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Abstract— Real-time control applications, crucial i ics, industrialfautomation, and

of data acquisition cards, communication protocols, thread assignments to processor cores,

and test durations. The results highlight the importance of long-term testing to accurately
determine the maximum latency. Furthermore, the findings demonstrate significantly

lower latency for the PREEMPT RT patched kernel across various tests, indicating its
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suitability for demanding real-time control applications that require tight timing

constraints.
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1. INTRODUCTION

In real-time systems, meeting the assigned sampling-time is critical, particularly in hard or

firm real-time applications. In such systems, the controller must recei back signals

and produce appropriate responses within the assigned sampling-time to tability

and reliability of the controlled system. Therefore, it is necd§sary latency
operating system for control purposes. Linux as an open operating system has earned

popularity in recent years, particularly in the field s [1-3]. Linux real-time

(RT) extensions have been widely e ns [4-15] such as robotic
systems.

Measuring latency in an iftended for real-time applications is
challenging due to unpredictable time- igr factors, such as hardware interrupts and

system. In the literature, some works focused

on latenc i illa) Linux kernel and its RT versions [2, 3 ,16-21]. In [16-

was proposed to model and track events of a RT Linux patched with Preempt-RT. In [25],
capabilities of the standard Linux and PREEMPT-RT patch for a real-time application
were compared. The steps of patching a Linux kernel with PREEMPT RT and effect of
some parameters of the kernel configuration were discussed in [26]. Chen et al. [27] proposed
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an analysis method for examining the execution path that a task, such as a file read or write
operation, may traverse under various test conditions. The scheduling latency of a multicore
processor for Xenomai and Preempt-RT, two RT Linux versions, was discussed in [28].

In summary, the majority of the aforementioned studies focused on measuring the latency
of functions running in the Linux kernel, such as scheduling, system management interrupts,

and memory access. Moreover, the measurements in these studies are based on short-term

tests which may result in missing the latency of critical events or tasks thiat can significantly
impact overall latency. For control applications, in addition to the 1
in the Linux kernel, delays arising from the control algorithm cod uisition (DAQ)
cards and communication protocol that may be significa info account. On the

other hand, several studies [17, 19, 20], [29] have ance of the Linux kernel

latency measureme refore, latency encompasses the latency of the Linux kernel and delays

associated with the DAQ card, the card's communication protocol, and the C++ code. The main
contributions of this paper are as follows:

1. This work presents a novel latency measurement methodology that surpasses existing

approaches [2, 3, 16-22] by encompassing the entire control loop latency. This includes not only
3



kernel process execution times, but also delays introduced by application code, data acquisition
(DAQ) card processing, and communication protocol overhead. This approach provides a more
accurate representation of real-world latency in control systems.

2. Unlike the studies [17, 19, 20], [27] that have artificially stressed the CPU, memory,
I/O, and other components, this research prioritizes measuring latency in practical control
scenarios. This methodology focuses on factors directly impacting sampling time in real-time

control strategies, providing a more relevant and actionable analysis.

3. The research investigates the impact of key system parameters ks on overall

latency. This includes analyzing the influence of data saving, CPU corg co orithm
complexity, and other relevant factors. This granular analysis ights for
optimizing real-time control system performance.

4. This study benchmarks the latency perfo f PREEMPT RT Linux against
standard Linux, Low-latency kernel MPT _RT versions. This
comparative analysis highlights PREEMPT RT for real-time control
applications.

5. Unlike prior studies [2, 3, 16%22), that relied on short-duration tests, this work

incorporates long-te

the crucial role of hagdware selection in achieving desired latency performance.

Our proposed latency evaluation methodology provides a comprehensive and applicable
approach for real-time control applications, enabling system designers and developers to
optimize performance and ensure reliable behavior. The rest of this paper is organized as follows.
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Section 3 describes the test setup configuration and methodology used for latency measurement.
In Section 4, the results of experiments under various conditions are presented. Finally, Section
5 concludes the paper.

Remark 1: This research investigates the latency associated with the Linux kernel, the
DAQ card, its communication protocol, and the C++ code. This study focuses on these

components as key factors influencing the maximum achievable latency for control applications.

While the Linux kernel's intricate interplay of scheduling, system managgiment interrupts, and

Remark 2: At the time of thg driver for DAQ cards was only

tu 18.04. A driver for kernel 5.4.0

specific tests and assess the impact of the né

driver and kernel version on latency.

RIALS AND METHODS

descri methodology for measuring system latency. The main setup
involves an Intel ual-core computer with 4GB RAM running Ubuntu 18.04, equipped
with Advantech PCI1716 and PClel816 DAQ cards. PCI1716 is the primary DAQ card in the
dual-core system and in the quad-core system, PCle1816 card is utilized.

A C++ code generates a pulse train signal and measures latencies. Data logging includes

minimum, maximum, mean, and standard deviation of delays, with maximum latency being
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critical for hard real-time systems and mean delay for soft/firm real-time systems. A high-
resolution timer is used, measuring latencies with a resolution equal to that of the system clock
(303 ns for this specific computer).

The reported mean and maximum latencies were calculated from extended-duration runs
on the original platform; sample standard deviations or confidence intervals are not provided
here (see Remark 5). Such measures are commonly used in soft real-time analyses where

occasional sampling deviations are acceptable.

Remark 3: For short, the Linux kernel patched with PREE WRT is called

PREEMPT RT kernel in this paper.
Remark 4: In this paper, us denotes micro second and Td max n denote

maximum latency and mean latency, respectively.
Remark 5: Mean and maximum latencies were ri

sly detetmined through long-term

testing on the original experimental pla rror margins (e.g., sample
standard deviations or confidencgfi : ted because the project concluded and
the testbed is no longer available pé-running repCated trials. The experimental design
prioritized extended-duration observatio apture representative central tendency and

worst-case behavior; ft |-time control dpplications the maximum (worst-case) latency is

work when the e ents’can be repeated.

4. TEST RESULTS
In this section, the experimental results of the latency measurement under different
condition are presented. The common conditions of the tests are as follows:
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e The priority of the C++ code is set to 99 (highest real-time priority) unless otherwise
specified in test conditions.

e If minimum and/or maximum value of latency is changed, the results will be saved
and displayed in Terminal window unless the result of first run of every one million runs
will be selected to be saved and displayed. Otherwise, is specified in test conditions.

e Ubuntu Linux kernel version 5.3.0-28 and PREEMPT RT kernel with patch 5.2.21-

rtl5 are employed for experiments. Other variations of kerngls are specified in

test conditions.

To configure the RT-kernel, we initially investigated the im; ketnel modules

on latency by enabling and disabling them. The test res, ed n ficant changes in

maximum and mean latency values. Therefore, this r es onduilding the RT-kernel with

the following configuration:
Enabled options:
e Fully preemptible kerne

High-resolution timers

This configuration ensures a more predictable and responsive kernel for real-time

applications.



Test termination criteria were carefully considered given the inherent characteristics of our
system. While fixed-duration tests are often preferred for consistency, the unpredictable nature
of kernel behavior and the variability in optimal test durations across different system
configurations made their direct application challenging for initial exploratory tests. For these
early investigations (Subsections 4.1-4.4), where the impact of various parameters such as data
saving, program priority, and core assignment on latency variations was studied, a latency

threshold-based termination criterion was employed. This approach efficiently captured the

latency dynamics under varying conditions. For the long-term tests (S ion 4.5), once

parameters were finalized, a trend-based termination criterion was a s were
concluded when the amplitude of changes in maximum latency fectively

resulting in durations akin to fixed-duration tests once sys ility was achiieved.

4.1. DATA SAVING A

This subsection discusses the effi f fol ich may alter the latency:

g para

1. Data Saving
2. Priority of the C++ code exe
3. Version of PREEMPT RT kernel

4. Other RT kernel

the exact first obserygd latency value (Td max) that triggered this termination. It is important to
note that while the threshold for stopping is 75 s, the specific latency value that first crosses
this threshold, as seen in Td_max, can be considerably higher depending on the test condition

(column 2). For example, Test 3 shows a Td_max of 95.22 ps, indicating that 95.22 us was the
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first recorded latency value to exceed 75 us, at which point the test was terminated. As stated in
Remark 1, a detailed investigation into the underlying causes for these Td max values is beyond
the scope of this paper and will be addressed in future work; this study focuses on characterizing

the observed delay distributions.

Table 1. The latency measurement under different conditions

Test Duration
Test Condition Td_max Td_mean

1 | Data Saving Disabled | 73.88 us

2 | Data Saving Enabled 89.60 us

Priority decreasing

3 04:18:50
7)
Data savin
4 displaying rate (for 52.79 us 00:17:00
every run)
137.75 us 54.06 us 01:19:15
264.43 us 52.80 us 01:19:30
PREEMPT RT patch
7 89.72 us 52.88 us 02:01:35
low version (4.14.170)
8 Low Latency kernel 97.59 us 53.08 us 01:21:30

* These abbreviations represent the test duration in days (dd), hours (hh) and minutes (mm). Moreover,
9



According to Table 1, we can conclude that:
» Data saving task increases the maximum latency, Td max, as high as 16 us.
» Data saving and its display rate do not affect Td max.
* The lower priority assigned to the code does not improve latency. However, according
to some references [1, 2], setting the priority of a real-time application below 99 is
recommended to allow kernel-critical tasks to run.

* Comparison results of different kernels show that PREEMPT RT kernel has the least

latency while that of latency of the standard Linux is the highest on

* The mean latency, Td mean, is not affected by varying test co certain

parameters.

4.2. COMMUNICATION BUS RE

s, such as communication

both modes of data saving.

The following results are notable:
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characteristics of a DAQ card can significantly affect its latency v
cards PCI1716 and NI16281 exhibit different latencies, prif
of their analog input (AI) and analog output (AO) ¢

respective board designs. The same

For two data saving modes, The Td-max of N16281 is at least 25 us higher than that of the
PCI1716. However, among the three tested cards, the NI6281 has the lowest Td mean
(48.81 us).

PCle1816 has the lowest Td max compared to the PCI cards.

For Advantech cards, i.e. PCI1716 and PCIe1816, enabling the data saving mode leads
to a higher Td max compared to the disabled mode of data saving. But for the NI

NI16281 card the results are reversed.

Fig. 1 and Fig. 2 demonstrate that the communication protocol spee des

nce, both PCI
ns in the speed
differences in their

or the PClel816 card.

Td_mean
PCI-1716 PCle-1816 NI-6281

Tested DAQ Cards
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Fig. 1. Latency comparisons of the tested three DAQ cards when data saving task is enabled.
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can be slightly slower than directly accessing the data itself.

2. Recursive relations: Recursive function calls introduce overhead, increase memory

consumption, and make it difficult to predict execution time.
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3. Nonlinear functions: These require more complex calculations and processing time
compared to linear functions.
To address these complications, a neuro-adaptive control law inspired by [30] is proposed
for unknown SISO nonlinear affine systems described by
X =X,

X =f(x)+gx)u+d (1)

where x = (x1, x2), u and d are the states, input and disturbance of t
system dynamics f(x) and input gain g(x) are unknown. In ad ut gain g(x) is

assumed to be nonzero for all time. Since the syste in caflenied! form, it can be

represented as

(2)

derivative are defined as

Let x, be the desired signal, then t error and i

€)

Taking th nd der1 e of the tracking error (3) and substituting (2) into that yields to

& =f)+g@u+w (4)

where w = d — X,-. Similar to [32, 33], two RBF neural networks (NNRBF) are employed to

approximate f(x) and g(x) as
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fx) = Wre,(x) (5)
G = Wi o,(x) ©)

where W; € R™i and 0;(x), i =1,2 are the weight vector and Gaussian activation function of
NN, respectively. n- denotes the number of neurons. By introducing E = (e, €)', error dynamics

is defined as

E = AC + Bé

(7)
where A = [8 (1)] and B = [(1)] The control law, u, and the update rules o parameters , W,
and W,, are given by equations (8) -(10)
v
“STE Y
<

W, = oy (B,ETB — BW,) = oy (D ©)

Wz yW; (10)
where K= [k1 k2], a4, az, B and y a ive real constants and v; = —f(x) — KE + %,. The
recursive equations (9)-(10) involve a ca erence property. Moreover, (8)-(10) include

Compared todest 2 of Table 1, it can be seen that the complexity of the control code does
not affect the latency value. The main reason of this phenomenon is related to the high speed

computation of the CPU in the computer.
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In our experiments we used a neuro-adaptive controller - a relatively complex nonlinear
algorithm - together with the reported hardware (DAQ, bus, CPU) and drivers. We observed that
mean and maximum latencies were dominated by hardware and I/O/driver interactions rather
than by controller execution time on this platform. This does not imply that controller complexity
cannot affect latency in other setups (for example, at higher loop rates, on less capable CPUs, or

with more CPU-bound implementations); therefore, future work will evaluate multiple controller

classes (e.g., PID, MPC, and computationally intensive nonlinear coufrollers) and report

per-loop execution times and CPU utilization to quantify algorithm-iaduced .
Remark 6: Stability analysis of the proposed control law (8) and u ) are out of
scope of this paper. Readers are referred to [30] and reft erei lore the stability

requirements of the control law (8).

Table 2. The 8 ement fo ad-core processor

Test Duration
Test Condition Td_mean
(dd:hh:mm)
95.67 us 52.81 us 11:17:10

4.4. MULTI-CORE SYSTEMS

Developing CPUs with more cores has provided simultaneous multiple task execution and

sped up processes, but according to some references, e.g. [1] and references therein, the increase
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in the number of cores leads to more contention among processes accessing shared resources,

which may increase the latency. In order to investigate the effect of number of cores on the

latency, we chose a quad-core Intel® Core 17-4790 processor with base frequency of 3.6 GHz

and 4GB memory. The cores are labeled Core 0 to Core 3. The PClIe1816 card was mounted on

the motherboard and the Linux kernel and PREEMPT RT kernel were used the same as the

dual-core system. The test results are shown in Table 3 for different core assignment.

Table 3. The latency measurement for the quad-core sy

Test Condition

Test Duration

e Four cores enabled

e Core 1 assigned to data acquisition

3 e Cores 0 assigned to data acquisition 100.35us | 50.01 us

e Cores 1 to 3 assigned to data saving

1 e Core 0 assigned to datag 50.01 us 06:23:43
e Display results o
runs of the code
Four cores enabled
102.72us | 50.01 us 07:00:10
e Four cores enabled
07:00:25
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e Display results of the 1* run of every 2 million

runs

e Four cores enabled

e Cores 3 assigned to data acquisition

e Cores 0 to 2 assigned to data saving

e Display results of the 1** run of every 5 million

runs

94.73 us

50.01 us

07:00:00

e Cores 2 & 3 disabled

e Cores 0 assigned to data acquisition

00:22:00
e Cores 1 assigned to data saving
e Display results of the 1% run of millio
e Cores 1 to 3 disabl
e Cores 0 assigned to dat
saving 2633 ms | 51.12us 00:00:15
. of the 1% run of g¥ery 5 million
ed to data acquisition
25.65ms | 51.15us 00:00:02

e Display results of the 1** run of every 5 million

runs

When Td_max > 94.0 us test is stop
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According to Table 3, the order of core assignment, data saving rate and the number of
data displaying do not affect the latency value. While, assigning only one core to the two threads

increases Td max considerably. Generally, none of the above conditions alter the Td_mean.

4.5. LONG-TERM TEST

Latency measurements mentioned in the previous sections were obtained through short-

duration tests. But the delay values may increase if the test duration is increaged. On the other

hand, the final values of maximum and mean latencies, Td max and Td
determine the sampling time of a control application. Therefore, lofig-
d are shown in

for latency measurements. The results of long-term tests for the

Table 4 for both the dual-core and the quad-core syste o, fog better comparison, short-
term test values of the card are presented. In Fig. 3, th€tren. i of the maximum latency

versus the number of test days fo illustrated. As seen in Fig. 3, during the

T mean being high. Tai€ontrast, as the test progresses, the variation of T _mean decreases.
Fig. 5 shows the long-term trend of Td _max in both systems, as well as a short-term test

of the dual-core system. Taking into account the results in Table 4 and Fig. 5, conducting a long-

term test of a specified system is necessary to accurately determine its maximum latency.

18



Additionally, the quad-core system experiences approximately 25 us higher latency than the

dual-core system.

Table 4. The latency measurement of the quad-core system

Test Duration
Test Condition* Td_max Td_mean
(dd:hh:mm)

e Dual-core system

1 e Core 0 assigned to AI/AO 76.76 us :35

e Core 1 assigned to data saving

e Quad-core system

2 e Cores 0 assigned to AI/AO 101.06 .01 us 35:05:30

e Cores 1 to 3 assigned tg

e Quad-core system

3 e Cores 0 assigned to AI/AO 101.32 us 50.01 us 31:15:15

68.74 us 50.01 us 06:02:30

* For every 1 million runs, results of the 1% run are displayed.
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Fig. 4. The trend of mean latency variation for the quad-core system.
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eleases of Linux, measurement tests are conducted

(us)

Td_max

To investigate the latency of

on Ubuntu 20.04.1 with kernel version . The results are then compared with those

from Ubuntu 18.04 wi version 5.3.0-28, as well as with a PREEMPT RT kernel built
on Ub .04. -rt15. All measurements are made using PCle1816 card in
the quad-cor: e 0 and Core 1 are assigned to AI/AO and data saving threads,
respectively. The ement results are summarized in Table 5. The results indicate that

the latency value does not improve in Ubuntu’s new release 20.04 and RT kernel made on it.
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Table 5. The latency measurement results of the standard Ubuntu 20.04 in comparison to

other kernels
Test Duration
Test Condition Td_max | Td_mean
(dd:hh:mm)*
1 | Standard Linux (Ubuntu 18.04) | 110.46 us 52.74 us 40:00:00
2 | Standard Linux (Ubuntu 20.04) | 133.21 us 53.04 us 06:23:00
3 RT Kernel (Patch 5.2.2) 100.24 us 52.68 us

5. RESULTS AND DISC

Standard Linux is designed for general-purp

and fair resource sharing with a fai can result in unpredictable
latency due to less aggressive ntially longer interrupt disabling
periods. In contrast, Real-Time Li1 e.g., PREEMPT-RT) is built for predictable and
consistent response times in time-criti pplications, utilizing a priority-based, fully

preemptive scheduler t s high-priority tasks to immediately preempt lower-priority ones,

ieves this by minimizing interrupt disabling times through
iority kernel threads and employing priority inheritance for

resource locking t priority inversions.

Building upon‘these architectural differences, this study investigated the latency of various
real-time Linux kernels, concluding that the PREEMPT RT kernel consistently offers the lowest
latency, making it ideal for demanding real-time control applications.

Key factors influencing system latency include:
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e Core Allocation and Threading: Separating data acquisition and saving tasks onto
different CPU cores significantly minimizes latency; running them on a single core
increases contention.

e Hardware Architecture: The design and port speed of the DAQ card impact latency,
with some cards performing better than others. Dual-core systems can even outperform

quad-core systems in certain configurations due to reduced resource contention.

e Concurrent Operations: Surprisingly, running a concurrent data alongside

data acquisition had minimal impact on latency (maximum increase).
e Kernel Choice: The PREEMPT RT kernel consistently other kernels in
latency.

The study also found that certain modifications di

ificantl§ffimprove latency, such as
parameter tuning (decreasing priori ithm complexity, decreasing data saving

rate, or upgrading Linux ve

latency, as o onal spikes are tolerable.
The reported mean and maximum latencies were computed from extended-duration runs on

the original experimental platform. Due to the decommissioning of this platform, we were unable

to re-run experiments to obtain additional repeated-trial summaries, such as sample standard
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deviations or formal confidence intervals. Consequently, formal error margins are not reported
in this manuscript. We acknowledge that such measures would improve statistical completeness,
particularly for soft real-time analyses where occasional deviations from the nominal sampling
period may be acceptable. Future research will address this by exploring individual contributions
of scheduling, interrupts, and memory access, along with different hardware and software
optimization strategies to further reduce latency in real-time control systems, and we commit to

reporting sample variances, confidence intervals, and additional percentile statistics in follow-

up work if the testbed can be reassembled.
CONFLICT OF INTEREST ‘ :

The authors declare that they have no conflicts of in

&A/D converter with up to 250 kS/s
S/s update’rate. PCle1718 has 16 single-ended Al

d 16-bit resolution, plus 2 AO channels with a 3

PCI1716 includes 16 singlg

AP
&

sampling rate, and 2 AO channels

connected to its analdg input (AIO) to send and receive a pulse wave. DAQNavi_SDK version
4.0.0.0 was used as the Linux driver for the Advantech PCI1716 and PClel1718 cards, and NI
Linux Device Drivers 2020 was used for the NI-6281 card. Both drivers are compatible with the

4.15.0 kernel of Ubuntu 18.04; therefore, Ubuntu 18.04 was used as the testbed distribution.
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Also, a quad-core system is used to test the effect of increasing the number of CPU cores on
latency, as explained in subsection 4.4. Note that the DAQ cards are tested separately.

Since data logging and display are necessary for post-analysis in practice, the updated data
of latency is displayed in the Linux terminal window and saved in the memory.
Minimum, maximum, mean and standard deviation (STD) values of measured delays are

considered for data saving and display. The maximum latency is a critical factor in determining

the sampling time for a hard real-time control application whereas the fnean delay is more
relevant to soft and firm real-time systems.

To measure the latency, the C++ code generates a pulse asures the time

between sending and receiving each edge of a pulse thro and annels. This time

difference determines the latency. If maximum or i latency/€hanges, the relevant data
-resolution timer with a resolution of 303

is saved and displayed. As stated in

ns measures the latencies. The 4@ shown as follows:

void AIO (void* p_device info)

Devicelnformation*) p_device_info;
InstantAiCtrl ntAi€trl = instantAiCtrl::Create();
InstantAoCtrl* ingfantAoCtrl = instantAoCtrl::Create();
do{

double Al Data[channelCount_AI] = {0};

double AO_Data[channelCount AO] = {0};

25



u64 scntr = 0; // 164 = unsigned long long

double LastSentData = 0.0;

timespec LastSentTime ;

timespec Wait ;

double Signal Level =

Ao _Data[0] = Signal Level;

if (clock gettime(CLOCK_REALTIME, & LastSentTime) != 0)

{

// error in getting time

} >
ret = instantAoCtrl->Write(startChannel AO, channel Count

CHK RESULT(ret);

LastSentData = Signal Level;

Diffwithtime dwt;

timespec Receive Time;

do{

ret = instantAiCtrl->Read(start

nel Al, channel Count AI, Al Data);

=0;
if (Signal_Level == LastSentData)
{

if (clock gettime(CLOCK_REALTIME, & LastSentTime) !=0)
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// error in getting time
§
Dwt.t1 = LastSentTime;
Dwt.t2 = RecieveTime;

Buffer ->WriteValue(dwt);

LastSentData = Signal Level;

LastSentTime = RecieveTime;

AQO Data[0] = Signal Level;
Wait.tv_sec = 0;
Wait.tv_nsec = 1000;
Clock nanosleep(CLOCK_REALTI 0, ait, N )
H
ret = instantAo@ Channe[SA®@’ channel Count AO, AO_Data);

CHK_RESULT(ret);

} while (Thread

if (BioFailed(ret)){

// declare error code
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Moreover, the C++ code uses two threads to handle the latency measurement and data

saving tasks independently. Each thread is assigned to one core of the dual-core CPU to prevent

oy
P

Q‘&

possible migration between the cores.
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