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Robotics × Linux × Real-Time
When megatrends converge ...

2

The Linux environment is the most popular open 
source operating system used for robotics worldwide.

— Sifat et al., 2023

After 20 years of development ... PREEMPT_RT 
support [is] in the mainline kernel.

— Thomas Gleixner, 2024
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In the Robotics Sector

3

Perception-based safety layer
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Build a pipeline
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Computer RobotSensor

Shen et al., "SentryRT-1: A Case Study in Evaluating Real-Time Linux for Safety-Critical 
Robotic Perception," OSPERT 2025.​

​
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Build a pipeline

5

Computer RobotSensor

Reaction time

Shen et al., "SentryRT-1: A Case Study in Evaluating Real-Time Linux for Safety-Critical 
Robotic Perception," OSPERT 2025.​

​
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Build a pipeline

6

Computer RobotSensor

Reaction time

Shen et al., "SentryRT-1: A Case Study in Evaluating Real-Time Linux for Safety-Critical 
Robotic Perception," OSPERT 2025.​

​

Linux:

SCHED_DEADLINE

SCHED_FIFO
SCHED_RR

SCHED_OTHER
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Build a pipeline

7

Shen et al., "SentryRT-1: A Case Study in Evaluating Real-Time Linux for Safety-Critical 
Robotic Perception," OSPERT 2025.​

​

Sensors also contribute 
to latencies!

Computer RobotSensor
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Real-time systems need real-time input

8
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Real-time systems need real-time input
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RGB-D camera

10

Intel RealSense
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RGB-D camera

11

Intel RealSense ZED 2 Orbbec

30 frames per second (FPS)
Linux
USB 3
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RGB-D camera

12

ZED 2 Orbbec

30 frames per second (FPS)
Linux
USB 3

Intel RealSense
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Real-time RGB-D sensor?

13

The frame must arrive on time
e.g. 30 FPS

Delivery k=1

Depth

Color
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Real-time RGB-D sensor?

14

The frame must arrive on time
e.g. 30 FPS

Delivery k=1 k=2

Depth

Color
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Real-time RGB-D sensor?

15

The frame must arrive on time
e.g. 30 FPS

Delivery k=1 k=2 k=3

Δt ≤ 1/f = 33.3 ms

Depth

Color
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A RealSense camera configured at 30 FPS.

Does the application get a new 
frame every 33.3 ms?
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A RealSense camera configured at 30 FPS.

Does the application get a new 
frame every 33.3 ms?
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Every call returns on time, 
but a depth frame does not advance.

Delivery k=1 k=2 k=3 k=4 k=5

Depth

Color

18



RTNS 2026 Toulouse Yuwen Shen  ·  5 Nov. 2026

Every call returns on time, 
but a depth frame does not advance.

Delivery

Depth

Color

k=4 reuses the previous depth frame: partially stale.

k=1 k=2 k=3 k=4 k=5

19
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Every call returns on time, 
but a depth frame does not advance.

Delivery

Depth

Color

k=4 reuses the previous depth frame: partially stale.
k=5 skips frame 4: sequence gap.

k=1 k=2 k=3 k=4 k=5

20
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On time ≠ fresh
Make RGB-D cameras deliver timely and fresh frames
by configuring real-time Linux
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Test platform

22

Raspberry Pi 5
RealSense D435

Linux 6.12.96 PREEMPT_RT
librealsense 2.58.3
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We look at the code

23

 1   #include <librealsense2/rs.hpp>
 2   using namespace rs2;
 3   
 4   int main() {
 5       pipeline p;
 6       p.start();
 7   
 8       while(true) {
 9           frameset frames = p.wait_for_frames();
10           frame depth_frame = frames.get_depth_frame();
11           frame color_frame = frames.get_color_frame();
12           process(depth_frame, color_frame);
13       }
14   
15       return 0;
16   }
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We look at the code

24

 1   #include <librealsense2/rs.hpp>
 2   using namespace rs2;
 3   
 4   int main() {
 5       pipeline p;
 6       p.start();
 7   
 8       while(true) {
 9           frameset frames = p.wait_for_frames();
10           frame depth_frame = frames.get_depth_frame();
11           frame color_frame = frames.get_color_frame();
12           process(depth_frame, color_frame);
13       }
14   
15       return 0;
16   }

starts the camera: depth + color



RTNS 2026 Toulouse Yuwen Shen  ·  5 Nov. 2026

We look at the code
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 1   #include <librealsense2/rs.hpp>
 2   using namespace rs2;
 3   
 4   int main() {
 5       pipeline p;
 6       p.start();
 7   
 8       while(true) {
 9           frameset frames = p.wait_for_frames();
10           frame depth_frame = frames.get_depth_frame();
11           frame color_frame = frames.get_color_frame();
12           process(depth_frame, color_frame);
13       }
14   
15       return 0;
16   }

starts the camera: depth + color
periodic task  ·  every 33.3 ms
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We look at the code

26

 1   #include <librealsense2/rs.hpp>
 2   using namespace rs2;
 3   
 4   int main() {
 5       pipeline p;
 6       p.start();
 7   
 8       while(true) {
 9           frameset frames = p.wait_for_frames();
10           frame depth_frame = frames.get_depth_frame();
11           frame color_frame = frames.get_color_frame();
12           process(depth_frame, color_frame);
13       }
14   
15       return 0;
16   }

starts the camera: depth + color
periodic task  ·  every 33.3 ms
blocks here until a new 
frameset arrives
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We look at the code
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 1   #include <librealsense2/rs.hpp>
 2   using namespace rs2;
 3   
 4   int main() {
 5       pipeline p;
 6       p.start();
 7   
 8       while(true) {
 9           frameset frames = p.wait_for_frames();
10           frame depth_frame = frames.get_depth_frame();
11           frame color_frame = frames.get_color_frame();
12           process(depth_frame, color_frame);
13       }
14   
15       return 0;
16   }

starts the camera: depth + color
periodic task  ·  every 33.3 ms
blocks here until a new 
frameset arrives

your work, once per frameset
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But when we look at the threads behind the scenes...

28

Every 0,1s: ps -eL -o pid,tid,comm,cls,pri,rtprio,psr | grep -E "getframe"
 
2635653 2635653 getframe         TS  19      -  10
2635653 2635723 getframe         TS  19      -  12
2635653 2635704 getframe         TS  19      -  18
2635653 2635714 getframe         TS  19      -  18
2635653 2635717 getframe         TS  19      -  18
2635653 2635718 getframe         TS  19      -  18
2635653 2635719 getframe         TS  19      -  18
2635653 2635720 getframe         TS  19      -  18
2635653 2635721 getframe         TS  19      -  19
2635653 2635716 getframe         TS  19      -   9
2635653 2635722 getframe         TS  19      -   9
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But when we look at the threads behind the scenes...
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11 threads!!

Every 0,1s: ps -eL -o pid,tid,comm,cls,pri,rtprio,psr | grep -E "getframe"
 
2635653 2635653 getframe         TS  19      -  10
2635653 2635723 getframe         TS  19      -  12
2635653 2635704 getframe         TS  19      -  18
2635653 2635714 getframe         TS  19      -  18
2635653 2635717 getframe         TS  19      -  18
2635653 2635718 getframe         TS  19      -  18
2635653 2635719 getframe         TS  19      -  18
2635653 2635720 getframe         TS  19      -  18
2635653 2635721 getframe         TS  19      -  19
2635653 2635716 getframe         TS  19      -   9
2635653 2635722 getframe         TS  19      -   9
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But when we look at the threads behind the scenes...

30

Figure out the hidden information and 
configure it properly to be real-time!

Every 0,1s: ps -eL -o pid,tid,comm,cls,pri,rtprio,psr | grep -E "getframe"
 
2635653 2635653 getframe         TS  19      -  10
2635653 2635723 getframe         TS  19      -  12
2635653 2635704 getframe         TS  19      -  18
2635653 2635714 getframe         TS  19      -  18
2635653 2635717 getframe         TS  19      -  18
2635653 2635718 getframe         TS  19      -  18
2635653 2635719 getframe         TS  19      -  18
2635653 2635720 getframe         TS  19      -  18
2635653 2635721 getframe         TS  19      -  19
2635653 2635716 getframe         TS  19      -   9
2635653 2635722 getframe         TS  19      -   9

11 threads!!
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Where did this depth frame go?

31

camera application

wait_for_frames()
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Inside the call: 11 threads, many rates

32

camera

depth

color application

1 main thread

11 threads behind one API call
8 service threads

every 100 ms / 1 s / 5 s
 Σ < 0.1% utilization

2 capture workers
every ~33 ms

Σ ≈ 5% utilization
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Inside the call: 11 threads, many rates
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camera

depth

color

8 service threads
every 100 ms / 1 s / 5 s

 Σ < 0.1% utilization

2 capture workers
every ~33 ms

Σ ≈ 5% utilization

application

1 main thread

11 threads behind one API call
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Inside the call: 11 threads, many rates
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camera

depth

color application

1 main thread

11 threads behind one API call

8 service threads
every 100 ms / 1 s / 5 s

 Σ < 0.1% utilization

2 capture workers
every ~33 ms

Σ ≈ 5% utilization
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Make them all real-time

35

camera

depth

color

8 service threads

2 capture workers

application

1 main thread

SCHED_FIFO + RM
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Make them all real-time

36

camera

depth

color

8 service threads

2 capture workers

application

1 main thread

D435 · 30 FPS · Depth + Color · 4 background tasks · 3 × 30 s

SCHED_FIFO + RM
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Make them all real-time … frame is still not fresh.
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camera

depth

color

8 service threads

2 capture workers

application

1 main thread

2 stale   2 skipped
D435 · 30 FPS · Depth + Color · 4 background tasks · 3 × 30 s

SCHED_FIFO + RM
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Make them all real-time … frame is still not fresh.
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camera application

1 main thread
?

librealsense SDK

2 stale   2 skipped
D435 · 30 FPS · Depth + Color · 4 background tasks · 3 × 30 s
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Kernel services: the frame broke before user space saw it

39

Linux kernel

camera USB interrupt
xHCI driver

video driver
UVC / V4L2

librealsense SDK application
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Kernel services: the frame broke before user space saw it

40

Linux kernel

camera USB interrupt
xHCI driver

✕

video driver
UVC / V4L2

only 5 receive 
slots

librealsense SDK application

depth buffer closed incomplete,
no error reported
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2 stale   2 skipped

Linux kernel

More receive slots: stale and skipped frames disappear

41

camera

16

5 → 16 receive 
slots

librealsense SDK application

UVC_URBS = 5
→ 0

UVC_URBS = 16

USB interrupt
xHCI driver

video driver
UVC / V4L2
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Squeeze the core that serves USB: 69% of framesets are not fresh

42

camera

16

librealsense SDK application

69% non-fresh framesets
kernel threads at 
normal priority

USB interrupt
xHCI driver

video driver
UVC / V4L2

Linux kernel

busy task · 90% utilization
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Protect the USB interrupt: most failures go

43

camera

FIFO 90

16

librealsense SDK application

69%
normal priority

→ 5.5% non-fresh framesets
Protect
kernel xHCI IRQ threads

busy task · 90% utilization

USB interrupt
xHCI driver

video driver
UVC / V4L2

Linux kernel
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Protect the video driver

44

camera

16

librealsense SDK application

69% → 5.5%
USB interrupt

→ 0.15% non-fresh framesets
+  video drivernormal priority

FIFO 90

USB interrupt
xHCI driver

video driver
UVC / V4L2
FIFO 89

busy task · 90% utilization

Linux kernel
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Linux kernel

Whole path protected. Now add realistic interference.

45

camera USB interrupt
xHCI driver

16

video driver
UVC / V4L2

librealsense SDK application
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Linux kernel

Whole path protected. Now add realistic interference.
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camera USB interrupt
xHCI driver

16

video driver
UVC / V4L2

librealsense SDK application

CPU load memory load GPU load
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Linux kernel

Whole path protected. Now add realistic interference.

47

camera USB interrupt
xHCI driver

16

video driver
UVC / V4L2

librealsense SDK application

30 / 60 FPS · default vs. 3 coordinated policies · non-RT vs. PREEMPT_RT · 192 runs

CPU load memory load GPU load
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Timely: the protected path stays near the frame period

48
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Fresh: with PREEMPT_RT + coordinated scheduling,
no reused or skipped frames

49

159
non-RT kernel

all policies · 96 runs

0
PREEMPT_RT + coordinated 

policies
72 runs

1
PREEMPT_RT + default policy

24 runs
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Real-time is a property of the whole path

Linux kernel · PREEMPT_RT

camera USB interrupt
xHCI driver

threaded · FIFO 90

16

video driver
UVC / V4L2

16 slots · FIFO 89

librealsense SDK
11 threads

RT per worker

application
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Linux kernel · PREEMPT_RT

51

Real-time is a property of the whole path

16

Next: Schedulability analysis of the worker graph
Evaluation across hosts, backends, and camera configurations
Timestamp-based frameset data-age analysis
Multi-camera resource scaling

camera USB interrupt
xHCI driver

threaded · FIFO 90

video driver
UVC / V4L2

16 slots · FIFO 89

librealsense SDK
11 threads

RT per worker

application
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Questions?

52


