energy consumption by 9%.

IV. Comparison and Summary

FPGA-based hardware task scheduling is an im-
portant research topic in the field of high-performance
computing. This paper analyzed the FPGA-based hard-
ware task scheduling methods published in the literature

between 2000 and 2020. Each method has advantages
and disadvantages. In this section, we summarize the
literature reviewed and its implementation methods.
We compare these scheduling methods from different
dimensions in detail and compare their optimization
effects.

According to the different optimization goals, the
existing research work is classified from three perspec-
tives: time, resource, and leakage power. We split the
reviewed literature on task scheduling into four different
time periods: 2000-2005, 2006-2010, 2011-2015, and
2016—2020.

Table 1 (Refs.[15,16,18—-22,25-42,45-49,51-55,57-70])
lists the research work done by researchers for different
optimization goals in each time period. During the period
2000—2005, 9 papers were published. Due to the low
integration of FPGA at that time, most papers focused on
optimizing FPGA resource utilization. During the period
2006—2010, 10 papers were published. It can be noticed
that some researchers have begun to optimize the FPGA
leakage power consumption during scheduling. During
the period 2011—-2015, 16 papers were published. There
are more and more researches focusing on optimizing
time overhead and leakage power consumption. It can
be attributed to the fact that FPGAs have begun to
be widely used in the field of artificial intelligence and
deployed on a large scale in data centers, so scholars
are paying more and more attention to computing
performance and cost. During the period 2016-2020, 14
papers were published. Artificial intelligence algorithms
such as linear regression and clustering are gradually
applied to the research of FPGA-based hardware task
dynamic scheduling.

Table 1. Overall analysis of Survey 2000—-2020

Optimization goal 2000-2005 2006-2010 2011-2015 2016-2020
Time overhead Refs. Refs. Refs.
(15, 16] (18, 20, 22, 25, 27, 28] (19, 21, 26]
Resource utilization Refs. Refs. Refs. Refs.
[29, 33, 37, 38, 40, 51, 52] [30, 35, 39, 41, 45-47] [31, 34, 53, 54] [32, 36, 42, 48, 49, 55]
Leakage power _ Refs. Refs. Refs.
(57, 58, 66] [59-61, 64, 67, 68] (62, 63, 65, 69, 70]

Table 2 briefly summarizes the implementation
methods of the above-mentioned FPGA-based hardware
task scheduling research work. The scheduling strategies
for optimizing time overhead mainly use configuration
prefetching and module reuse technology to hide or avoid
task reconfiguration. On the other hand, cluster tasks
or place them close to communication channels to reduce
communication overhead. The scheduling strategies for
optimizing resource utilization are developed around
FPGA free resource management and task management.
The central idea of scheduling strategies to optimize
leakage power consumption is to shorten the interval

between the task configuration stage and execution stage
as much as possible.

Table 3 analyzes the optimization effects of the in-
vestigated research work in four aspects: reconfiguration
overhead, communication overhead, resource utilization,
and leakage power consumption. “y” indicates that there
are some positive optimization effects. “-” indicates that
there is no optimization effect or optimization in this
aspect is not considered. “x” means that it will not
only have no optimization effect but will reduce the
performance in this aspect. It can be concluded from
Table 3 that different scheduling strategies are effective
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Table 2. Summary of implementation methods

Optimization goal Reference Implementation methods
Refs.[15, 18, 32] Heuristic algorithm
Ref.[16] Branch bound algorithm + ALAP
Ref.[19] Forefront-fetch
Refs.[20, 21] List-based scheduling
Ref.[22] Variations of DAG
Time overhead Refs.[25, 26] LRU
Ref.[27] LPR
Refs.[28, 31] Linear programming
Refs.[29, 30] Additional communication constraints
Refs.[33, 34] Task proximity placement
Refs.[35, 36] Task grouping and clustering
Refs.[37-39] Based on KMER
Refs.[40-42] Based on MER
Ref.[45] Decentralized placement of tasks
Refs.[46-48] Based on the adjacency value between tasks
Resource utilization Ref.[49] Based on fragmentation coefficient
Ref.[51] Task reordering and relocation
Ref.[52] Dynamic task relocation
Refs.[53-55] Hardware implementation of task relocation
Refs.[57, 58, 68—70] Heuristic algorithm
Refs.[59, 63] Configuration and execution of bundled tasks
Refs.[60, 61] Cost function to balance performance and leakage power
Leakage power - - - - -
Ref. [62] Genetic alg.orlthm + l.mear reg'resswn and clustering
algorithm machine learning components
Refs.[64, 65] MILP
Refs.[66, 67] Mathematical modeling of leakage power and temperature

to some extent for different optimization goals and may
have a positive impact on other aspects of performance.
For example, FAReP considers the possibility of task
reuse in the future when calculating the fragmentation
coefficient FC and reserves hardware task modules with
smaller FC on the FPGA, which improves resource uti-
lization and reduces the number of task reconfigurations.
3DC links tasks with their related predecessors and
successors and lays them out tightly to improve resource
utilization while reducing communication overhead.
However, most FPGA hardware task scheduling that only
considers optimizing a single goal usually harms other
performance aspects.

For example, to avoid resource fragmentation, Quad-
Corner places task modules as close as possible to
FPGA resource corners. Although resource utilization is
improved, scattered placement will result in substantial
inter-task communication overhead. The RTSM reloca-
tion task improves resource utilization while performing
secondary configuration on the same task, resulting in
a waste of reconfiguration and power consumption. In
addition, restoring data after relocation also increases
communication costs.

The survey found that most algorithms often fail
to consider time overhead, resource utilization, and
power consumption, and it is difficult to obtain optimal
scheduling results. Therefore, it is necessary to continue
further research in this field to achieve more efficient
scheduling.

V. Application

With the rapid development of artificial intelli-
gence, more and more FPGA-based Task Scheduling
technology is used in neural network FPGA accelerators.
Since Convolutional neural network (CNN) massively
parallel processing is usually limited by the storage
and bandwidth of FPGA, MEM-OPT!™ optimizes the
storage utilization on a chip through computational task
scheduling and data reuse, reducing the memory required
for input feature graph by up to 80%. To improve the
scheduling efficiency of Xilinx Deep learning processor
unit (DPU), Zhu et al.[™ integrated and optimized
it and proposed a high-performance task scheduling
strategy. For CNNs of different sizes, the acceleration
ratio increased by 22-30 times. Ref.[73] demonstrated
that task partitioning in CNN’s sublayers could improve
overall energy efficiency, and proposed a CNN-based
task partitioning and scheduling method, which reduces
system power consumption while ensuring computing
performance. Carreras et all™ applied a batch-
based convolution scheduling method to the Temporal
convolutional network (TCN) FPGA accelerator and
referenced the software implementation, which increased
the inference speed of TCN by 10 times and the energy
efficiency by 3 times. From the perspective of ensuring the
universality of FPGA accelerators, Jiang et al.™ and Ma
et al.l"® designed scheduling strategies that can apply to
neural networks of different types and different precision.
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Table 3. Comparison of optimization effects

Method Recor'lﬁ— C.omr?’lu— R('es.ourf:e— Leakage Method Recor.lﬁ— C'omr'nu— R?s'ourf:e— Leakage
guration | nication | utilization guration | nication | utilization

Banerjee[l5] v — — X Marconil#] — X v —
Resanol16] " — — X Tabero!46] — " " —
Khuat!®] v - v X Marconil*7] - v J —
Ramezanil'?) v — — X Xuls] — v v —
Bauerl[20] v — — X Enemalil49] J — v —
Dail21] v - v X Diessell51] X — v X
Cattaneo?? y — v X Gericotal5?] X — y X
AlWattar(25] J — — X Georgel53] X X J X
Hariharan[26] iV — — X MoralesVillanueva®4] X X y X
Mansub27] v — v y Enemalil®] — — J —
Deianal28] v — — X Yuh[57] J — — v
Fekete29] — V — — Lil58] y — — iV
Marconi3 — y - — Hsieh®Y! J — — v
Cadil?!] v v/ - — Pham!%0] 7 — — 7
Abdallah3?] n y — - Wang/61] v — - v
AhmadiniaB?! = y = — Pham[6?] J = — v
Sheng34] — J — — Zhoul63] J — — v
Huang3?! — V J X Ghorbani(64] — — — v
Yoosefil36] — y — — Khodabandelool®] y — — v
Bazargan37] — — J — Yang!66] — — — v
Walder[38! — — J — Huang[67] — — — iV
Marconil39 — — vy — Sahal68] — — — v
Handal40] — — J — Zhoul69] — — — v
Lil41] — — J — Ekhtiyaril7 — — — iV
Wang!42! — v v — _ _ _ _ _

FPGA-based task scheduling techniques can be used
to optimize the performance and power consumption of
cloud data centers. Dai et all" applied a revenue-
based scheduling algorithm in the OpenStack-based
cloud environment to efficiently use FPGA in the
cloud. Compared with traditional methods, the FPGA
accelerated cloud system can save 60.32% of computing
resources and increase the speed by 1.386 times. Liu et
al.l®7] conducted energy optimization for cloud data
centers under time constraints and Quality of service
(QOS) constraints, respectively. Their software/hardware
co-scheduling optimization strategy is applied to the
heterogeneous hardware architecture supporting Dynamic
voltage and frequency scaling (DVFS), which can
significantly reduce the energy cost of the cloud data
center. Kachris et al1®% optimized the scheduling of
FPGA-based MapReduce in the data center. Compared
with general-purpose processors, the proposed method
can reduce energy consumption by up to 2 orders of
magnitude.

FPGA-based task scheduling techniques are also
applicable to video codec. Li et al.lB applied a fuzzy
dynamic scheduling algorithm in their parallel H.264
encoder, which increased the speedup to 12.69 times.
Osorio et al.[¥? optimized the control scheduling of video
entropy decoding and realized high-performance decoding
that processes 1 bin per cycle.

In addition, the practical FPGA-based hardware task

scheduling methods are also widely used in other research
fields, such as edge computing®3, satellite/®¥, biology!8?!,
sensors!8% etc.

VI. Challenge and Future Research

Future work can learn from the idea of mimic com-

puting®”l and artificial intelligence methods, intelligently
and dynamically perceive the state of heterogeneous
computing resources and task characteristics, allocate
appropriate resources to each task in advance and
configure it on the FPGA, while optimizing time
overhead, resource utilization, and power consumption.
The following summarizes future work of FPGA-based
hardware task scheduling in terms of hardware resources,
task matching, versatility, memory access bottlenecks,
and power consumption.
In task scheduling, the
system’s resource status information will dynamically
change with the task status. Modern FPGAs integrate
heterogeneous resources with different functions. The
industry’s most advanced UltraScale+ FPGA architec-
ture additionally supports dynamic reconfiguration of
I/0, clock, and other resources. Therefore, how to
parameterize FPGA’s complex heterogeneous resources,
real-time dynamic perception of resources, and realize
efficient resource management needs further research.

1) Hardware resources.

2) Task matching. Task requirements and resource
status dynamically change during processing. In addition,
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the performance and efficiency of tasks on different
hardware computing resources are different. As the scale
of applications increases and FPGA integration becomes
higher and higher, it will become more difficult to find
suitable computing resources for the task. Therefore,
artificial intelligence algorithms can be combined to build
the best matching rules between tasks and heterogeneous
resources and intelligently allocate the most appropriate
computing resources to each task. Simultaneously, how
to avoid resource competition, achieve dynamic adaptive
matching of tasks and resources, and ensure the
effectiveness of task scheduling is a difficult point worth
studying.

3) Practicability. The reconfigurable time of FPGA
is too long, which will seriously affect the computing
performance in the practical application. Therefore,
the FPGA design in practical applications is almost
all customized, and only a few applications use the
FPGA-based hardware task scheduling method. However,
with the emergence of high-level FPGA development
environment and the increase of reconfigurable speed in
recent years, the application feasibility of the FPGA-
based hardware task scheduling methods has gradually
increased. Therefore, how to improve the feasibility
of FPGA-based hardware task scheduling method by
improving the speed of FPGA reconfiguration and
optimizing the design flow will be a considerable
challenge.

4) Memory access bottleneck. At present, the main
bottleneck of FPGA acceleration design is bandwidth.
Due to the low communication efficiency between
hardware, the access speed cannot keep up with
the calculation speed. Therefore, stack bandwidth or
architectural innovations such as 3D storage and further
optimization of the FPGA communication mechanism are
also problems that need to be solved urgently.

5) Power consumption. Most of the existing al-
gorithms do not consider power consumption or are
limited to the leakage power generated by configuration
prefetching. With the increasing scale of data center
computing resources and the popularity of embedded
applications, the power consumption problem has become
increasingly prominent. Therefore, exploring new physical
devices such as light diffraction, memristor, etc., to
achieve “integration of storage and computing” may
effectively solve this problem.

VII. Conclusions

In recent years, with the widespread deployment of
FPGASs in various fields such as artificial intelligence, data
centers, and cloud computing, the dynamic scheduling of
FPGA-based hardware tasks directly affects the overall
performance of the computing system and is of great
significance in practical applications. This paper has

made a comprehensive survey of some representative
FPGA-based hardware task scheduling methods in the
past two decades. Various methods are analyzed from the
perspectives of time, resources, and power consumption,
and the implementation methods of task scheduling
are classified and summarized. Then some practical
applications are introduced. On this basis, it highlights
the characteristics and limitations of various research
work and finally summarizes the challenges faced by the
current dynamic scheduling of hardware tasks and feasible
solutions. This paper makes a reasonable judgment on the
future research of FPGA-based hardware task dynamic
scheduling, which has specific reference significance for
the further development of this field.
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