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Abstract

Time-Sensitive Networking (TSN) is a key technology for converged
industrial communication systems enabling the integration of traffic with
diverse Quality of Service (QoS) requirements such as timeliness, through-
put, and reliability. To ensure that all data streams meet their require-
ments, the Network Calculus (NC) allows to analytically derive worst-
case performance estimations. In this paper, we model rate-constrained
streams alongside time-triggered hard real-time traffic in a line topol-
ogy. Additionally, we compare the analytical results with simulations
conducted in the OMNeT++ network simulator. Our comparison shows
that the worst-case delay predicted by the NC is 3 to 4 times higher than
the delay observed in simulations. Similarly, the estimated backlog (i.e.,
the amount of data queued in TSN switches) is 1.25 to 2.8 times larger
than the simulation results. A further experiment indicates that NC pre-
dictions are more accurate for less complex network configurations.

1 Introduction

The Industrial Internet of Things (IIoT) and Industry 4.0 rely on converged
networks to support diverse communication requirements in industrial automa-
tion [1]. Time-Sensitive Networking (TSN), an extension of the Ethernet stan-
dard, plays a crucial role in enabling deterministic communication by providing
mechanisms for bounded latency and high reliability [2]. TSN accommodates
different traffic classes with varying requirements, including time-triggered traf-
fic using gate control lists (GCLs) and time-aware shapers (TAS), and rate-
constrained traffic managed by credit-based shapers (CBS) and used for au-
dio/video bridging (AVB). Ensuring that critical quality-of-service (QoS) re-
quirements are met is essential in such networks. A common approach for
worst-case performance evaluation is network calculus (NC), which provides an-
alytical bounds on latency and buffer usage [3,4]. However, the accuracy of these
worst-case estimates remains an open question. To assess their validity, a com-
parative analysis with simulation results is necessary. Despite the importance
of this comparison, there is a lack of reproducible and transparent experimen-
tal studies in the literature that systematically evaluate NC against simulation.
This paper addresses this gap by systematically comparing NC worst-case anal-
ysis with simulation results, leveraging the open-source OMNeT++ framework
and the INET model suite to provide a reproducible evaluation. By assessing



the accuracy and applicability of NC in estimating worst-case performance met-
rics, this paper offers new insights into its practical strengths and limitations
for TSN performance evaluation.

The remainder of this paper is structured as follows: In Section 2, we provide
a brief introduction to NC and the simulation software OMNeT++-. Section 3
desribes the modeling approach using NC, while Section 4 outlines the simu-
lation setup in OMNeT++. Our results are presented in Section 5. Section 6
discusses related work. We conclude in Section 7.

2 Background

This section provides an overview of NC as a worst-case analysis framework
for TSN and introduces OMNeT++ as a simulation tool for evaluating net-
work performance. Understanding both methods is essential for assessing their
applicability and accuracy in TSN analysis.

2.1 Network Calculus

NC is a system theory for communication networks [4]. It is based on min-plus
algebra and max-plus algebra and allows to calculate worst-case performance
of communication networks [4]. For calculation, data flows are modeled by so
called arrival curves which provide upper bounds on the burstiness and data rate
of each flow arriving at a network device. Additionally, service curves represent
lower bounds for the performance of network devices. Combined, they can be
used to calculate worst-case bounds for the delay that a data frame experiences
when passing through a network device and the maximum amount of frames
that await sending in a queue of a switch (backlog). This worst-case calculation
can be further improved by taking into account a credit-based shaper’s influence
on the maximum output of a switch which is modelled by shaper curves. This
output of a switch is modelled by an output arrival curve which serves as input
for subsequent network devices and ultimately enables to calculate a worst-case
performance estimate for a whole network.

2.2 OMNeT++

OMNeT++! is an open-source event-based simulation framework used for an-
alyzing communication networks and protocols. Due to its modularization and
extendability, OMNeT++ allows users to define custom modules interacting
alongside a library of predefined components. This library can be further ex-
tended by using INET?, which includes additional components for the internet
stack. Since it also provides TSN features such as periodic gates and credit-
based shaping, we use INET for our simulation.

Thttps://omnetpp.org/
2https://inet.omnetpp.org/
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3 Modeling Time-triggered and Rate-constrained

Traffic with NC

In this section, we present the modeling of time-triggered and rate-constrained
traffic using network calculus. The modeling was done by Zhao et al. [5].

3.1 Notation

We use the following notation for modeling the needed functions based on [6]
and [5]:

Tccor Hyperperiod, defined as the least common multiple of all GCL pe-
riods of every port and class.

C Maximum link rate.
Ix Idle slope of credit-based shaper of class x.

SX Send slope of credit-based shaper of class z. SX = IX — C

X,h . . .
L Time slot in which a queue of class x at port h has guaranteed
service.
X,h . . X,h
0;"’ Starting time of L; .
X,h . . . .
0; Duration of time between two time slots of guaranteed service: O]Xi =
' X X
05 —0;

[f (t)]%Ir Denotes the non-negative non-decreasing closure of a function: [f (t)]?

maXp<s<t {f(s)a O}

We omit the port h for idle slopes and send slopes as we keep both parameters
at the same value for each port.

3.2 Arrival Curve

Depending on the specific properties of a given stream, there are different possi-
bilities for modeling data streams as arrival curves in network calculus. In this
paper, we model a stream k of traffic class X at an outgoing port h and time
t>0as
X,h

a, " (t) = lmas + 1 (1)
Therein, [,,q, refers to the maximum length of a data frame and r is the required
data rate. An example of an arrival curve can be seen in Figure 1. If multiple
streams arrive at the same outgoing port h of the same class X, they need to

be aggregated accordingly. For this, we calculate the sum of their respective
arrival curves

QM) =D e " (1) (2)
Vk
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Figure 1: Examples for an arrival curve a(t), a service curve §(t), and the
resulting delay D and backlog B.

3.3 Credit Bounds

A credit-based shaper accumulates credit based on an idle slope when waiting
for service and depletes credit based on a send slope when receiving service. A
frame can be transmitted when the credit is at least 0 which leads to a minimum
credit of

X ! X
) maz g 3
Cmin C ( )

where lf’(gw represents the time it takes to transmit a frame of maximum length [5].
The maximum credit depends on all queues of higher prioritized traffic classes

and the maximum length of a frame of all lower prioritized classes. In the worst

case, service for a queue is delayed due to the transmission of a frame with

maximum length of a lower prioritized queue and the subsequent transmissions

of each higher prioritized queue. According to [5] the maximum credit is then

calculated as

X X Z;X:EI Cﬁnin — lﬁmfz(z
cmaaj = I ’ fol Ii C (4)
i=1 -

3.4 Service Curve

The service curve for rate-constrained traffic in our model is shaped by the time
slots that are reserved for time-triggered traffic and time slots reserved for traffic
of higher prioritized queues. According to Zhao et al. [5], the service curve is
calculated by

X +
X,h X,h Craz
cns(t) = I ZTT+GB(t) T X (5)
T
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7:+NTT’h -1

Xh B TT.h | 7 X,h
zppyap(t) = o<io R n_y ; (L; " + L &p)
- (6)

h X, h X,h
t—oj;i+Liap — Li,GB-‘ }

Tecr

X
“mgz Equation (5) denotes the amount of time that is needed to reach the

maximum credit. Similarly, zq)fjf:_G p(t) denotes the duration of time that the
rate-constrained queue does not receive service due to time-triggered traffic and
associated guard bands. It is derived from the notion, that the minimum service
provided up to a time t can be determined by a cyclic shift of time slots with
guaranteed service in order to find the maximum duration without service. It
therefore assumes the worst possible starting point in the periodic opening and
closing of gates. An example of a service curve is provided in Figure 1.

3.5 Shaper Curve

To improve the worst-case estimation, we utilize shaper curves to act as an
upper bound for the output arrival curves. According to Zhao et al. [5], the
shaper curve of a credit-based shaper is calculated with

X.h Brr(t)]F X X
o (t) = |t— C ' ISC + Cmaz — Cmin (7)
T
'BT%“) is the duration in which time-triggered traffic is serviced exclusively and
cX ¢X. is the maximum amount of data that can be sent at a time. The

maz — “min
service curve for time-triggered traffic is then calculated with

i+ NEp—1
where
At
Broana (At Lyr) = C-max § | —— | Ly,
Teer
At
At — [Th—‘ : (TECL - L}%T)}
GCL
and

_ h h h h
to=Tgcor — Ly, — 00, — 054

More details on the calculation of the shaper curve are provided by Zhao
et al. [5], and Wandeler and Thiele [7]. In Figure 2, we show an example of a
shaper curve.
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Figure 2: Image showing the relationship of input arrival curve o/(t), output
arrival curve «(t), delay D, and shaper curve o(t). The final output arrival
curve is the minimum of ¢(¢) and output arrival curve «(t).

3.6 Delay Bound and Backlog Bound

The maximum delay that a stream experiences at one switch is equal to the
horizontal distance between the (aggregated) arrival curve of the stream and
the service curve of the switch at a port h.

DY = n(ah (1), B0 (1)) (9)

The overall delay bound for one stream along a route is calculated by summing
individual delays at each switch

DX = 3" DY 4 ([dry| — 1) - diecn (10)
héedry

where dry, represents an ordered set of all nodes of a route for stream k, (|dry|—1)
denotes the number of hops and d;e.p, represents a constant delay that is identical
for each switch. Similarly, the backlog for one queue of traffic class X at port h
is equal to the vertical distance between arrival curve and service curve.

BX = w(@ M (1), 55 (1)) (1)

3.7 Output Arrival Curve

The output arrival curve is the maximum output of a switch and is used as
input for subsequent network devices. According to Zhao et al. [5] it is given by

X,h X,h' X,h'
() =ap " (E+ D) (12)

This represents a left shift of the initial arrival curve at port h’ which can be
seen as every bit being delayed by the maximum delay. This shift is illustrated



network TsnLinearNetwork extends TsnNetworkBase
{
parameters:
@display ("bgb=858,816");
submodules:
client: TsnDevice
switch: TsnSwitch
server: TsnDevice
connections:
client.ethg++ <--> Eth1G <--> switch.ethg++;
switch.ethg++ <--> EthlG <--> server.ethg++;

H O ©O0 O Uk W~

==

Listing 1: Simple network description in NED.

in Figure 2. The shaper curve of the credit-based shaper and the shaper curve
of the physical link provide additional bounds on the output arrival curve. Ad-
ditionally, arrival curves of streams that cross the same ports h’ and h have to
be aggregated at port h. Therefore,

aﬁ}ﬁ (t) — Z a?’h (t) A <Ulink (t) + l?i(z;z};:,k)

Vdry:h' ,hEdry, (13)
A (ath'(t) o )

mazx,k
For a given set of streams, we can now calculate all service curves and shaper
curves at each port of each switch. With the aggregation of arrival curves and
the calculation of output arrival curves, we are able to traverse the network
along the streams and estimate delay bounds and backlog bounds.

4 Simulation Setup in OMNeT++

This section describes the simulation setup in OMNeT++, focusing on the im-
plementation of GCLs for time-triggered traffic, the CBS for rate-constrained
traffic, and the configuration of different traffic streams in the network.

4.1 Gate Control Lists

GCLs can be defined in INET at each transmissionGate of a switch. The
durations parameter specifies a list of times during which the gate is closed or
open. In addition, the parameter offset can be used to shift the start of the
durations and initiallyOpen can be used to specify whether the first duration
is to be considered open or closed. The sum of all times in a list in durations
then forms the period of the GCL.

In principle, there is no limit to the number of queues, so any number of
queues can be specified using the numTrafficClasses parameter. The priorities
for the queues are assigned by the index of the queue. Note that in INET a
lower index means a higher priority.

For the simulation, time-triggered traffic should alternate exclusively with
rate-constrained traffic, i.e., either the gates of the TAS or those of the CBS
should be open at all times. This can be achieved by using the same GCL for all
gates of a port and setting the initiallyOpen parameter for the CBS queues
to false.



1 *.client.numApps = 1

2 *.client.app[0].typename = "UdpSourceApp"

3 *.client.app[0].display-name = "video"

4 *.client.app[0].io.destAddress = "server"

5 #*.client.app[0].io.destPort = 1000

6 *.client.app[0].source.packetLength = 1500B - 58B
7 x.client.app[0].source.productionInterval = 5ms
8

9 *.server.numApps = 1

10 x.server.app[0].typename = "UdpSinkApp"

11 *.server.app[0].display-name = "video"

12 *.n15.server [0].io.localPort = 1000

13

14 *.switch.bridging.streamCoder.encoder.mapping =
15 [{stream: "video", pcp: 2}]

Listing 2: Configuration of a stream in a network in INET

4.2 Credit-Based Shaper

We configure the CBS by assigning the type Ieee8021qCreditBasedShaper to
a gate and then setting the parameter idleSlope. It is also possible to set the
behaviour in guard bands using the value of accumulateCreditInGuardBand -
an extension to INET version 4.5 that was developed with the INET community
as part of our work.

4.3 Streams

Streams can be created in INET as UdpSourceApp on a terminal. Listing 2
shows how a stream named ”video” can be placed through the topology shown
in Listing 1

First, the number of applications to run, their names and types are specified
for a client. The destAddress and destPort specify the destination of the
stream. The packetLength can be used to specify the packet length of the
packets as generated by the application. Note that various headers are added to
the packet as it travels up the protocol stack to the bit transmission layer, so the
packet on the line 58 B will be larger than previously specified. When calculating
the credit in the CBS, the actual length of the packet on the line is used plus
the length of the interpacket gap of 12 B, which specifies the minimum distance
between two packets [8, p. 282]. The interval between packets generated by the
application is specified by the parameter productionInterval, which together
with the packet length defines the initial arrival curve of this stream. The
parameter initialProductionOffset specifies when the periodic production
of packets should start.

In addition to the client application, there is also an application on the server
that receives the packets (line 10). The UdpSinkApp (line 11) is also given a
name (line 12) and a port (line 13) where the packets are expected. In the
switch, streamCoder.encoder .mapping in line 15 must also be used to specify
which stream is to be assigned which priority. In the example, the ”video”
stream is given the priority 2, where a higher value of priority code point (PCP)
implies a higher priority.



Ng R@ ?@ ([) ([:) ([) ?@ Nis
N [« Nq [« Ny Nj Ny N5 Ng [« Ny

J N J N J \———/ \ J N J N J ==

Figure 3: Topology and used stream set as well as marked switches where the
backlog is calculated /measured.

4.4 Recorded Measurements

OMNeT++ offers to record various values of a simulation that have been marked
for this purpose in the source code. The values required for comparison between
simulation and NC are already recorded in INET and can therefore be retrieved
directly from the result files. The meanBitLifeTimePerPacket parameter is
used for the delay that occurs for a stream, which is the total time a packet
takes to travel from source to destination. This includes any delay caused by
queuing, the switch, or the transmission itself. As the value is recorded for each
packet and the delay varies depending on the gate states, only the maximum
value should be included for comparison with the NC. The result of the value
queueBitLength is used as a measure of the size of the backlog created per
queue at the port of a switch. This indicates how much data remains in a queue
at different times. Again, only the maximum backlog is analyzed.

5 Results

In this section, we first describe experimental setup before presenting the results
of the experiments. With this report, we also provide a software artifact con-
taining the implementation of the network calculus and the simulation setup [9].

5.1 Experimental Setup

For our experiment, we chose to evaluate a simple line topology depicted in
Figure 3 with four data streams representing rate-constrained traffic. In OM-
NeT++, we use a simulation time of 20 ms. The setup consists of eight switches
(nop to n7) and eight end stations (ng to n15). We further define a link rate of
1 Gbit The streams vary by payload size, source/destination, and priority. We
define two longer streams, passing through all switches where one has a high
priority and a payload size of 786 B (blue), and one has a lower priority and
a payload size of 1442 B (purple). Additionally, we define two shorter streams
routed from ng to ni4 where one has a high priority and payload size of 1442 B
(yellow), and one has a lower priority and a payload size of 786 B.

To represent time-triggered traffic, we require a schedule representing the
time slots that are reserved for this traffic. For this, we use schedules calculated
by Schweissguth et al. [10] for the same line topology. The chosen schedule
specifies a hyper period of Tgeor = 610ps. In each period, 150 ps are reserved
for time-triggered traffic which equates to 24.6 % of the time.
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Figure 4: Calculated maximum delays of streams (transparent) in comparison
to simulation results (opaque).

For our experiment, we want to observe, how the amount of data traffic
influences the worst-case estimates of the network calculus in relation to the
results of the simulation. We therefore subsequently increase the number of
frames that are sent by each stream per second, starting from 500 FPS step-
wise increased by 500 FPS up to 4000 FPS.

5.2 Evaluation

In this section, we present the results of the network calculus and the simulation.
We evaluate the worst-case estimates and compare the described scenario to a
scenario with shorter streams.

5.2.1 Line

The results for the delay are found in Figure 4. The figure shows, that the
calculated worst-case delay (transparent) is bigger than the maximum observed
delay (opaque). In fact, depending on the specific stream and the data traffic,
the calculated delay is three to four times bigger than the observed delay. The
calculated worst-case delay ranges from 1171 ps to 1684 ps. The observed delay
ranges from 324 ps to 418 ps. The estimate for the lower priority streams is
consistently around four times bigger than the observed value, while the estimate
for the higher priority streams is only around three times bigger. Moreover, there
is a slight increase of this difference between simulation and network calculus for
all streams except the yellow stream for more data traffic. Note that it was not
possible to calculate delay estimates for 3000 FPS and upward because a service
curve at one queue did not catch up to the arrival curve at the same queue, thus
resulting in more incoming traffic than outgoing traffic in each period. With
this, it is not possible to calculate a delay bound, as it increases with each period.
An interesting observation is that the relationship between calculated delay and
observed delay is inconsistent for our experiment, i.e. a larger calculated delay

10
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Figure 5: Calculated maximum backlog (transparent) at ns and n7 in compari-
son to simulation results (opaque). Note that the calculated backlog for one low
priority stream is actually smaller than the observed backlog of the simulation.
This is the consequence of the fluid model we used in our model, which assumes
a continues flow of data in contrast to the packet based measurement of the
simulation.

does not necessitate a larger observed delay and vice versa. However, this might
also be caused by the limited size of the experiment, and might be different for
larger setups or a longer simulation time.

For the backlog the results of network calculus and simulation are more
closely aligned which is illustrated in Figure 5. In contrast to the delay, the cal-
culated backlog is mostly two to three times bigger than the simulation and the
relationship of a higher calculated backlog corresponding to a higher observed
backlog seems to hold true more often. The calculated backlog ranges from
1351 B to 6542 B while the observed backlog ranges from 836 B to 3820 B. Es-
pecially for one stream with low priority the calculated backlog is closely aligned
to the observed backlog ranging from being 1.25 times to 2.45 times larger (ex-
cluding the data from 500 FPS). Again, we were not able to calculate values
for the backlog for 3000 FPS and upwards, as the respective service curve and
arrival curve diverged. However, it is still visible, that the calculated backlog
and observed backlog increase with increasing data traffic.

5.2.2 Short Line

To find out how the worst-case analysis behaves for less complex setups, we repli-
cated the previously described experiment with shorter streams. This change
is depicted in Figure 6. Except for the destination of the streams, we keep all
other parameters consistent. We now record the backlog at n; and n3. Figure 7
shows the results for the delay. The calculated delay is about 1.7 to 2.6 times
larger than the observed delay an thus the difference between the two is smaller
in this setup. Moreover, there is almost no increase in the calculated delay with
increasing data traffic. This increase is also small for the observed delay.

11
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Figure 6: Topology and stream set with shorter streams and marked switches
for backlog calculation/measurement.
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Figure 7: Calculated maximum delays of shorter streams (transparent) in com-
parison to simulation results (opaque).

For the backlog, the results are shown in Figure 8. Note, that this figure
cannot be compared directly to the results of the first setup, as we measure
the backlog at different switches. The calculated backlog ranges from being 1.1
times to 2.8 times larger than the observed value. Even though the maximum
difference between the two is larger than in the first setup, almost all of the
calculated backlog values are only up to 2 times larger than the observed values.
Moreover, as we were able to calculate values for all data traffic scenarios, we
observe this larger gap due to the notion that the worst-case estimate tends to
get worse with more data traffic.

In conclusion, the gap between calculated bounds and observed delay and
backlog seems to get smaller for less complex setups.

6 Related Work

Several research groups have investigated the modeling of rate-constrained traf-
fic in TSN. In [11], fundamental considerations for the CBS with two AVB
queues are presented, introducing NC for worst-case delay analysis. The study
derives equations for minimal and maximal credit, as well as the minimum
service curve and arrival curve, and applies them to automotive camera and in-

12
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Figure 8: Calculated maximum backlog (transparent) at n; and n3 in compar-
ison to simulation results (opaque) for shorter streams.

fotainment systems. Building on this, [12] extends the equations by introducing
the strict service curve, maximum service curve, and shaper curve, leading to
tighter delay bounds.

Time-triggered traffic in TSN is examined in [13], where a general NC model
is proposed without imposing specific conditions on GCLs or streams. The study
derives equations for the minimum service curve, output arrival curve, and delay
bound. The integration of AVB and time-triggered traffic is analyzed in [14],
considering two AVB queues and deriving service curves while accounting for
guard bands and frame preemption. [15] extends these results to multiple AVB
queues, introducing new equations for credit bounds and the shaper curve, which
refines delay estimates.

The impact of credit behavior in guard bands is highlighted in [16], show-
ing that credit accumulation, as specified in [17], can lead to unfair advantages
for higher-priority AVB queues or even unlimited credit growth. While previ-
ous studies assumed frozen credit in guard bands, [5] models both approaches.
However, only limited work explores the simulation of TSN networks using OM-
NeT++ for both time-triggered as well as rate-constrained traffic.

Although [13], [15], and [5] mention simulations to validate NC results,
they do not provide detailed descriptions. A proof-of-concept extension of OM-
NeT++ and INET enabling the simulation of time-triggered and rate-constrained
traffic, with or without frame preemption, is introduced in [18], followed by
a performance analysis across different switch and stream configurations. A
TTEthernet simulation model for OMNeT++ and INET is developed in [19],
comparing simulated results with mathematical models and real-world mea-
surements, achieving high accuracy. [20] evaluates the potential of Automotive
Ethernet with TSN to replace existing in-vehicle network technologies, using
CoREA4INET to compare different shaping mechanisms, including Strict Prior-
ity, CBS, and Asynchronous Traffic Shaping.

To the best of our knowledge, no work has systematically compared NC

13



results with simulation results while considering the different traffic classes of
TSN.

7 Conclusions

In this paper, we used the NC to model converged network traffic in a TSN
infrastructure including rate-constrained and time-triggered data streams. Ad-
ditionally, we developed a simulation model for OMNeT++ to replicate these
setups in a simulation environment. Together, these models enable comparisons
between analytical worst-case estimations and simulation results for various net-
work configurations.

Our experiments show that NC estimations are more pessimistic in complex
setups involving longer streams with higher data volumes. In the first setup,
the worst-case delay derived by the NC is three to four times higher than the
simulation results, while the backlog is 1.25 to 2.45 times larger. In the second
setup with shorter streams, the delay is 1.7 to 2.6 times higher and the backlog
is 1.1 to 2.8 times larger than the simulation results.

For future work, we aim to explore additional scenarios with varying stream
sets and network topologies to further investigate advantages and limitations of
our NC modeling approach.
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