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Proliferate of Real-time Safety-critical Systems

[1] https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/autonomous-drivings-future-convenient-and-connected
[2] He T, Gao J, Xiao W, et al. ASAP: Aligning Simulation and Real-World Physics for Learning Agile Humanoid Whole-Body Skills[J]. arXiv preprint arXiv:2502.01143, 2025.
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Why Safety-critical

t

“no pedestrian”

“keep speed”

“pedestrian !”

“stop”

Pedestrian 
detection

If the accelerator does not finish on time:

“keep speed”

Real-time safety critical system: 
Each frame/job matters
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• A task set: multiple tasks

• A task: release infinite jobs
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• Each job has its deadline

Job1 Job2 Job3

…

Task1
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Latency bounded System predictable
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Further jobs of task 1 are postponed to t > 200
System misses the deadline --> system fails
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deadline miss

Timeline/ms0 20 40

2

38
400

5x faster Acc

• optimize the latency --> 5x faster

• Endless latency acceleration is impractical 
• more feasible solution needed
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• Assuming if we can swap out the ongoing tasks and resume its execution later 

Timeline/ms0 20 40 60

10

10

10

~10
400

…

Baseline Acc’

• The tasks can continue running, and the system won’t fail

Preemption (swap out + swap in) is a viable solution!
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• T=20: swap out the task 2 job 1

• T=30: swap in the task 2 job 1
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Dynamic Scheduling 
Algorithm

Accelerator customization to 
enable preemption

Fast & stable earliest deadline 
first (EDF) scheduler on FPGA 
platform

SW optimization to select the 
best preemption point placement

ART hardware framework
• Light weight invasive HW changes

• On-chip low-latency EDF scheduler

• control logic design enabling preemption

ART software framework
• Optimal preemption point selection to 

reduce preemption overhead & 
schedulability guaranteed

ART enables existing FPGA HLS accelerators to be used in the 
real-time safety-critical scenario
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ART Framework: Overview

ART customizes a baseline FPGA HLS accelerator to support real-time features 

Real-time Sys. Setup

4
53 1 2

Model Specs. FPGA Acc. Specs. Platform Specs.

Inputs

Fail

1 2

3 4, 5

Optimal software
Solution

Pass

Schedulability
Analysis

Schedulability
Test

ART SW

Code generation

ART HW

System Integration

Backends

Outputs
• Host
• Bitstream
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ART HW Framework: Accelerator Architecture
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ART HW Framework: Accelerator Architecture

Baseline Acc

void baseline_acc(/*addr*/,/*specs*/){…}
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ART HW Framework: Accelerator Architecture

Metadata 
table

Kernel management 

controller

Baseline Acc

void baseline_acc(/*addr*/,/*specs*/){…}

void kernel_mgmt(…){

if (swap_in) {…}

if (swap_out) {…}//preemption support

get_addr(…);

get_specs(…);

baseline_acc(…);//Acc control

}
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ART HW Framework: Accelerator Architecture

Metadata 
table

Kernel management 

State regs
progress ddl Task 1

progress ddl Task 2

progress ddl Task n
… … …

<

<
<

scheduler

(task release)

controller

Baseline Acc

Priority 
comparison

void baseline_acc(/*addr*/,/*specs*/){…}

void kernel_mgmt(…){…}

module top (…);

scheduler u_sche (…);

kernel_mgmt u_acc (…);

user_control u_control (…);

endmodule

(c-synth, system integration)
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ART HW Framework: Accelerator Architecture

Metadata 
table

Kernel management 

State regs
progress ddl Task 1

progress ddl Task 2

progress ddl Task n
… … …

<

<
<

scheduler

(task release)

controller

Baseline Acc

…

Pre-allocated memory

DDRHost
Program

Priority 
comparison

void baseline_acc(/*addr*/,/*specs*/){…}

void kernel_mgmt(…){…}

module top (…);

scheduler u_sche (…);

kernel_mgmt u_acc (…);

user_control u_control (…);

endmodule

(c-synth, system integration)
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ART HW Framework: Handling Various Tasks

FPGA Kernel management 

scheduler

State regs
region ddl Task 1

region ddl Task 2

region ddl Task n
… … …

Baseline Acc

ART uses overlay to handle different tasks within a task set
• Different DNN layers --> Same accelerator, different configuration files(metadata)

controller

Metadata 
table

Priority 
comparison
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FPGA Kernel management 

scheduler

State regs
region ddl Task 1

region ddl Task 2

region ddl Task n
… … …

Baseline Acc

ART uses overlay to handle different tasks within a task set
• Different DNN layers --> Same accelerator, different configuration files(metadata)

controller

Metadata 
table

ART segments the DNN models in unit of DNN layers
• Assume intermediate data is on DDR

Priority 
comparison
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ART HW Framework: Handling Various Tasks

FPGA

Task Configs

4

53

1 2

Kernel management 

scheduler

State regs
region ddl Task 1

region ddl Task 2

region ddl Task n
… … …

Baseline Acc

ART uses overlay to handle different tasks within a task set
• Different DNN layers --> Same accelerator, different configuration files(metadata)

controller

Metadata 
table

ART segments the DNN models in unit of DNN layers
• Assume intermediate data is on DDR

Priority 
comparison
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ART HW Framework: Handling Various Tasks

FPGA

Task Configs

4

53

1 2 ART SW
1 2

3 4,5

Optimal SW Solution:
Segments of each task

Kernel management 

scheduler

State regs
region ddl Task 1

region ddl Task 2

region ddl Task n
… … …

Baseline Acc

ART uses overlay to handle different tasks within a task set
• Different DNN layers --> Same accelerator, different configuration files(metadata)

controller

Metadata 
table

ART segments the DNN models in unit of DNN layers
• Assume intermediate data is on DDR

Priority 
comparison



2025/6/30 16

ART HW Framework: Handling Various Tasks

FPGA

Task Configs

4

53

1 2 ART SW
1 2

3 4,5

Optimal SW Solution:
Segments of each task

Kernel management 

scheduler

State regs
region ddl Task 1

region ddl Task 2

region ddl Task n
… … …

Baseline Acc

ART uses overlay to handle different tasks within a task set
• Different DNN layers --> Same accelerator, different configuration files(metadata)

controller

Metadata 
table

ART segments the DNN models in unit of DNN layers
• Assume intermediate data is on DDR

Priority 
comparison

• Iteration boundaries
• Address info
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ART HW Framework: Handling Various Tasks

FPGA

Task Configs

4

53

1 2 ART SW
1 2

3 4,5

Optimal SW Solution:
Segments of each task

Kernel management 

scheduler

State regs
region ddl Task 1

region ddl Task 2

region ddl Task n
… … …

Baseline Acc

ART uses overlay to handle different tasks within a task set
• Different DNN layers --> Same accelerator, different configuration files(metadata)

controller

Metadata 
table

ART segments the DNN models in unit of DNN layers
• Assume intermediate data is on DDR

Priority 
comparison

• Iteration boundaries
• Address info

Dedicated for input task set
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=0:
Task 1 release a job 1, ddl = 20

2

T1:

4
Task 1: 2 segments: T2:

T
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PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=0:
Task 1 release a job 1, ddl = 20

2
T1:

4

Task 1: 2 segments: T2:

Ddl=20

T
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=0:
Task 1 release a job 1, ddl = 20

2
T1:

4

Task 1: 2 segments: T2:

Ddl=20

T
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=0:
Task 1 release a job 1, ddl = 20

2

T1:
4

Task 1: 2 segments: T2:

Ddl=20

T
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=0:
Task 1 release a job 1, ddl = 20 T1:

4

Task 1: 2 segments: T2:

Ddl=20

M=…,K=…,N=…
&LHS=…, &RHS=…
&OUT=…2

T
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=1:
Task2 release a job1, ddl=10 T1:

T2:

Ddl=20

2

T

Task 2: 1 segment:
4

Ddl=10
4

/* task1, job1*/
2
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=1:
Task2 release a job1, ddl=10 T1:

T2:

Ddl=20

2

T

Task 2: 1 segment:

4

Ddl=10
4

/* task1, job1*/
2
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=2:
Task 1 job 1 finishes its first 
segment

T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

4

Ddl=10
4

/* task1, job1*/
2
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=2:
Task 1 job 1 finishes its first 
segment

T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

4

Ddl=10
4
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=2:
Task 1 job 1 finishes its first 
segment

T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

4Ddl=10

4
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=2:
Task 1 job 1 finishes its first 
segment

T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

4

Ddl=10
4
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=2:
Task 1 job 1 finishes its first 
segment

T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

4

Ddl=10
4

swap_out=1
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=2:
Task 1 job 1 finishes its first 
segment

T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

4

Ddl=10
4

swap_out=1

δ
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=2:
Task 1 job 1 finishes its first 
segment

T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

4

Ddl=10
4

swap_out=1

/* task2, job1*/

4

δ
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=6:
Task 2 finishes T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

Ddl=10
4

/* task2, job1*/

4

4

δ
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=6:
Task 2 finishes T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

Ddl=10

4

4

δ
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=6:
Task 2 finishes T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

Ddl=10

4

4

swap_in=1

δ
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=6:
Task 2 finishes T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

Ddl=10

4

4

swap_in=1

δ δ
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Scheduling & Preemption Support: Running Example

PL

Metadata 

Kernel management 

scheduler

Ctrl.

Priority 
comparison

Baseline Acc 

T=6:
Task 2 finishes T1:

T2:

Ddl=20

2

T
…

Pre-allocated memory

DDR

Ddl=10

4

4

swap_in=1

4
δ δ
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Preemption Overhead & ART SW Framework

Preemption overhead depends on Acc execution model:
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Preemption overhead depends on Acc execution model:
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DDR

1 2 3 n…
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Preemption overhead depends on Acc execution model:

Sequentially launches DNN layers, layer 
intermediate data is on DDR
--> No on-chip intermediate data between layers
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DDR

1 2 3 n…
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Preemption overhead:
• Scheduling operations
• Configuring the controller and accelerator

Acc

DDR

1 2 3 n…
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Preemption overhead depends on Acc execution model:

Sequentially launches DNN layers, layer 
intermediate data is on DDR
--> No on-chip intermediate data between layers

Preemption overhead:
• Scheduling operations
• Configuring the controller and accelerator
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intermediate data is on chip
--> on-chip forward data between layers
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Preemption Overhead & ART SW Framework

Preemption overhead depends on Acc execution model:

Sequentially launches DNN layers, layer 
intermediate data is on DDR
--> No on-chip intermediate data between layers

Preemption overhead:
• Scheduling operations
• Configuring the controller and accelerator

Sequentially launches DNN layers, layer 
intermediate data is on chip
--> on-chip forward data between layers

Acc

DDR

1 2 3 n… Acc

DDR

1 2 3 n…

Preemption overhead:
• Scheduling operations
• Configuring the controller and accelerator
• Store/load the intermediate data
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Preemption Overhead & ART SW Framework

Preemption overhead depends on Acc execution model:

layer intermediate data is on DDR layer intermediate data is on chip

Acc

DDR

1 2 3 n… Acc

DDR

1 2 3 n…

ART SW framework optimizes preemption overheads:
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Preemption Overhead & ART SW Framework

Preemption overhead depends on Acc execution model:

layer intermediate data is on DDR layer intermediate data is on chip

Acc

DDR

1 2 3 n… Acc

DDR

1 2 3 n…

ART SW framework optimizes preemption overheads:

Task Configs

4

65

1 2 3

7
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Preemption Overhead & ART SW Framework

Preemption overhead depends on Acc execution model:

layer intermediate data is on DDR layer intermediate data is on chip

Acc

DDR

1 2 3 n… Acc

DDR

1 2 3 n…

ART SW framework optimizes preemption overheads:

Task Configs

4
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1 2

4 5

3

6 7

Layer-wise segmentation
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Preemption Overhead & ART SW Framework

Preemption overhead depends on Acc execution model:

layer intermediate data is on DDR layer intermediate data is on chip

Acc

DDR

1 2 3 n… Acc

DDR

1 2 3 n…

ART SW framework optimizes preemption overheads:

Task Configs

4

65

1 2 3

7

1 2

4 5

3

6 7

Layer-wise segmentation

1 2,3

4, 5, 6, 7

Optimal SW solution

ART SW
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Preemption Overhead & ART SW Framework

Preemption overhead depends on Acc execution model:

layer intermediate data is on DDR layer intermediate data is on chip

Acc

DDR

1 2 3 n… Acc

DDR

1 2 3 n…

ART SW framework optimizes preemption overheads:

Task Configs

4

65

1 2 3

7

1 2

4 5

3

6 7

Layer-wise segmentation

1 2,3

4, 5, 6, 7

Optimal SW solution

ART SW

Reduced worst-case execution time
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ART Evaluation

• We implement ART on the AMD VCK190 Evaluation board

• ART is lightweight: <0.5 % resource utilization

• CHARM as the baseline accelerator

Cache
Scheduler

Control

PE array(AI engines)
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ART Evaluation

• ART can satisfy schedulability whereas the baseline accelerator cannot

• Before : QoS 17% , After: QoS 100%
• Overhead: <0.1% degradation in throughput
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ART Evaluation

• Preemption mechanism improves worst-case response time
• ART SW framework optimizes both the worst-case response time and execution time
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