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Abstract—Recent advancements in the fields of industrial
automation and in-vehicle communication have also increased
the requirements on their underlying networks. Traditional field
bus technologies are being replaced by regular Ethernet devices
with features from the IEEE Time-Sensitive Networking working
group. Their standards are designed to achieve zero congestion
loss and deterministic latency bounds, but the specific guarantees
can differ depending on the shapers used and how the bounds
are calculated. After several contributions to the standardization
efforts, this work presents a number of decentralized latency
models that can be applied locally on the switches, without
requiring global knowledge from the rest of the network. It
includes a formal definition of delay segments that allows to in-
corporate interoperability between different shapers and latency
models in the future. It presents pseudo-code suggestions for
the latency bounds computation of Strict Priority, Credit-Based
Shaping, Asynchronous Traffic Shaping, and Cyclic Queuing and
Forwarding, all of which can be applied locally on the devices.
Finally, five models were implemented and evaluated with respect
to their efficiency in terms of latency, jitter, and number of
accepted streams. The results illustrate how different shapers
are suited for different networks and traffic distributions.

Index Terms—Admission control, decentralized, deterministic
networking, latency bounds, real-time networking, resource reser-
vation, shaper comparison, Time-Sensitive Networking, TSN

I. INTRODUCTION

Real-time networking has recently become a major focus
in scientific literature and standardization efforts. Real-time
systems provide guaranteed transmissions with determinis-
tic upper bounds on latency and jitter, which has been a
critical requirement in industrial automation and in-vehicle
communication for decades. Traditional field bus solutions
providing deterministic guarantees are migrating to Ethernet-
based networks to satisfy increasing bandwidth demands.
However, these second-generation industrial Ethernet systems
(e.g., EtherCAT, PROFINET) suffer from closed, proprietary,
and homogeneous designs, making them incompatible and
requiring gateways for inter-domain communication. Further-
more, unlike main Ethernet standards that scale with technol-
ogy, proprietary systems often remain locked at their original
transfer speeds.

To bridge these gaps, the third generation is being developed
by the IEEE Time-Sensitive Networking (TSN) task group
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within the Ethernet ecosystem. Instead of proprietary solu-
tions, TSN introduces openly standardized tools for regular
Ethernet switches to enable converged networking, allowing
Best-Effort and real-time traffic to coexist on shared infrastruc-
ture. These mechanisms encompass time synchronization, vari-
ous shapers, transparent redundancy, and diverse configuration
protocols. However, these are individual tools; their correct
combination, implementation, and management are left to
vendors and operators. While standard profiles suggest feature
subsets for specific use cases (e.g., industrial automation [1]),
they lack full-fledged communication system implementations
comparable to legacy technologies.

Often, these individual tools are orchestrated by a Central
Network Controller (CNC) [2] for resource management and
switch configuration. A core CNC task is resource reser-
vation and admission control based on accurate worst-case
latency bounds for reserved streams. While many publications
address worst-case latency computation for various shapers
[3][4] targeting CNC use cases, their models typically require
global topology and stream information. Latency models for
decentralized systems are rare, and papers addressing protocol
adaptation [5] to acquire this information are scarcer. Never-
theless, decentralized latency models offer significant benefits.
Crucially, a solid decentralized mathematical foundation can
foster true interoperability, i.e., guaranteeing latency across
disparate technologies, which is essential for fully converged
networking.

Figure 1 illustrates three scenarios highlighting the benefits
of decentralized models. First, Fig. 1a depicts a fully decen-
tralized setup where each switch manages its own allocations
(colored areas) via decentralized control logic. This avoids the
CNC single point of failure and accommodates heterogeneous
switch architectures, where a single CNC might have trouble if
the internal implementations are different from what it expects.
Conversely, Fig. 1b uses two CNCs for separate TSN domains.
Each domain is configured homogeneously by its CNC but
may use different mechanisms. Here, the inter-domain link can
leverage decentralized latency models for end-to-end guaran-
tees. Finally, Fig. 1c shows a FRER (Frame Replication and
Elimination for Reliability) [6] example. The green switch on
the left replicates traffic for redundancy, and the red switch on
the right eliminates duplicates. However, the remaining traffic
can still exceed original burstiness [6, Sec.C.9], doubling
downstream resource demands. Asynchronous Traffic Shaping
(ATS) on the red node can mitigate this, but it is rarely imple-
mented due to complex queuing requirements. Transitioning
from other shapers to ATS momentarily solves this issue cost-
effectively.

This work has been submitted to the IEEE for possible publication. Copyright may be transferred
without notice, after which this version may no longer be accessible.




A. GRIGORIJEW et al.: DECENTRALIZED LATENCY MODELS AND INFORMATION FLOW FOR TSN SHAPERS 2

.

\ VR
N ; N

(a) Fully decentralized resource reservation

Fig. 1. Example use cases for decentralized and interoperable latency models

TABLE 1
NUMBER OF TAGGED PUBLICATIONS BY VENUE.

# Pubs  Venue
44 IEEE Access
30 IEEE Transactions on Industrial Informatics
10 IEEE Transactions on Network and Service Management
5 IEEE International Conference on Emerging Technologies

and Factory Automation (ETFA)

5 IEEE/ACM Transactions on Networking

4 IEEE International Conference on Communications

4 IEEE Transactions on Vehicular Technology

3 IEEE Communications Surveys & Tutorials

3 IEEE Global Communications Conference

3 IEEE International Workshop on Factory Communication
Systems (WFCS)

40 Other (< 3 papers each)

Concurrently, the TSN group is developing the Resource
Allocation Protocol (RAP) [7], a publish-subscribe reservation
protocol for both centralized and decentralized systems. RAP
announces streams, allows end devices to attach, and performs
local latency calculations and configurations. To contribute to
these efforts, this tutorial addresses the following research
questions: (RQI1, Sec. VI) How can worst-case delay bounds
be derived locally and decentralized, without global topology
and stream knowledge? (RQ2, Sec.V) What information is
required for local delay bound computation, and how is it
acquired during reservation? (RQ3, Sec.IV&VIII) How can
decentralized latency models facilitate shaper transitions in
heterogeneous environments? (RQ4, Sec. VII) How can dif-
ferent latency models with varying assumptions be compared
fairly without bias? (RQS5, Sec. VII) Which shaper is recom-
mended for specific application scenarios?

The remainder of this work is structured as follows. Sec-
tion II reviews related work and identifies the research gap.
Section III introduces the notation, symbols, and terms. Sec-
tion IV defines delay segments, which redefine the borders
of responsibilities for switch, while Section V details the
decentralized information flow. Section VI presents formal
models and pseudo-code implementations for latency compu-
tation. Section VII evaluates their efficiency in an empirical
reservation study. Finally, Section VIII provides a discussion
and future outlook, and Section IX concludes the paper.

II. OVERVIEW ON RELATED WORK

Recent literature tackles deterministic Ethernet latency from
multiple directions. For systematic overviews, readers may re-
fer to existing surveys. Specifically, [8] covers TSN standards
and research up to 2018, while more recent surveys focus
on distinct use cases like industrial automation [9], vehicular

(b) Resource reservation between CNC domains
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Fig. 2. Number of tagged publications by year.

networks [10], or TSN-5G integration [11]. Other surveys
target specific methodologies, such as Time-Aware Shaping
scheduling [12] or Network Calculus-based worst-case latency
models [3].

Crucially, none of these surveys address decentralized ap-
plicability or the signaling details required to gather infor-
mation. To map recent research trends, this section struc-
turally overviews publications selected via relevant search
terms, which were manually categorized. The initial list was
built by querying the OpenAlex' database using search terms
including Time-Sensitive Networking, TSN, shaper, shaping,
admission, scheduling, latency, cyclic, worst-case delay, Net-
work Calculus, trajectory approach, queuing theory, delay
bound, and decentralized. Queries used various keyword com-
binations, each retrieving the top 60 most-cited results from
the past decade. Merging results and removing duplicates
yielded 311 publications. Each was manually reviewed and
assigned the following tags: (i) ‘survey/tutorial’ for general
overviews; (ii) ‘standards/technical’ for introducing stan-
dards or proposing related algorithmic advancements like
new shapers; (iii) ‘5G/6G/wireless’ for combining TSN with
wireless technologies. The tags (iv) ‘central’ and (v) ‘de-
central’ specified the architecture. Specifically, ‘central’ was
applied if a central authority (e.g., SDN controller, TSN
CNC) or global topology knowledge was required. Conversely,
‘decentral’ was assigned only if the authors explicitly noted
applicability to decentralized networks. We did not infer po-
tential applicability if unstated. Papers matching neither were
classified as ‘not mentioned’. Furthermore, (vi) ‘scheduling’
denoted Gate Control List (GCL) configurations; (vii) ‘rout-
ing’ indicated path-finding contributions; and (viii) ‘worst-
case delay analysis’ marked papers analyzing deterministic
upper delay bounds, including but not limited to (ix) ‘Network
Calculus’. Additionally, (x) ‘reservation’ signified explicit
stream admission control rather than just pre-determined delay
minimization, while (xi) ‘measurement’ required actual data
packet transmissions in physical testbeds or simulations, ex-

Uhttps://openalex.org/ is a bibliographic catalogue of scientific papers
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[Scheduling (58 papers)}

[Worst—Case Delay Analysis (39 papers)}

[Miscellaneous (54 papers)}
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routing (10)
measurement (5)
reservation (5)
5G/6G/wireless (4)
shaper comparison (1)
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Network Calculus (3)
measurement (2)
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Fig. 3. Distribution of topics in related publications; (parantheses) indicate number of publications; [brackets] contain reference IDs

cluding purely algorithmic evaluations. Lastly, (xii) ‘shaper
comparison’ indicated performance evaluations of multiple
shaping strategies under identical scenarios; (xiii) ‘signaling’
marked papers describing the utilization or adaptation of
reservation protocols; and (xiv) ‘acc. max latency’ specified
explicit use of the accumulated maximum latency field in SRP
or RAP for calculations. For context, this tutorial would be
tagged with ‘survey/tutorial’, ‘decentral’, ‘worst-case delay
analysis’, ‘Network Calculus’, ‘reservation’, ‘shaper compari-
son’, ‘signaling’, and ‘acc. max latency’.

From the initial 311 publications, 160 unrelated papers were
excluded. Table I outlines the remaining publications by venue,
which is incidentally dominated by IEEE journals, while
Figure 2 illustrates their chronological distribution. Notably,
over 50% of these papers were published between 2022-2026.
Figure 3 details the final tag distribution, where papers are
categorized under ‘scheduling’, ‘worst-case delay analysis’,
or ‘miscellaneous’. These categories are further subdivided
into ‘central’, ‘decentral’, and ‘not mentioned’. Each subgroup
lists its respective references alongside the distribution of the
10 remaining tags.

The ‘scheduling’ category contains the majority of publi-
cations and lacks a ‘decentral’ subgroup. Its most common
supplementary tags are ‘routing’ and ‘measurement’, reflecting
the prevalent research focus: resolving joint scheduling and
routing problems via GCL computation and validating the
configurations empirically. Although 38 scheduling papers
omit mentioning a central authority, most of them likely
depend on it due to the nature of the scheduling problem:
temporal isolation of streams on their end-to-end path. The
next largest group comprises 54 ‘miscellaneous’ papers. As
they are neither configuring GCL schedules nor computing

worst-case delays, they primarily address measurements and
technical advancements like new shaping mechanisms and
protocols. Within the ‘decentral’ subgroup, seven publications
focus heavily on resource reservation and signaling protocols
[126, 129], compare centralized and decentralized admis-
sion control [130-132], evaluate optimal resource configura-
tion [127], or adapt GCL configurations dynamically [128].
The ‘worst-case delay analysis’ group is heavily dominated
by ‘Network Calculus’ (NC) publications, which provide a
convenient framework for deterministic latency calculations.
While most delay analysis papers omit explicit mention of
architectural applicability, their arrival curves typically re-
quire preceding shaper and path details, and their service
curves rely on per-stream concatenation and leftover-service
properties [3]. Consequently, these works implicitly assume
a central controller unless local information acquisition is
explicitly addressed. Furthermore, most shapers, excluding
Asynchronous Traffic Shaping (ATS), suffer from hop-by-
hop burstiness cascading (cf. Sec. VI-A). Accounting for this
effect in worst-case bounds is possible, but it requires global
recalculations whenever new streams enter the network. To
prevent signaling storms in decentralized architectures, traffic-
independent bounds for burstiness cascading are required.
Following our previous work [78], this tutorial utilizes the
reservation protocol’s ‘accumulated maximum latency’ field
to achieve this — a technique shared by only three other
listed publications [5, 75, 76]. Only four publications feature
a explicitly distinguished ‘decentral’ latency analysis [5, 76—
78]; two of these focus primarily on path finding in delay-
constrained networks, while the others restrict their scope
to CBS and SP shaping, respectively. Generally, most delay
analyses investigate only a single shaper, though an extensive
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NC-based performance comparison of SP, ATS, TAS, and CBS
is available in [81], albeit without a decentralized focus.

Lessons learned

Most existing scientific publications focus on GCL schedul-
ing optimization or Network Calculus-based latency analysis.
However, current latency analysis literature leaves a significant
gap between formal models and practical deployment. Imple-
menting Network Calculus models can be highly challenging
when the required information sources remain unclarified.
This tutorial complements prior work by strengthening the
decentralized dimension of worst-case latency analysis. It
explicitly details the mathematical models, demonstrates local
information acquisition, provides reference implementations
for each model, and compares their admission control effi-
ciency. No other known publication spans these categories.

III. NOTION AND NOTATION

This section serves as a reference for commonly used terms
and symbols throughout this paper. The tutorial is designed to
be self-contained, hence this section does not require active
reading, but it can be consulted if subsequent equations need
clarification.

First, several terms are used synonymously to improve
readability. Frame and packet both refer to a continuous layer-
2 Ethernet protocol data unit. Similarly, delay and latency
are used interchangeably. The term latency jitter denotes
the maximum possible jitter, i.e., the total range between
maximum and minimum end-to-end latency, rather than stan-
dard deviations or differences between consecutive frames.
Here, shaper refers to a Transmission Selection Algorithm
(TSA) from IEEE 802.1Q [161], specifically Strict Priority
(SP), Asynchronous Traffic Shaping (ATS), Cyclic Queuing
and Forwarding (CQF), or Credit-Based Shaping (CBS). The
latter is also known as the Credit-Based Shaping Algorithm
(CBSA). The acronym NC stands for Network Calculus. Most
latency models in this tutorial rely on a pre-configured latency
threshold, also called a latency configuration or latency budget
in literature. It represents the pre-configured upper bound ;5
for worst-case latency on an observed link seg and priority 73.

Important distinctions exist between seemingly similar
terms. Unlike the threshold 65°, the computed delay di® is the
active worst-case estimate for already reserved traffic. Admis—
sion control enforces dpf < 05%; any reservation exceeding
this is rejected. Furthermore, przority P and traffic class C
are related, but not the same thing. Each stream belongs to a
specific priority P included in its reservation announcement,
and each latency threshold 635 is configured for a specific
priority P. Both terms operate in the control plane before or
during reservation. While IEEE 802.1Q supports up to eight
priorities [161], switches may not implement all eight in the
data plane. A local mapping table maps priority P to a local
traffic class C on each device. During queuing and forwarding,
packets within the same class C; are treated equally important,
even if they map to different priorities P, P, in the control
plane. Consequently, single-device latency analysis focuses on
the local traffic class C. Without loss of generality, this paper

TABLE 11
OVERVIEW OF USED SYMBOLS AND ABBREVIATIONS
Symbol Ref. Description
TSN Sec.1 Time-Sensitive Networking, an IEEE standard-
ization working group
RAP Sec.1 Resource Allocation Protocol, IEEE 802.1DD
SP Sec. VI-A  Strict Priority (no shaping)
ATS Sec. VI-D  Asynchronous Traffic Shaping
CBS/A  Sec.VI-E Credit-Based Shaping (Algorithm)
CQF Sec. VI-C  Cyclic Queuing and Forwarding
TAS Sec. VI-C  Time-Aware Shaping

NC Sec. VI-B

P Sec. IIT
C Sec. III

cw Sec. V-B

C Sec. VI-A

Network Calculus, delay calculation framework

Priorities and delay segments

Priority 0..7 of a stream (4,5,6,7 for real-time)

Traffic class of a stream in the data plane of a
specific device, based on P (conversion table)

Traffic class of stream 4 in the previous upstream
device

Highest traffic class of observed device

Previous delay segment

Currently observed delay segment

Next delay segment

Pre-configured delay threshold for priority 7P on
delay segment seg

Calculated delay bound for successfully re-
served streams for priority 7P on delay seg-
ment seg

Traffic Specification (TSpec)

Accumulated minimum latency of stream 4

Accumulated maximum latency of stream ¢

Minimum frame length of stream ¢

Maximum frame length of stream ¢

Maximum frame length of all streams on all
priorities (typically MTU, e.g., 1542 bytes)

Bandwidth (service rate) of delay segment seg

Committed burstiness of stream 7 (at the talker)

Committed data rate of stream 7 (at the talker)

prv Fig.5
seg Fig.5
nxt Fig.5
o5t Sec. V-A
dzf Sec. V-A
L Sec. V-B
ﬁzr Sec. V-B
Eg""” Sec. V-B
e Sec. V-B
gmax Sec. VI-A
R Sec. V-B
b; Sec. V-B
T Sec. V-B
w; (At) Eq.1
ff
b7 Eq.4
He Eq.6
b'HC Eq. 18
THe Eq. 18
SHes Alg.2
S Eq.11
Sk Alg. 4
tp Eq. 10
t Eq. 11
ter Eq.30
a;(At) Eq.8
ag(At) Eq.12
’eg (At) Eq. 15
‘rgg Eq. 15

isle pod Eq.28
maxcr“gEq 33

Latency Computation

Traffic volume (workload) generated by stream
during time duration At

Maximum effective burstiness of stream % at
observed device

Set of all streams % with C; > C

Sum of all effective bursts b with i € ¢

Sum of all data rates r; with 1 € H¢

Set of all successfully reserved streams at ob-
served device

Abbreviation for SZ*: set of all streams that
traverse link seg with traffic class C

Set of streams SZW’“ from the k-th ingress
segment prvy

Bending position of a single stream arrival
curve «y, after depleting the effective burst bzﬂ

Bending position of an aggregate arrival
curve ag for all streams of an ingress prv

2nd bending position for CBS arrival curves,
after depleting positive credits maxcry,”

Arrival curve function for a single stream ¢

Aggregate arrival curve of all streams in S

Service curve for delay segment seg and class C

Initial delay of rate-latency service curve 8%
Idle slope of CBS delay segment seg and class C
Upper bound for accumulated, positive CBS
credits of class C on delay segment seg
Evaluation

sP Sec. VII-A
bF Sec. VII-A
rP Sec. VII-A
£a Sec. VII-A
teomp Sec. VII-A

Set of all accepted streams in priority P
Sum of all accepted streams’ bursts in priority P

Sum of all accepted streams’ data rates in
prio. P

Max. latency jitter at receiver, EA = £+ L

Time needed to compute all latency bounds of

a scenario
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Fig. 4. Switch delay model and different delay types

assumes switches support all eight traffic classes, with the
highest four (7, 6, 5, 4) dedicated to real-time traffic.

Table II provides a comprehensive reference list of symbols
used in the equations throughout this paper.

IV. DELAY MODEL AND DELAY SEGMENTS

To derive worst-case latency upper bounds in switched
Ethernet networks, a formal service model covering all rele-
vant latency sources is necessary. For decentralized execution,
devices must independently calculate the worst-case delay
of adjacent links, which requires well-defined boundaries of
responsibility. Accordingly, Section IV-A details the latency
model and its delay types, and Section IV-B defines the per-
hop delay segment boundaries.

A. Types of Delay

Switch latency is traditionally divided into four compo-
nents [162, Chapter 1.4.1]: transmission (store and forward),
propagation, queuing, and processing delay. Figure 4 maps
these components to the forwarding process from the perspec-
tive of a frame.

Transmission delay (store and forward) is the time required
to push a frame’s bits onto the wire, or read them at the
receiver. This paper accounts for it solely at the receiver. It
equals the frame size divided by link bandwidth. Propagation
delay is the time needed to traverse the physical distance
between nodes, determined by link length and the medium’s
propagation speed. Queuing delay represents the time a frame
waits in an egress queue before transmission, which depends
on the service discipline and competing traffic in other queues.
Finally, processing delay covers internal switch tasks like
filtering, metering, table lookups, egress port selection, and
MAC/PHY transitions. This component varies heavily based
on switch architecture, configuration, and traffic composition.

In Figure 4, queuing delay is split into two phases. Shaper
queuing encompasses artificial delays introduced by IEEE
802.1Q Transmission Selection Algorithms (TSAs) [161], in-
cluding Credit-Based, Asynchronous Traffic, and Time-Aware
Shaping. Once a frame becomes eligible for transmission
under the shaper and any timed-gating mechanisms, it enters
priority queuing. Here, the queue of the highest traffic class
that is currently not empty is serviced at line rate. Isolating
these two phases is necessary for the definition of delay
segments for decentralized scenarios.

Note that this model serves as a behavioral abstraction
for latency analysis, without implying certain physical switch
implementations. The two logical queues can be implemented
in the same physical buffer, the model only separates the
queuing process by its cause.

B. Delay Segments

Decentralized latency models require clear boundaries of
responsibility along a path. The following approach has been
proposed as a contribution [163, 164] to the IEEE P802.1DD
RAP standard [7].

Intuitively, segments would be split at physical device
boundaries, e.g., from ingress to ingress. However, insights
from the analysis of Asynchronous Traffic Shaping [165] show
that placing measurement points inside devices can facilitate
latency computation. Specifically, it analyzed the delay from
shaper to shaper: from the moment a frame becomes eligible at
an upstream shaper until it becomes eligible at the downstream
shaper. This ensures well-defined traffic workloads at each
segment boundary. For instance, traffic entering a segment
from a token-bucket shaper strictly conforms to those shaping
parameters before experiencing interference in the priority
queue. The resulting segments are illustrated in Figure 5. Dur-
ing reservation, the downstream switch computes the worst-
case latency bound for its incoming segment.

Beyond aligning with existing ATS analyses, this approach
offers broader benefits. Shapers inherently restore formal traf-
fic properties, such as enforcing token-bucket volume bounds
(ATS) or reducing jitter to combat burstiness cascading (CQF).
Although subsequent priority queuing reintroduces jitter, the
downstream shaper can compensate for it. Defining segments
post-shaping allows analyses to leverage these formal traffic
properties directly, turning the shaper’s output into a well-
defined input for the next segment. This uniform definition
also simplifies shaper transitions in heterogeneous networks.

C. Lessons learned

The assumption that the borders of latency analysis must
match with the physical borders of the devices can be a
limitation for tight hop-by-hop latency bounds. This paper
separates the queuing process into two stages: shaping and
priority queuing. The delay segment of a single hop is defined
from one shaper’s end to following shaper’s end. This shift
allows to analyze the delay of that segment in a decentral-
ized architecture, while profiting from the formal, predictable
behavior of the shaper in the analysis.

V. INFORMATION FLOW

When streams require deterministic service guarantees, this
is typically achieved by reserving network resources for them.
These resources include physical capacities (bandwidth, buffer
space) and abstract metrics like worst-case latency. Every new
reservation increases worst-case latency, effectively consuming
the available ‘latency budget’. Consequently, dynamic admis-
sion control rejects reservations that would push worst-case
latency beyond a pre-defined threshold, much like it manages
bandwidth limits.

To calculate the exact latency consumed by each stream, the
models from Section VI are used. These models rely on stream
and neighbor device information to compute upper bounds for
individual delay segments. This section details this information
and its propagation, presenting a simplified signaling model
based on the Resource Allocation Protocol (RAP) [7] draft,
and is meant to further support its development.
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Upstream Switch (up)

Downstream Switch (down)

Delay Segment (seg) Next Delay Segment (nxt)

Fig. 5. Delay segments: borders of responsibility for the decentralized per-hop latency computation (components are introduced in Fig.4)

TABLE III
INFORMATION EXCHANGED BY SWITCHES BEFORE AND DURING STREAM RESERVATION

Shared Information Purpose

Latency threshold §f,§g per delay seg-
ment seg and per priority P

Used shaper per traffic class

CBS idle slope (shaper parameter)

CQF cycle time and GCL offsets (shaper
parameter)

Stream ID and Ethernet header fields
Traffic Specification (TSpec)
Accumulated latency (min £, max £1)
Upstream traffic class C*

A Priori / Before Reservation

Added to each reservation’s AccMaxLatency, and
used as an upper bound for resource consumption

Estimation of burstiness of incoming traffic

Improved CBS latency bound

Verify matching configuration

During Reservation
Identification, priority, matching of incoming packets
Specification of traffic amount

Estimation of burstiness increase from latency jitter
Computation of worst-case queuing delay in the

Origin Notes

Pre-configured Not actually shared, just
required locally

Neighbor’s config.

Neighbor’s config.

Neighbor’s config.

Only applicable to CBS
Only applicable to CQF

upstream switch, based on its internal priorities

Ingress port number of upstream device
Previous delay segment link speed RP"”

Advanced Strict Priority latency bound (Sec. VI-B)
Advanced Strict Priority latency bound (Sec. VI-B)

Per stream -
Per stream -
Per stream Increased at every hop
Per stream -
Per stream Only for improved SP
Per link Only for improved SP

Latency Thresholds § (Port 0):
Prio7: 1ms Prio 5: 10 ms
Prio6: 3 ms Prio 4: 50 ms

Shapers (Port 1):
Class 7: CBS (50 Mbit/s)
Class 6: CBS (100 Mbit/s)

Switch A Switch B

Class 5: SP
Class 4: SP

Fig. 6. Exemplary a priori information flow: Switch A shares its shaper
configuration of port 1 with Switch B, its direct neighbor

A. A Priori Information

Before signaling information about streams, certain device-
specific parameters must be exchanged first. These are sum-
marized in the first part of Table III, with an exchange example
shown in Figure 6, and detailed below.

Latency Threshold: Most latency algorithms in Sec-
tion VI rely on pre-configured latency thresholds 63° per delay
segment seg and priority P. For each segment, the downstream
switch handles latency computations. During reservation, it
verifies that the active worst-case latency d;f.g does not exceed
5;3” . This threshold is added to each stream’s accumulated
maximum latency ﬁj‘, which represents a traffic-independent
upper bound for the end-to-end latency of that stream which
remains valid even after future reservations. This accumulated
latency is later used to evaluate future stream reservations
and compute latency bounds further down the stream’s path
(cf. Equation 4 in Section VI-A). Notably, d5° is calculated
dynamically for admission control to measure resource con-
sumption, whereas the configured threshold 635° serves as the
absolute resource limit and is advertised to neighbors as a
guarantee. Modifying 5;;?‘5' post-hoc could invalidate existing
reservations.

In this work, thresholds are defined per priority P rather

than per traffic class C because a delay segment spans two
devices that may not support identical internal traffic classes.
Although the RAP draft [7, Sec.6.4.2.2] introduces a shared
neighbor-to-neighbor class called RAClass, we omit it here for
simplicity and use the Ethernet VLAN priority P instead.

Upstream Shaper: Computing tight bounds requires the
downstream switch to know the shaper configurations of the
upstream device. In Figure 6, Switch A informs Switch B that
port 1 uses the Credit-Based Shaper for classes 7 and 6, and
Strict Priority for classes 5 and 4 (classes 3-0 handle Best-
Effort traffic and are omitted here). Certain shapers require
additional parameter sharing: the Credit-Based Shaper requires
the idle slope for tight bounds (cf. Section VI-E and [5]),
while Cyclic Queuing and Forwarding requires matching cycle
timings (cf. Section VI-C).

Note that shaper configurations only need to be shared
between direct neighbors to let the downstream switch estimate
incoming burstiness. While the RAP draft supports this via RA
class templates [7, Annex D] in the RA Class Descriptor [7,
Sec. 6.4.2.2], it does not yet distribute specific shaper param-
eters.

B. Per-Stream Information

Calculating worst-case queuing latency requires bounding
the queue traffic volume. End devices must share stream
characteristics to estimate traffic volume along the path. This
information, as summarized in Table III and illustrated in
Figure 7, falls into four categories: stream identification,
Traffic Specification, accumulated latency, and upstream traffic
class.

Stream Identification: Streams must be uniquely iden-
tified during reservation and subsequent data forwarding.
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TA (Stream ID 18..01): TA (Stream ID 18..01): TA (Stream ID 18..01):

Priority: 7 Priority: 7 Priority: 7
Burst: 120B Burst: 1208 Burst: 120B
Rate: 175 kbit/s Rate: 175 kbit/s Rate: 175 kbit/s
AccMaxLatency: 500 ps AccMaxlLat.: 1.5ms AccMaxlat.: 2.2ms

LastTrafficClass: 7

O—r=t—14+—0

End Device X Switch A Switch B End Device Y

LastClass: 3 LastClass:

Fig. 7. Exemplary information flow during stream reservation: Talker An-
nounce (TA) from End Device X to End Device Y (not all info shown)

RAP uses a unique stream ID combining the sender’s MAC
address and a unique number. Because data plane Ethernet
headers lack a dedicated stream ID field, active packets are
matched using previously signaled header fields: destination
MAC address, VLAN ID, and VLAN priority code point.
Figure 7 simplifies this ID to 18..01. The assigned priority
P identifies the relevant delay threshold 6% during reservation
and maps to a local traffic class C for queue selection.

Traffic Specification: To estimate queue occupancy, the
Traffic Specification must bound the traffic volume over any
time interval. While the legacy SRP standard [166] used
frame counts within a class measurement interval, this fits
poorly with modern, token-bucket-based latency algorithms.
Translating between these models is possible, but it intro-
duces an overhead and reduces network efficiency. Thus,
RAP defaults to a token-bucket model, which is also adopted
here. Each stream 7 specifies a burst size b;, data rate r;,
and maximum/minimum frame lengths (¢7**, ¢™"). For any
duration At, the traffic volume w; of stream 7 is bounded
by [167]:

Here, r; is the long-term rate and b; is the maximum short-
term burst deviation from this rate. In Figure 7, only b;
and r; are shown. The ‘burst’ does not necessarily need to
arrive immediately in one piece. In graphical terms, it is
the maximum deviation of the cumulative traffic from the
linear function y(At) = r; - At. Note that b; > £, and
all parameters (b;, r;, £/*) must include layer-1 overhead —
typically 20 B for preamble, CRC, and inter-frame gap.
Accumulated Latency: The above Traffic Specification
only captures the behavior at the sender, but a stream’s traffic
characteristics can change as it encounters network delays.
To track this, reservation protocols carry the accumulated
maximum latency ﬁ;L and accumulated minimum latency L
to compute the effective burstiness inside the network (cf.
Equation 1). Each hop updates these fields before propagation:

L (Downstream) = L (Upstream) + S (2)
L; (Downstream) = L (Upstream) + €™ /R, (3)

Here, R*¢ is the physical link speed of the segment, £7"" is
the minimum frame size of stream 4, and 5f,§f is the local delay
threshold for priority P. The difference (£ — L) represents
the maximum latency jitter accumulated along the path.
Previous Delay Segment Link Speed: For the improved
Strict Priority latency bound in Section VI-B, additionally, the

ingress link speed RP™ of the link prv to the previous upstream

switch is required. This value is carried in the reservation data
and updated at each hop, using RP"" = oo for the first segment.
Note that the basic SP model does not require this parameter
(cf. Eq. 6).

Upstream Traffic Class: Because the downstream switch
calculates the upstream priority queuing delay, it must know
each stream’s upstream traffic class assignment C;”. Switches
do not always support all eight standard classes [161], and
priority-to-class mapping can vary across devices. Thus, reser-
vations should explicitly carry the upstream traffic class. Each
switch overrides this field with its local value for the next hop.
In Figure 7, Switch A (with limited class support) maps the
stream to class 3, while Switch B maps it to class 7. Switch B
must use Switch A’s actual class mapping rather than assuming
its own configuration during calculations.

C. Lessons learned

Legacy reservation protocols like SRP only convey limited
information, and although accumulated maximum latency al-
ready exists in SRP, it was not strictly enforced via admission
control. There was a selection of example latency formulas
in the standards [168, Sec. 6.5], but they lacked formal proof
and were shown to be inaccurate [5, 169]. This shows that
signaling must be based on a solid mathematical foundation.

Decentralized worst-case delay computation requires signal-
ing of local state parameters. Switches must know their direct
neighbors’ shaping configurations. For individual streams,
signaling must convey the original Traffic Specification and
the accumulated maximum latency on its path to calculate
the localized, effective traffic volume. Because the real, tight
accumulated latency would fluctuate frequently when reser-
vations change, a static, pre-configured maximum threshold
is propagated instead. Under shaper-to-shaper segments, the
downstream switch calculates the upstream queuing delay,
which means the upstream device must share its local priority-
to-class mappings. Tighter delay bounds can be achieved
by also leveraging the previous device’s ingress port speed,
though this is not yet supported by standard signaling proto-
cols.

VI. LATENCY BOUNDS

With the signaling information from Section V established,
all prerequisites for decentralized worst-case latency calcula-
tions are met. This section details the mathematical models
and provides pseudo-code implementations to evaluate the
worst-case latency of reserved traffic. Note that these models
focus on the transmission and queuing delays described in
Section IV-A. For propagation and processing delays, devices
are assumed to possess independent upper bounds derived
from their specific hardware configurations.

First, Section VI-A addresses the basic scenario of Strict
Priority transmission selection without shaping, deriving a
simple formula for practical implementation. Section VI-B
then refines this bound using the Network Calculus frame-
work [167, 170-172] by accounting for physical link speed
serialization. Specifically, frames arriving from the same up-
stream port cannot be received simultaneously. Next, Sec-
tion VI-C adapts the basic Strict Priority formula for Cyclic
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Upstream Switch

(a) Order of packets in the queue

Time Entering Queue

AccMaxLatency L7

Time at Sender
(End Device)

max. Latency
Jitter £4

(Upstream Switch) i

(b) Timing of packets at sender and when entering the queue

Fig. 8. Timings and delays of packets that can be in the priority queue at the same time

Queuing and Forwarding, while Section VI-D outlines the
latency analysis for Asynchronous Traffic Shaping proposed
by Specht and Samii [165]. Finally, Section VI-E adapts
the refined Strict Priority model to accommodate the unique
characteristics of the Credit-Based Shaper.

A. Strict Priority — Simple Bound

Under Strict Priority (SP) transmission selection, the shaper
queuing delay from Figure 4 is zero, meaning downstream
devices introduce no artificial delays. Consequently, the delay
of that segment is primarily caused by the priority queue of
the upstream switch within the same segment. To compute this
delay, the downstream switch needs to know the maximum
effective burstiness of all reserved streams when they enter
that priority queue.

While end devices declare their original burstiness in the
Traffic Specification, the effective burstiness can increase
further downstream due to accumulated latency jitter. In simple
terms, frames with lower latency travel ‘faster’ and catch up
to frames with higher latency, which travel ‘slower’. This can
cause packets that were originally sent separately to cluster in
downstream queues. The maximum data accumulation from
this effect can be bounded using the maximum latency jitter,
given by the difference between the accumulated maximum
and minimum latency fields.

Our prior work [78] used the same accumulated latency
fields under a more constrained Traffic Specification, based on
packet inter-arrival times. In contrast, the effective burstiness
bound formulated in this work is more generic and directly
applicable to standard token-bucket-shaped traffic.

Maximum Effective Burstiness: First, this paragraph an-
alyzes the maximum traffic volume that can arrive ‘instan-
taneously’ in the upstream switch’s priority queue, i.e., at a
rate exceeding the Traffic Specification rate r;. This burstiness
bound assumes that end-device transmissions conform to their
Traffic Specification, and that the worst-case latency of each
delay segment remains within its pre-configured threshold,
which is enforced via admission control during stream reser-
vation.

For any stream ¢ with Traffic Specification w; (Eq. 1),
the accumulated maximum latency E;’, and accumulated
minimum latency £; from the previous delay segment, the
maximum effective burst bﬁﬁ is bounded by:

b < wi (L —L7) =b;+71i- (L] = L7). (4)

Here, b:ﬂ represents the amount of bytes that can theoreti-
cally be enqueued simultaneously in the priority queue, after
shaping, as illustrated in Figure 8. This priority queue is
depicted in Figure 8a, where packets are ordered from earliest
arrival a to latest z. Furthermore, Figure 8b illustrates the
packet timings from both the sender’s and the priority queue’s
perspectives. Note that the time advances from right to left to
retain the order from the queue. Any packet sent after z cannot
contribute to b?f because its minimum latency would fall
below the AccMinLatency L; . Similarly, packets sent before a
cannot contribute to bfff because their latency would exceed the
AccMaxLatency Ej. Consequently, the relevant time interval
At for w;(At) in Equation 1 is defined by the difference
between these two accumulated latency fields. A comparable
property can be formally derived using the Network Calculus
framework, cf. [5, Eq.20].

Latency Bound for the Highest Traffic Class: From the
perspective of the highest traffic class C of the upstream
switch, the following observations can be made.

(1) During any busy period of class C, only a single lower-
class transmission can occur, which must begin before the
first higher-class packet arrives in the queue. Thereafter, the
higher-class queue is completely emptied before any lower-
class packet is transmitted again.

(2) If the maximum lower-class packet length is ¢ and
the segment link speed is R*%, this lower-class transmission
introduces a latency of £"* /R,

(3) During this lower-class transmission, at most bfﬁ bytes
arrive from any stream 7 € é, so their worst-case latency
becomes (37, ¢ b 4 pmax) /RS until now.

(4) While servicing these initial bursts, additional higher-
class packets may arrive with rate r;. These subsequent
packets do not experience higher latency because admission
control ensures that the link speed exceeds the aggregate
rate: ), 57 < R*. This allows the backlog to clear faster
than it accumulates. Furthermore, these packets do not delay
preceding packets as they are enqueued behind them.

In summary, for the highest traffic class C, the worst case
latency dscfg is bounded by:

e b+ £
Rseg
Latency Bound for Lower Traffic Classes: Consider any

observed priority P, whose delay bound is desired. Using
information from prior signaling, the downstream switch maps

(&)

seg
d <
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it to the upstream traffic class C = C3%. For any traffic class C
below the highest class, the analysis is extended as follows.

(5) Ignoring all higher-priority traffic classes H¢ yields the
same latency bound: (32, b + €7)/ R*%.

(6) Packets from bursts in higher classes H¢ are prioritized
over class C, adding an extra delay of >, . bl ) Rz,

(7) Unlike same- or lower-priority packets, new packets
from higher classes H¢ take precedence over C even if they
arrive later. This increases the worst-case delay of class C
based on the higher streams’ data rates r;. During any interval
At, the workload increases by At - r;. Due to admission
control, the relevant time interval At will never exceed the
delay threshold %%, so the maximum interference from any
higher stream ¢ is bounded by %% - ;. Note that this bound
holds when the actual worst-case delay d35° remains below §%,
a condition verified for every reservation during admission
control.

In summary, for any priority P and its corresponding
upstream traffic class C = Cj, the worst case latency d°
is bounded by:

Rseg ( )

Here, C is the set of streams in the upstream traffic class of
the observed priority P, H¢ represents higher-priority streams,
bjﬂ is the effective burstiness of stream ¢ (Eq.4), 6%° is the
pre-configured latency threshold of the delay segment, £ is
the maximum length of any lower-priority packet, and R is
the egress link speed.

Pseudo Code Implementation: Implementing Equation 6
is relatively straightforward, provided the downstream and
upstream traffic classes and their associated delay segments
are not confused. For the lower-priority packet length, a
full Maximum Transmission Unit (MTU) must typically be
assumed to account for unknown Best-Effort traffic. Here,
" = 1542 Bytes is used, comprising a layer-2 MTU of
1522 Bytes and 20 Bytes of layer-1 overhead (preamble, CRC,
and inter-frame gap).

seg
% <

Algorithm 1: max_interf

Input: Stream i, Priority P, Delay Segment seg
1 if C” == C}) then // same class
2 | return w;(L} — L)
3 else if C;” > C3) then
a | return w;(L} — L7 + 65%)
5 else
6 | return 0

// higher class

// lower class

First, Algorithm 1 computes the individual contribution
of every stream to the latency of the observed priority P
across three cases. If stream ¢ and priority P share the same
class, the algorithm returns the effective burstiness bfﬁ from
Equation 4. If the stream’s class is higher, it incorporates the
extra interference 655° - r; by adding 65° to the interval At in
w;(At). If the class is lower, it returns zero, as lower-class
interference is handled separately in Algorithm 2. Note that

all traffic classes C (including the target priority’s class C77

refer to the upstream switch. Additionally, the accumulated
latencies L';r and £ denote the values prior to being updated
via Equations 2 and 3.

Algorithm 2: wc_delay_sp_simple

Input: Priority P, Delay Segment seg, Streams S°8,
Additional Stream s
1 interf < £™*
2 for Stream i € §*¢ U {s} do
3 L inter f < inter f + max_interf(i,P)

4 return inter f /R

Next, Algorithm 2 evaluates the numerator of Equation 6 by
summing max_interf (¢, P) from Algorithm 1 for all streams
in the segment. Lower class interference ¢"* is only added
once. This total interference is then divided by link speed R**¢
to complete Equation 6. This process evaluates the existing
reservations S*¢ in addition to a candidate stream s awaiting
admission control.

This simple implementation highlights a key benefit of the
basic Strict Priority bound: it supports incremental computa-
tion. Because subsequent stream reservations do not alter ¢
or max_interf(i,P) for existing streams, implementations
can cache the latency bounds of S** and perform only
a single addition for a new candidate stream s. This can
significantly reduce overhead on low-power switch CPUs, but
this optimization is omitted in this paper for simplicity. In the
following section, a tighter bound is suggested at the expense
of a higher computation time.

B. Strict Priority — Tighter Bound

The latency bound in Equation 6 simplifies the computation
by assuming that all bursts from all streams arrive simultane-
ously. In practice, without shaping, this is only possible if ev-
ery burst originates from a different ingress port. The opposite
extreme is a system with one ingress port and one egress port
operating at identical link speeds. Here, the maximum latency
remains £"* / R*8 regardless of the stream count or burstiness,
because the egress queue drains at the same rate that incoming
data arrives. This section presents a generalized latency bound
that accounts for this data serialization at ingress ports across
all intermediate configurations.

This is achieved by analyzing the maximum arriving bits
and the minimum serviced bits over time as separate cumula-
tive functions, where the worst-case latency is the maximum
difference between them. This approach is commonly formal-
ized using the Network Calculus framework. To keep this pa-
per self-contained, the relevant Network Calculus theorems are
only stated briefly. For comprehensive proofs and derivations,
see [167, 170-172].

In short, the core idea is to model the priority queue’s
arrival and service processes using piecewise linear curves.
The maximum horizontal distance between these curves yields
the worst-case delay. The closer these curves represent the
real system, the tighter the delay bound becomes. The ar-
rival curves are constructed from the Traffic Specifications
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Fig. 9. Piecewise linear arrival curves for token bucket traffic models

(Section V-B) while accounting for stream distribution across
physical ports. The service curves are modeled as rate-latency
curves, where the initial latency captures the waiting time
imposed by higher-priority traffic.

Arrival Curves: Let A be the arrival process of one or
more streams at a port, where A(t1,t2) = A(tz2) — A(ty)
denotes the data volume arriving in the interval (¢y,t3]. This
process is upper-bounded by an arrival curve a(At) = «(ts —
t1) if, for all 0 < t; < to:

A(tl,tg) S Oé(tg — tl). (7)

For a token-bucket-shaped stream ¢ with burst b; and rate r;,
the baseline arrival curve at the source is a; (At) = w;(At) =
b; + r; - At for At > 0. However, at any downstream switch,
the effective burstiness increases to bfﬁ (Eq. 4). Furthermore,
the instantaneous arrival of data is bounded by the maximum
length of a single frame ¢]**. The remainder of a burst will
arrive at the link speed RP™ of the upstream segment prv.
Thus, the arrival curve for stream ¢ in segment seg is modeled
as:

on(At) = e 4 R At i At <y, )
! B b§ﬂ+ r; - At else.

Here, ¢, is the time when the arrival rate transitions from line
rate RP"™ to the stream rate r; (Fig. 9a). It is determined by
the intersection of two simpler curves. Both «; 1 (At) = b;ﬁ +
r; - At and a; o(At) = £ 4+ RP™ - At are valid upper bounds
individually, where ;1 is the limit of produced data at the
source, and «; o is the limit of transmission speed on the link.
Their minimum is also an upper bound, and the intersection
point ¢, of these functions is:

O 7y -ty = 1 Rty ©)
bl — pmax

For the first delay segment where the upstream device is the
traffic source, R’ = oo can be assumed, simplifying the
model to o 1 (At) = b7 +r; - At.

For the full arrival curve of the entire delay segment seg,
the superposition property of Network Calculus could be used,
which would basically sum up all individual stream arrival
curves. However, this would overestimate the immediate ar-
rivals as icc Ui, i.e., the sum of all streams’ frame lengths.
In reality, simultaneous frame arrivals are physically limited
by the number of ingress ports. To obtain a tighter bound,
one aggregate arrival curve per ingress port is constructed
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(Fig. 9b), and the full arrival curve will be the sum of those
curves instead of the individual stream curves.

Let S = SP represent all streams of class C arriving
from the previous segment prv. Because prv represents a
single port, immediate data arrival is limited to a single
maximum frame length, max, g £, Thereafter, data can
arrive at line rate RP™ for a duration of ¢;, after which
the upstream queue is empty and the arrival rate drops to
the aggregate source rate ), _s7;. Similarly to before, the

aggregate arrival curve ag¢ is the minimum of two curves.
First, ag (At) = > .cs (bfﬁ'—i— ;- At) is the upper bound
of cumulative data produced by all traffic sources. Second,
ag o(At) = max, g 7 + R’ - At is the limit enforced by
the ingress link speed. These two curves intersect at:

Zieé biﬁ — max; g (7" 11
b~ v :
Rer — Eieé‘ Ti

The resulting piecewise linear curve (Fig. 9b) is defined by:

., pmax AN
aS(At):{maX 0 4+ R t

ic Sﬁ‘ if At <t;,
€
Doics b+ cemi - At else.
The total arrival curve oy, ® for segment seg and class C is the
sum of the aggregate arrival curves across all n active ingress
ports prv,.:

t

(12)

agf(At) = Y ag (A1) (13)

1<k<n
Here, the sum iterates over all n ingress ports prv,, (cf. Fig. 5)
using stream sets S, = Sh"*. For strict priority systems, the
upstream switch’s priority queue delay is analyzed. This re-
quires all streams from | J,,,, S¢" across all previous segments
prv. These streams do not necessarily traverse the observed
segment seg downstream, they can continue on different delay
segments, but they share the same upstream priority queue.

Service Curves: Now, after the arrival process is deter-
mined, a formal model for worst-case service is required, given
by a minimum cumulative service curve. As before, it is based
on the signaling information from Section V. The general
Network Calculus methodologies are detailed in [167, 171,
172], and briefly presented in the following.

Let A be the arrival process of one or more streams at a
service unit, and A(tq,t2) = A(t2) — A(t1) be the amount of
data that arrives from that process in the time interval (1, t3].
Further, let A* be the departure process of that service unit,
and A*(t1,t2) = A*(t2) — A*(t1) be the amount of data
that departs from that process in the time interval (¢1,t2]. The
service unit has a service curve S(At) = B(t2 —tq) if, for all
0 < t1 < to, the following equation holds:

Let A and A* be the cumulative arrival and departure
processes at a service unit, and let (¢1, t2] be an arbitrary time
interval. During that time, A(t2) — A(t1) bytes arrived at the
service unit, and A*(t3) — A*(¢1) bytes were serviced and
departed. The unit offers a service curve S(At) = B(ta — t1)
if, for all 0 < ¢; < to:

A*(tz) Z t1iI<1ft‘2 {A(fl)—i-ﬁ(tQ —tl)}. (14)

Less formally, Equation 14 guarantees that at least 5(At) bits
are serviced during any backlogged interval At.



A. GRIGORIJEW et al.:
BZ? in bits B in bits

S

)
)

<

> time At > time At

emax)Rseg

L peff
omax 4 pef)

se,
R%¢9 — 71y,

(a) Highest class service curve (b) General service curve

Fig. 10. Service curves for Strict Priority and Token Bucket traffic model

A typical, linear service model is the rate-latency service
curve 8;* with a constant rate Ry, * and an initial latency 7,5

BES(AL) = RES - (At — 75%). (15)

To capture the physical service of link seg to class C, the two
parameters R;* and 7,* must be defined. These parameters
are influenced by higher-priority traffic arrivals, which reduce
lower-class service guarantees. Note that service curves typi-
cally cannot become negative. Without loss of generality, terms
like max(0, ...) are omitted here for simplicity, with no impact
on their applicability.

Service Curve for the Highest Traffic Class: For the
highest class C, the service rate Rgg is the full link speed R*%,
as its queue Qs drains without interruption once it is selected
for transmission. However, if a lower-class packet just started
its own transmission before Qs contained any packets, it can
delay the start of C up to the length of a maximum transmission
unit £**. The highest-class service curve is therefore given by:

max
Rseg

This simple linear function is illustrated in Figure 10a.
Service Curve for Lower Traffic Classes: For a general
traffic class C, let H¢ be the set of higher-class streams.
Packets from class C must wait until any ongoing transmission
finishes and all queues from higher classes H¢ are empty.
Based on Equation 4, higher-class queues hold at most b;_'f[c =
Zie%c bfﬁ bytes. In the worst case, queue C waits for these
omex 4 b;gc bytes to transmit at rate R*. Meanwhile, new
higher-class data arrives at rate ry,, = Zie?—tc r;, which must
also be served first. Thus, higher-class queues empty at an
effective rate of R*4 — ry,. Applying this rate to both the

service rate R;* and the delay term 75 yields:

B (AL) = RIS - (At — 75%)

(). (“

B (AL) = R (At - ) = R - At — 0", (16)

a7)

o+ Ve (18)
Res — gy |

Equation 18 is further illustrated in Figure 10b.

Latency Bound: The Network Calculus delay theorem
states that the worst-case delay for class C on segment seg is
bounded by the maximum horizontal deviation h between o

and 3%:

dpf < h(ap®, B5*) 19)
=sup {inf{7 > 0: ag®(s) < BZ*(s+7)}}. (20)

s>0

Practically, this bound can be found by comparing slopes, cf.

Figure 11. The piecewise arrival curve o;® has a continuously
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decreasing slope. Consider sweeping an imaginary horizontal
line from the bottom to the top of Figure 11. The distance
between o and ;° increases as long as the slope of a;*
is higher than the service rate R;*. Assuming the segment is
not overprovisioned, the arrival slope eventually drops below
or meets Rsceg , after which the horizontal distance no longer
increases. Thus, the maximum delay occurs where the arrival
slope equals R;®. This peak is marked by ¢ on the x-axis and
yn = o (t) on the y-axis. The corresponding service curve
point is ¢, where 35%(t) = yj holds. The maximum delay
is then given by their horizontal difference d* < -

In this work, a closed form description of the maximum
horizontal distance is omitted. Instead, the pseudo code im-
plementation obtains the delay bound numerically by looping
through the individual pieces of «/;* as explained above, until
the slope is smaller or equal to R

Pseudo Code Implementation: First, data structures for
the arrival and service curves are required. The arrival
curve o g(At) represents streams from a single ingress seg-
ment prv and a single class C. Based on Equation 12
and Figure 9b, it is implemented as a tuple: acg =
(burst, slopel , slope2, bendpos). Here, burst = max, g (7',
slopel = RP", and slope2 = ). _s7;. The two slopes
transition at bendpos = t;, as defined in Equation 11. The

function value is computed as follows:

ag(At) = {

Note that the burst in Equation 21 is based on immediately
arriving traffic from the perspective of the ingress port. It is
given by the frame lengths ¢7"**, and not by the burstiness b; of
streams, which is incorporated in ¢; (Eq. 11). The slope of ag
at any point At is a simple case statement:

if At <t;

burst + slopel - At b 21

ag(ty) + slope2 - (At — ;) else.

slopel if At < t;,

(22)
slope2 else.

slopeg(At) = {

Similarly, the service curve 5;,%(At) from Equation 18 is

represented by sc;® = (slope, offset), where slope = Rz* and

offset = 7,%. Its value at time At is sc;®(At) = max(0, slope-
(At — offset)). More importantly, its inverse is give by:

findt;*(y) = y/slope + offset. (23)

The full arrival curve, as defined in Equation 13, is repre-
sented by the list AC* = lacg 1, acg 5, - .., acg ], where the
k-th tuple represents streams from the k-th ingress port: Sg”’k.
The downstream switch must know this stream-to-port map-
ping and the corresponding link speeds R’ = acg ; .slopel,
which must be provided during stream reservation, cf. Ta-
ble III.
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Given the list of tuples AC;*, the function slope*(At) =
> 1<k<n Slopeg (At) returns the aggregate slope at point
At. Its inverse, find_slopey®(s), returns the earliest time
At where the aggregate slope is at most s. Algorithm 3
implements this by looping through a sorted list of bending
positions until the aggregate slope falls below s.

Algorithm 3: find_slope

Input: Class C, Delay Segment seg, Slope s, List of
arrival curve tuples AC

// slope tuples: (slope, bendpos)
SL <+ [] // empty list of tuples
// SL = [(sl,bl), (s2,b2), ...]

// initialize first tuple at t=0
SL.append ((}_ . c ac ac.slopel,0))
for ac € AC do
bendpos < ac.bendpos
slope + slopep®(bp) // Y. slopes (bp)
S L.append((slope, bendpos))

N-T-- RN B Y L

10 sort(SL,key = bendpos)

ni<0

12 while SL[i].slope > s do // search for s
13 14 1+1

14 L if i« > |SL| then return —1 // error

15 return SL[i].bendpos

Ultimately, using arrival curves ACZ® and service curve
s¢i, the two points t¢ and ¢, via findt must be found, cf.
Figure 11. Here, ¢} is given when the arrival rate falls below
the service rate and can be obtained via find_slope. Then,
t9 can be found via £ indt;*(). Finally, the delay bound is
dsf < t9 — ¢, as implemented in Algorithm 4.

Algorithm 4: wc_delay_sp

Input: Priority P, Delay Segment seg, List of streams

per ingress port LS = [S1,...,S,]
1C <—C;‘,p // upstream traffic class
2 AC «+ ] // empty list
3 for S, € LS do
4 ac + (0,0,0,0) // prepare tuple
5 ac.burst <= max; g, e
6 ac.slopel < RS+ // RPTY
7 ac.slope2 <= >, s Ti
8 ac.bendpos < t; // Eq.11
9 AC.append(ac)
10 sc < (0,0) // slope, offset

1 sc.slope < R — 37, o 1

12 sc.offset <

[ s
13 ¢ <+ find_slope,*(sc.slope, AC)
seg

14 d5F < £indt (g (1)) — to
15 return dzf

In summary, the delay bound in Algorithm 4 is tighter than
the simple bound in Algorithm 2, but it is more complex,

slower to compute, and requires more information from the
reservation process, cf. Table III. The comparison is picked
up in Section VII in more detail.

C. Cyclic Queuing and Forwarding

Cyclic Queuing and Forwarding (CQF) [161, Annex T] is
the first shaper addressed in this work. This section outlines
the modifications introduced by CQF, and then addresses how
the latency model of SP can be adapted to that.

Standardization-wise, CQF is not a standalone shaper but
a specific configuration of Time-Aware Shaping (TAS) and
Per-Stream Filtering and Policing (PSFP), as illustrated in
Figure 12. For detailed derivations of these TSN mechanisms,
readers are referred to the standard [161] and comprehensive
surveys [8]. Briefly, cyclic queuing periodically alternates
traffic of the same priority between multiple queues. Incoming
streams are directed to one queue by PSFP, while another
queue is selected by TAS for transmission. Both gating
mechanisms require globally synchronized time, and identical
configurations are deployed on every network device. An
exemplary configuration is shown in Figure 13 and analyzed
below.

The primary objective is to ensure that every hop-to-hop
transmission takes exactly 7" time units, even under light traffic
load. To achieve this, the gating mechanisms of PSFP and
TAS are operated out-of-phase. When PSFP selects an Internal
Priority Value (IPV) of 7, the corresponding transmission gate
is closed by TAS, while the gate for 6 is opened. This state
is illustrated in Figure 12. After a fixed slot duration of T,
PSFP assigns an IPV of 6 to incoming packets of the same
stream, while TAS closes gate 6 and opens gate 7 (depicted
in Figure 13). Consequently, as soon as TAS opens a gate on
Switch A, PSFP on Switch B classifies these frames to its
closed queue. Because this closed gate is opened exactly T’
time units after the upstream gate on Switch A, each hop
between shapers takes exactly 7' time units. Thus, the latency
threshold § (cf. Sec. V-A) must be configured as ¢ < T —d,y;sc,
where d,,;5c accounts for synchronization inaccuracies. If the
admission control mechanism ensures that the worst-case
delay d remains below J, the queue is guaranteed to be empty
at the end of window 7'. Hence, a downstream shaper considers
a frame eligible for transmission exactly 7' time units after
the upstream shaper did. Leveraging this property is a key
benefit of the shaper-to-shaper delay segments presented in
Section IV-B.

Latency Analysis: Adapting the simple SP latency model
from Section VI-A to CQF involves three key modifications.

(i) The number of usable traffic classes is halved, because
each external class requires two internal queues. Without
loss of generality, the evaluation in Section VII assumes
eight available traffic classes, where classes 4 to 7 are allo-
cated to reserved traffic. Under CQF, classes are consolidated
to the higher priorities, i.e., Poor(7) = 7,Pcor(6) =
7,Pcor(5) = 5,Pcor(4) = 5. This consolidation increases
traffic interference in high-priority classes, which raises their
worst-case delay. Fore a more sophisticated evaluation, priority
mappings and delay bounds could be optimized specifically for
CQF.



A. GRIGORIJEW et al.: DECENTRALIZED LATENCY MODELS AND INFORMATION FLOW FOR TSN SHAPERS 13

Switch A

Switch B

Fig. 12. Snapshot of a Cyclic Queuing and Forwarding configuration in this work’s delay model (first time slot from Figure 13)

PSFP Gate Control for Priority 7

— ipv=7 [ pv=6 | ipv=7 | IPVv=6 |} Timet
e 5|
Duration T
TAS Configuration
IPV=7: —| closed | open | closed | open |—>Timet
IPV=6: —| open I closed l open [ closed ]% Time t

Fig. 13. Example configuration of PSFP and TAS gates for one external
priority in CQF with Internal Priority Values (IPVs) 6 and 7

(i) In the shaper-to-shaper delay model, the minimum
latency becomes equal to the maximum latency. Equation 3
for £ is thus updated to match £7:

EijQ 7 (Downstream) = L’ICQ r(Upstream) + Tp,, (24)

L cor(Downstream) = L; oo (Upstream) + Tp,.  (25)

Consequently, in Equation 4, the effective burst bgﬂ is nearly
identical to the original burst b;, depending solely on the
difference between £~ and L7 at the first hop.

(iii)) The SP model assumes that backlog is cleared faster
than new traffic accumulates. This assumption does not hold
for CQF, where the gating mechanism effectively stops trans-
missions until queues alternate. Consequently, extra traffic can
accumulate in the queue of priority P for up to §55° time units.
This additional volume is calculated similarly to the higher-
priority case as 05° - ;.

Algorithm 5: max_interf_cqf

Input: Stream i, Priority P,, Delay Segment seg
1P PC'QF (Pnrig)
2 if C;” > C} then
3 | return w; (L} — L7 + 65F)
4 else
5 | return 0

// higher class

// lower class

Accounting for these adjustments, Algorithm 5 details the
adaptation of the original max_interf (Algorithm 1) to the
CQF priority mapping. The remainder of the SP latency
analysis from Section VI-A remains unchanged. Detailed
formulas and pseudo-codes are omitted. Note that the simple
SP formula must be used for CQF, as gating negates the
serialization gains modeled by the improved formula. The
enhancements from Section VI-B are inapplicable here, as the
final TAS stage in the segment would require a very different
service curve. Furthermore, periodic streams can be penalized
by the token bucket traffic model. For instance, a periodic

stream transmitting 120 bytes packets every 2ms would be
mapped to a burst of 120bytes and a rate of 480kbit/s.
If the CQF window is configured to be 2ms as well, in
theory, there should only be one packet per CQF window.
However, Algorithm 5 yields at least 240 bytes of worst-case
interference. This is a valid assumption under the token bucket
model, which permits a second packet of, e.g., 110 bytes after
only 1.9 ms, before the queues alternate. For such scenarios,
incorporating specialized traffic models for periodic streams
would be highly beneficial.

D. Asynchronous Traffic Shaping

The shift of delay segments described in Section IV-B was
first proposed in the latency analysis of the Asynchronous
Traffic Shaper (ATS) [173] in [165]. This section briefly
outlines the changes introduced by ATS, and presents its
latency analysis results. Further details are available in [165].

ATS enforces the token-bucket constraint from Equation 1
using per-stream shaping. Within each switch, each stream 7
is assigned a virtual token bucket with capacity b; and token
generation rate r;. A frame f; of size £y can only be
transmitted if /;, tokens can be subtracted from the bucket
without going negative. Every shaper in this work is assumed
to be configured to re-enforce the end device’s original burst
and rate constraints. Individual shaping combined with per-
class queuing can cause head-of-line blocking delays, there-
fore ATS mitigates this by applying three Queue Allocation
Rules to separate traffic into virtual queues before the shaper.
Specifically, frames are isolated into separate virtual queues if
they have different ingress port, egress port, or traffic class on
either the upstream or downstream switch.

Latency Analysis: Under these constraints, the worst-case
latency with ATS is bounded by:

Diene Vit Diechi — Op" + O™

T S

This formulation simplifies the original equation in [165,
Eq.21]. Unlike the simple SP model in Equation 6, the ATS
delay bound uses the original burstiness from the end devices’
Traffic Specification. Furthermore, ATS avoids the need for a
pre-configured latency threshold &%¢, though its queuing rules
require more complex hardware implementations. Finally, the
serialization-based tighter bounds from Section VI-B are not
applicable to ATS, as a limited amount of head-of-line block-
ing can still occur within the virtual queues.

Pseudo Code: Because this latency model is independent
of accumulated latencies (£, L") and latency thresholds
(6%, its implementation is simpler than Algorithms 1 and 2.
The corresponding logic is detailed in Algorithm 6. The

min
673
Rseg '

de < (26)
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Algorithm 6: wc_delay_ats

Input: Priority P, Streams S$*, Additional Stream s
1 inter f < £m*
2 Ty 0
3 (in ¢ gmax
4 for Stream i € §*¢ U {s} do
5 | if C;” ==CF then
inter f < interf + b;
L 258" — min(CF", 1)
s | elseif C;” > C} then
9 inter f < interf + b;
10 L THe <~ THe T 14

6
7

11 return (inter f — (") /(R — rqy, ) + 8" | RS

implementation uses a single loop over all reserved streams,
including the new reservation candidate, to update the total
interfering burst (interf), the sum of higher-priority rates
(r14.), and the minimum frame lengths of the target priority
(K%”’). These computed metrics are then used to evaluate and
return the latency bound from Equation 26.

E. Credit-Based Shaping

Predating the Asynchronous Traffic Shaper, the Credit-
Based Shaper (CBS) [161, Sec.8.6.8.2] was originally de-
signed to limit egress traffic to provide solid mathematical
foundations for worst-case latency analysis. However, the
latency model proposed in the 802.1BA profile [168, Sec. 6.5]
was proven inaccurate [5, 169]. Because CBS is a class-based
shaper, multiple streams are shaped as an aggregate by a single
instance. This aggregation introduces latency jitter despite
shaping, which leads to an increased effective burstiness as
described in Section VI-A.

For each port and traffic class, CBS manages a credit
value and a configured rate called the idle_slope. Frame
transmission is only permitted when the credit value of that
class is non-negative. This credit value increases over time
with the idle_slope. During active transmission of a class C
frame, the credit decreases at rate R*, yielding an effective
decrease rate of R**¢—idle_slope. Although credits can become
positive, the value resets to zero if a new frame arrives at
an empty queue, preventing long-term credit accumulation.
Consequently, positive credits only build up while the queue
is non-empty. This behavior resembles the token-bucket model
in ATS, with two exceptions: (i) shaping applies to the entire
traffic class rather than per-stream, and (ii) the credit value
is not upper bounded directly by the shaper parameters, but
indirectly by the time that the queue can be non-empty and
idle at the same time, due to higher-priority traffic.

Conformance with Delay Segment Definition: The CBS
is a unique case in this work. The delay segment definition in
Section IV-B requires strict separation between shaping and
priority transmission selection. This separation is straightfor-
ward for ATS and CQF, and it benefits their analysis. However,
it is challenging for CBS because its credit reset behavior
depends on whether other frames of the same class remain

Strict Priority (SP)

! L | T =] r—— " |
oL ex [ i ! 1 i

[ g g Y S,

Strict Priority (SP)

v 4

l‘S[Z”‘V Rse¢

Fig. 14. Comparison of effective delay segments in SP and CBS

as in bits l;zfg in bits

> time At

> time At

ts tp

(a) CBS arrival curve for S = 8%

(b) CBS service curve for class C

Fig. 15. Adjusted arrival and service curves for CBS

in the queue. Thus, the shaper state is directly influenced by
priority transmission selection.

As the shaper state changes continuously during transmis-
sion, the shaping step from Figure 4 is only completed after
a frame is fully transmitted. The priority queuing step is
empty, similar to the empty shaping step in the SP mechanism.
This relationship is shown in Figure 14, along with the link
speeds R{Psesm1t and idle_slopes isly™ "™ Under CBS,
the downstream switch calculates its own priority queuing
delay within the latency model, similar to the behavior of
most delay models in literature. Co-existence of CBS with
other shapers therefore requires careful handling of transitions
between these distinct delay models. This integration challenge
is discussed in Section VIII. Here, it is assumed that the
upstream switch also employs CBS and has already considered
its own queuing delay accordingly.

Latency Analysis: The latency analysis of CBS adapts the
improved Network Calculus formula for SP from Section VI-B
with three main modifications. (i) The delay segment incorpo-
rates the queuing delay of the downstream switch rather than
the upstream switch. As a consequence, the transmission queue
of a single egress port is shared by several delay segments seg
from different ingress ports. (ii) The piecewise arrival curve of
SP (Fig.9) is adapted to include a segment corresponding to
the CBS idle_slope isl?”, which can reduce calculated delays
due to restricted traffic arrival. (iii) The rate-latency service
curve of SP (Fig.10) is adapted to the reduced rate of the
idle_slope isl;*®, which typically increases calculated delays
as the service rate decreases.

The resulting CBS curves are summarized in Figure 15 and
detailed below.

For the arrival curve, the model from Figure 9b is valid
but can be refined using CBS bandwidth limits, as shown in
Figure 15a. Class C transmits at line rate R*¢ only while its
credit is positive. Thereafter, even if the accumulated burst
Zi cd biﬂ is not depleted, the transmission rate is constrained
by the upstream device’s idle slope isl;®. If this idle slope
exceeds the aggregate stream rate ) . g 7y, the rate drops to
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that aggregate rate at the moment ¢;, just like in the SP model.
The arrival curve is modeled as the infimum of three upper
bounds:

ag,(At) = max 0 + R* - At, (27)
’ i€S

ago(At) = mazerg” +islg” - A, (28)

ag (M) =) b+ ri - At (29)

ieS ieS
These curves intersect at the points ¢ and ¢;, as indicated in
Figure 15a. The intersection points are given by:

t r — 1IMax 0 i d (30)
ci ) prv )
Rseg _ ZSlC

eff prv
t; = max <tér, Zleirbf ~_mareTe > :
isle” = g Ti

Here, the term maxzcry® represents the maximum positive
credit for class C on segment seg. Its computation is revisited
below, especially in Equation 33. Note that, if mazcrg® <
max, ¢ £ holds, then t5. = 0 is assumed, but ag(At) is
always at least equal to max; g ¢ for every non-negative ¢.
This results in the following curve ag for the streams of a
single ingress port S = SB™:

maxcr’é

€Y

5 pmax |

ics b R . At
mazerl” 4+ isll” - At

ZZGS i "l_zesrl At
(32)

As before, the full arrival curve o;* is the sum of individual
ingress arrival curves ag, cf. Equation 13.

The service curve follows the same rate-latency model.
As shown in Figure 15b, the service rate R;* matches the
idle_slope isl;® of the CBS. The shaper only allows to exceed
this rate temporarily, when positive credit has accumulated.
In this model, these positive credit phases are omitted, as
these high-rate phases can be interrupted by various events.
As before, the offset of the service curve can be obtained in
two steps.

First, the offset TéEg for the highest class C is bounded by one
MTU-sized lower-priority packet, identical to the SP analysis:
Téeg (max /| Rt For lower classes C, the offset depends on
the maximum duration during which higher classes H¢ can
continuously transmit. The adjacent higher class C + 1 accumu-
lates credit for at most 75%, time, reaching up to 75%, -islz%
credits. These credits are consumed during transmissions at
rate R™" — isl;* ., but they can be interrupted by additional
higher class packets at rate r3,.,, = Zie?—tcﬂ ;. At zero
credit, one additional frame up to size (z{", may complete
transmission. Together, this results in the following offset 7,*:

max. if 0 § At § térv
if to < At <t;,

if t; < At.

Ozs(At) =

seg seg seg
mawcrc =175 isl; (33)
seg max
Tseg seg ma'xcrc-l-l + £C+1 (34)
C Te+1 t_ ;o]%8 '
R —islot ) — 3o,  R™

Pseudo Code: The CBS model is implemented based
on the improved SP pseudo-code. Arrival curves ag for
different ingress ports are represented by the tuple: acg =

(burst, slopel , slope2, slope3, bendposl, bendpos2). The ser-
vice curve 35¥ uses the same representation as before: sc;* =
(slope, offset). Algorithm 7 maps this logic to pseudo-code. As
input, it takes a list of streams which belong to class C = C;’,”W”,
grouped by ingress port at the downstream switch. If two
streams were mapped to different traffic classes by upstream,
they must be in separate groups Sz,Sy, too. Although they
cannot arrive simultaneously from the same port, they have
different ingress idle slopes, which cannot easily be combined.

Algorithm 7: wc_delay_cbs

Input: Priority P, Delay Segment seg, List of streams

per ingress port LSY* = [S1,...,S,]
1 CeC;’,"W" // downstream traffic class

2 AC «+ ]
3for$‘k€LSd0
4 Ck%C;‘f

// empty list

5 ac + (0,0,0,0,0,0) // prepare tuple
6 | achurst< > s o

7 ac.slopel < R**

8 ac.slope2 +— zsls’“ v // idle slope

9 ac.slope3 Zzesk

10 ac.bendposl < ta. // Eg. 30

11 ac.bendpos2 < t; // Eq. 31

12 AC.append(ac)

// highest class
// initial offset
// recursive function

BeceC
14 T, < 0" RS
15 while ¢ > C do

16 c+—c—1
“’g seg max

“islyyq

seg c+1 c+1
17 1+
Rt — sl — 1y,  R™
18 sc < (0,0) // slope, offset

19 sc.slope < isl;*

20 sc.offset < ¢

21 1 < find_slope_cbsy*(sc.slope, AC)
2 dpf f:lndtffg( agd(ty)) —ty

23 return dy’

Algorithm 7 is similar to the previous Algorithm 4, but
it features a larger arrival curve setup. Additionally, the
service curve calculation (lines 13-20) is now recursive be-
cause 7. depends on 7.y;. The final step uses the identical
inverse function findt;*(y) = y/slope + of fset, while
find_slope_cbs;® extends Algorithm 3 by processing two
bending positions per arrival curve, so the contents of the for-
loop (lines 7-9) must be done for both of them.

F. Lessons learned

In simplified terms, worst-case delay computation for SP,
CQF, ATS and CBS follows the same pattern: using Traffic
Specifications and accumulated latencies to get an upper bound
for the workload in the system, and using the link speed or
shaper rate to calculate the service time for that workload. This
section provided formal proofs for worst-case delays with all
four shapers in decentralized architectures. For SP and CBS,
additional Network Calculus models were derived that provide
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TABLE IV
OVERVIEW OF KPIS AND EVALUATION SCENARIOS

KPI  Scope Description
|SP|  priority Number of accepted streams
7‘;) priority Sum of data rates of accepted streams

bP priority
d;;g prio., link

Sum of bursts of accepted streams
Latency bound for priority 7P and segment seg

L:’ stream Accumulated maximum latency of stream ¢
LiA stream Jitter: difference between max and min latency
biﬁ stream Effective burstiness (at the receiver device)
teomp  total Computation time for entire scenario
Scenario KPIs

preconf: fixed delay thresholds |Sf [, rf, bap, d;ig

L L2, 67 teomp

autoconf: accepting all streams 5

single switch parameter study d‘;gg

tighter bounds at the expense of more required information and
more complex computation. They benefit from the serialization
effect: additional workload cannot appear instantaneously, it is
received over time, while the previous workload can already
be serviced. To bridge the gap between formal theory and
applicability, pseudo code implementations are suggested for
each discussed model.

Using Network Calculus theorems like leftover service or
output characterization [170, Sec. 2.3] directly with the service
curves is avoided here, as that would require frequent re-
calculations when streams change anywhere in the network.
The accumulated maximum latency is used with the Traffic
Specification to construct local arrival curves instead.

VII. EVALUATION

This section presents a comparison of the five different
latency models. A summary of the evaluated Key Performance
Indicators (KPIs) and scenario parameters is provided in
Table IV. The KPIs used to quantify model performance in
practice are explained in Section VII-A. The network topolo-
gies used for the evaluations are detailed in Section VII-B.
The testing methodology and results are then presented for
three distinct scenarios in Sections VII-C, VII-D, and VII-E:
(VII-C) a pre-configured scenario with fixed delay thresh-
olds where stream acceptance is analyzed, (VII-D) an auto-
configured scenario accepting all streams to evaluate end-to-
end guarantees, and (VII-E) a single-switch parameter study
observing individual parameter effects. These scenarios are
also summarized in Table IV, and their implementation is
available on GitHub?. Finally, a summary and shaper selection
recommendations are provided in Section VII-F.

A. KPIs

Resource reservation for deterministic networking is fun-
damentally an admission control process, where streams re-
questing allocation in high-priority queues are either accepted
or rejected along their path. Consequently, the most direct
performance indicator is the number of successfully admitted
stream reservations |S”| in a given scenario. This metric

Zhttps://github.com/Isinfo3/tsn-decentralized- network-planning

(c) Big
Fig. 16. Randomly sampled industrial scenarios; link colors indicate relative
bandwidth (100M-1G in small, 100M-10G in medium and big topologies)

(a) Small (b) Medium

is mapped to underlying traffic characteristics: the sum of
accepted data rates r/ and bursts b”, since larger traffic
volumes demand more resources. Furthermore, the calculated
latency bound d;5f is a direct indicator of the these measures,
as lower latency predictions permit more admissions.

However, this comparison is not straightforward. Most
decentralized latency models presented here require pre-
configured latency thresholds §;§g to function. A latency
bound d¥ remains valid only if every network link stays
below its configured threshold 655°. If excessive stream ad-
missions cause di’ to exceed d° at any point, the under-
lying assumptions of the latency models behind Section VI
fail, invalidating all calculated bounds across the network.
Consequently, in scenarios where reservations are rejected,
the resulting latency bounds d5° cannot properly reflect the
performance of the model. They simply reflect the pre-defined
configuration rather than actual model performance.

To resolve this issue, the ‘autoconf’ scenarios do not
use pre-configured thresholds. Instead, thresholds 6% are
increased iteratively until they closely match the calculated
delays d‘;ﬁg and all streams are accepted. Under this near-
optimal configuration, the streams’ performance is represented
by the accumulated maximum latency £ = 3° . 0%%, at the
receiver. Other bounds may be required depending on the use
case: distributed control loops could prioritize an upper bound
for latency jitter L2 = L — L, while low-tier devices with
small buffers may require low effective burstiness bfff .

Finally, the total computation time %, of all latency
calculations within a scenario is measured. Note that this
is not a sophisticated measurement, it can only provide a
rough comparison. The execution time in Python is subject
to random effects such as Garbage Collection, and there are
no optimizations considered, such as memorizing intermediate
results, which can have significant effects as demonstrated
in [174, Fig. 6¢c]. However, the timings still provide a rough
overview of the relative complexity of the different algorithms.

B. Network Topologies

The performance evaluation is conducted on three net-
work topology types: (i) a linear topology representing daisy-
chained industrial automation networks, (ii) a set of syn-
thetic industrial topologies with varying sizes, link speeds,
stream paths, and Traffic Specifications, and (iii) a single-
switch topology with varying amounts of connections for the
parameter study.

Linear Topology: Since realistic industrial networks are
heavily based on linear chains of devices [175, 176] to
facilitate factory deployment, a linear topology is used to
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establish a baseline scenario without random variance. A chain
of 25 switches is modeled, with each switch connected to four
end devices. The first switch is connected to a Programmable
Logic Controller (PLC) that receives traffic from all 100 de-
vices, resulting in path lengths of 2 to 26 hops. Each device
generates a single stream with a burst size of 120 bytes and
a data rate of 150kbits/s, representing periodic industrial
control loop traffic, roughly one packet every 6.4 ms.

Industrial Topologies: The industrial topologies extend
the daisy-chain concept using synthetic networks modeled
after common industrial automation patterns. These config-
urations are inspired by the IEC/IEEE 60802 industrial pro-
file [176] and PROFINET design guidelines [175], which were
combined into a scenario generation tool in prior work [177].

The initial topology generator was based on traditional
industrial infrastructures. Typically, the field level consists
of narrow linear chains of low-port switches representing
individual machines or sensor arrays, which connect to the
control level via the built-in switch of their PLC. At the
control level, switches are often arranged in a ring topology for
redundancy, which connects to the plant level via redundant
links supporting higher bandwidth. The plant level itself is
often structured like the higher layers of a fat tree topology.

The tool from [177] was further extended to anticipate
future industrial trends, such as the migration of physical
PLC functions to virtual PLCs in plant-level mini-clouds. This
shift increases the scale, heterogeneity, and stream count at
the plant level. Technologies like TSN enable such real-time
communication over Ethernet, beyond the traditional closed
systems, which makes these heterogeneous scenarios highly
suitable for evaluating TSN latency models.

Example topologies for the small, medium, and big profiles
are depicted in Figure 16. A small topology comprises a
main chain of 2-5 switches (1 Gbit/s, red), connected to a
ring in 50% of the cases, with linear branches of length 1-3
(100 Mbit /s, green) and 3-6 end devices per branch switch.
Note that the two main switches in Figure 16a are marked with
an ‘X’: they serve as join points that can be used to combine
multiple topologies. Essentially, the medium scenario is just
a combination of multiple small topologies, connected to a
10 Gbit/s main ring; cf. Figure 16b. The big scenario scales
this up by connecting a small fat-tree representing a local data
center with 1 Gbit/s links to the main ring.

Stream paths, bursts, data rates, and priorities are generated
randomly. Short paths are generated more frequently than
longer paths. Small, medium, and big topologies contain 110,
220, and 430 streams, respectively. Priorities are selected ran-
domly from 4 to 7, burst sizes are uniformly distributed in the
range [64 bytes, 1000 bytes], and data rates are exponentially
distributed in the range [10 kbits/s, 50 Mbits/s] to favor lower
data rates. All streams utilize shortest-path routing without
assuming a spanning tree.

Parameter Study Topology: The parameter study network
is depicted in Figure 17. It consists of a single switch with
several senders transmitting to a single receiver. The number of
senders varies dynamically, and the delay analysis focuses on
the egress segment seg connecting the switch to the receiver.

Senders Switch Receiver

Fig. 17. Single switch evaluation scenario
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Fig. 18. Comparison of accepted streams, throughputs, and bursts per scenario

C. Pre-configured Scenario & Accepted Streams

In the initial comparison, the four network sizes (linear,
small, medium, and big) are pre-configured with static default
latency and bandwidth utilization thresholds without optimiz-
ing for individual links. Stream reservations are simulated
sequentially. This sequential order creates an implicit stream
prioritization: earlier reservation requests are more likely to
be accepted, as there are more resources available in the
beginning.

This setup can create unexpected bottlenecks and uneven
resource utilization, complicating model comparisons. For
example, admitting a single high-burst stream with a long
path consumes more resources than multiple short, low-burst
streams. If one shaper successfully accommodates this larger
stream, it may reject subsequent smaller reservations due
to exhausted resources. Conversely, a slightly less accurate
shaper might reject the large stream immediately, allowing it to
accept more small streams. Comparing only the total number
of accepted reservations |S”| would incorrectly suggest that
the second shaper performed better despite predicting higher
latencies.

To mitigate this bias, two actions are taken: (i) the total
accepted bursts b, and rates . are evaluated alongside |S”|,
and (ii) the stream list is shuffled 100 times per scenario to
perform reservation simulations under varying orders, mitigat-
ing the impact of unlucky orders.

Specifically, the evaluation procedure is as follows: For all
scenario sizes, 100 generated topologies are analyzed across
100 random stream shuffles for each of the five latency models
(SP_SIMPLE, SP_NC, CBSA_NC, CQF, ATS), repeating the
following steps:

1) Generate the network topology. Generate 10 times the base-
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line stream count to minimize random statistical variation

in acceptance metrics.

2) Set per-hop latency thresholds for every delay segment in
the network: 64 = 5ms, d5 = 2ms, dg = 1 ms, and 67 =
500 ps. For CQF, priorities are consolidated, and thresholds
are configured as: 04 = 05 = 3.5bms, and dg = o7 =
750 us. These values are based on industrial network cycle
times [176] and standard profiles [168].

3) For CBSA_NC, set bandwidth thresholds (and idle slopes)
to 20% of the link bandwidth for classes 4-7. For other
shapers, stream rates are not limited per class, they are
only bounded by the total link bandwidth.

4) For each stream, test whether any latency threshold would
be exceeded by including that stream. If not, permanently
admit the stream. Otherwise, mark that reservation as failed
and proceed without that stream.

5) Record the list of all accepted streams for this iteration.

Evaluation Results: Figure 18 summarizes the three

KPIs: accepted streams \Sf |, aggregate accepted rates rf,

and aggregate accepted bursts b7. Each boxplot data point

represents a single topology under the specified parameters.

The plots are grouped by topology size, and colors indicate

the latency models. In addition, Figures 19 and 20 zoom into

specific scenarios. For most plots except for Figure 20b, higher
values indicate better model performance. Key observations
include:

(1) The linear topology behaves differently than the three
industrial topologies (Figure 18). Within the industrial subset
(small, medium, big), identical trends occur across all three
KPIs, indicating that network size has minimal impact on
shaper comparison as long as structural properties are main-
tained. However, the network type and shape, which affects
path lengths, number of ingress ports, and fan-in/fan-out, can
alter the preferred latency model. Specific parameters are
analyzed in Section VII-E.

(2) In the linear topology, CQF appears to perform best,
but this is most likely an artifact of the configuration. CQF
uses a higher latency threshold to compensate for priority
consolidation. While this configuration usually reduces stream
capacity, the linear network evaluated here contains only
priority 7 streams, neutralizing consolidation penalties. The
higher threshold directly translates to more accepted streams,
which does not occur in other topologies.

(3) In the linear topology, ATS, CBSA_NC, and SP_NC
show similar performance across all KPIs. In contrast,
SP_SIMPLE accepts only half as many streams, demonstrating
the capacity benefits of the other models’ improvements.

(4) In industrial topologies, CBSA performs worst across
all KPIs, particularly in the rate comparison, indicating high
sensitivity to high-rate streams. Although CBSA_NC is the
only model requiring a bandwidth cap (20% per priority), its
lower performance is visible long before reaching this limit.
As shown in Figure 20a, while outliers are indeed capped at
20 Mbit/s, the 75% quantile of the CBSA box is significantly
below that of other shapers.

(5) Generally, ATS accepts the most streams, through-
put, and burst in industrial scenarios (Figure 18). CQF,
SP_SIMPLE, and SP_NC accept similar stream counts, with

Shaper [ES ATS [ES CBSANC [ES CQF [EH SP_NC [ES SP_SIMPLE
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Fig. 19. Comparison of priorities within the industrial medium scenario

WA

PRy
%‘2

o
o

Throughput
per link [Mblt/s]

Delay utilization
per link (d39/6529)
s 8 8 8
X ® X R

o

(a) accepted throughput utilization

Fig. 20. Accepted utilization per link in the industrial small topology;
whiskers extend to the maximum due to an excessive amount of outliers

(b) accepted delay utilization

CQF favoring higher rates and SP favoring higher bursts. In
this context, the difference between SP_SIMPLE and SP_NC
is surprisingly small.

(6) To analyze this further, Figure 19 separates the KPIs in
the medium industrial scenario by priority. SP_NC performs
slightly better at high priorities, but the trend reverses at
lower priorities. This occurs because admitting more high-
priority streams increases lower-priority latencies, consuming
their resources. Additionally, in pre-configured scenarios, all
links are configured equally, but they are not utilized equally,
and a single bottleneck switch can reject many streams.
Figure 20b shows the delay utilization distribution of the
small industrial scenarios, i.e., the actual delay d;ig over
the pre-configured threshold 65°. Although SP_NC matched
SP_SIMPLE’s overall acceptance in Figure 18, it maintains
a lower overall delay utilization. Optimizing thresholds for
expected link loads would enable SP_NC to perform better by
using fewer resources. This is evaluated in the auto-configured
scenarios.

D. Auto-configured Scenario & E2E Guarantees

A drawback of pre-configured scenarios is that static config-
urations can introduce bias. A specific configuration that works
well for one shaper could be disadvantageous for another.
Furthermore, uniform link configuration creates highly utilized
bottleneck switches while leaving the rest of the network
under-utilized. In theory, having an ’optimal’ configuration for
each shaper could make their comparison more representative
of their real performance, and reveal more differences.

To avoid these pitfalls, an auto-configured study is con-
ducted where all streams are accepted, and per-hop thresh-
olds 03° are iteratively matched to calculated delays d5°
to eliminate overprovisioning. For all latency models in th1s
paper, the computed delays d;ﬁg are non-decreasing when the
thresholds 05° are increased. Therefore, optimal configurations
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Fig. 21. Comparison of end-to-end latency guarantee, jitter, and effective
burst for every topology type

can be achieved by increasing the thresholds %% in small
increments until d5¥ < 05%.

Because all streams are accepted, performance is now
measured using end-to-end latency guarantees L, latency
jitter £2, and effective burstiness bfﬁ , alongside computation
time ?.up. For each scenario type and each shaper, the
following steps are performed over 100 topologies:

1) Generate the network topology and streams as explained
before.

2) Ensure no link is overutilized, verifying that 21 cgeTi <
R*¢ on all segments. Remove streams if necessary to
satisfy this condition.

3) Configure all latency thresholds 055°
a) Initialize all thresholds to a default value (04567 =

1ns).
b) Compute delay bounds d’ based on current thresholds.
¢) Check if d5¥ < 6%¥ holds for all segments and priorities.
d) If satisfied, terminate the loop.
e) If not, update thresholds to 6;5° = d35 - 1.01 and return
to step 3b.

4) Record the stream KPIs: £, £2, ¥, and teomp-

Note that for CQF, per-link optimization is not possible since
the shaper assumes equal hop delays. Step 3e is therefore up-
dated to use the maximum delay: dp = max,.q d° - 1.01. For
CBSA, the idle slope is configured as isl;* = Zle see it 1.01,
Alternative options are explored in Sectlon VII-E.

Evaluation Results: Figure 21 presents the Empirical
Cumulative Distribution Functions (ECDFs) for each topology
size and KPI. Different colors indicate the different latency
models. The x-axis is spaced logarithmically, as the results can
be several orders of magnitude apart. Generally, the further the
ECDF is on the left, the better the latency model performs.
Key findings include:

(1) In industrial topologies, CQF and CBSA show signifi-
cantly higher latencies (E;-" and LiA) than the other shapers,

in the network:

occasionally by a factor of 100. This difference is much
higher compared to the previous pre-configured evaluation.
This is expected for CQF, as its global threshold configuration
forces the bottleneck link delays to every other link, while
all other shapers benefit from the per-hop auto-configuration.
For CBSA_NC, this poor performance stems from a reduced
service rate compared to SP_NC. CBSA can perform much
better in general — the conditions for that are explored later
in Section VII-E. Here in the industrial scenarios, these
conditions are rarely met.

(2) The maximum jitter £2 is dominated by the maximum
latency /J;r since the minimum latency is negligible for most
shapers. CQF is the only exception; it ensures that each
hop takes exactly 055 time, leaving only the last-hop jitter.
However, for the industrial scenarios, CQF jitter remains
higher than that of locally optimized shapers because its last-
hop threshold &3° is still quite large in comparison.

(3) ATS performs best across all sizes and KPIs in industrial
scenarios, particularly for receiver burstiness bfﬂ . This shows
that mitigating the burstiness cascade is an effective strategy
— if the switches are actually capable of performing the ex-
pensive shaping mechanism. SP_NC is the second-best option
across all KPIs.

(4) Big topologies show a distinct step in latency curves
at low values. For ATS and both SP models, roughly 18% of
end-to-end latencies fall between 20 ps and 100 ps. This is an
artifact of the topology generation. The big topologies include
a small fat-tree section where each end-device is connected
with 1 Gbit/s. It is modeled after anticipation of local mini
data centers. All the other end devices are connected with
100 Mbit/s. Streams within these high-bandwidth subnets ex-
perience shorter paths and lower latency. For CQF and CBSA,
this step is not visible. Per-hop optimization is not applicable
to CQF, so the delay thresholds are equal everywhere, and
CBSA service curves rely on the idle slope rather than the
link speed.

(5) Linear topology latency curves (E;-") show exactly 25
steps, representing each switch. CBSA and CQF perform
better here due to the lack of fan-out. All streams share the
same egress port and all delay segment calculations have five
ingress ports. SP_NC outperforms ATS here, likely due to
serialization gains. Most streams arrive from the same ingress
port, and SP_NC accounts for sequential arrival over ingress
links. With ATS, the packets could theoretically leave the
previous shaper simultaneously.

(6) In linear topology jitter metrics EZ-A, CQF maintains a
constant jitter bound over all streams. CQF’s remaining jitter is
localized to the last hop, and since all streams share the same
last hop, their jitter is fixed by the last hop’s threshold &5.

(7) Regarding linear topology burstiness bfﬂ , ATS and CQF
provide constant receiver bursts. ATS reshapes traffic directly
with the token bucket model, making receiver burstiness
dependent on the source Traffic Specifications, independently
of their path. CQF reshapes traffic to maintain a constant
delay, which directly prevents the burstiness cascading from
occurring, as the additional burstiness is based on jitter, cf.
Equation 4.

(8) Between the industrial scenarios, the topology size
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Fig. 22. Influence of the shaper on the relative differences between priorities,
zoomed into the medium topology size

appears to have little effect on the relative differences between
shapers. Therefore, only the medium topology is analyzed
for the remaining observations. Figure 22 breaks down per-
formance by priority. ATS, SP_NC, and SP_SIMPLE exhibit
delays and jitter that align with priority levels: higher priorities
show lower values. This trend disappears under CBSA, likely
because the service rate is reduced to the stream data rates,
making service rate limits more influential than the presence
of higher-priority traffic. Under CQF, the consolidated priority
pairs show similar performance. For effective bursts, most ob-
servations are similarly applicable, but ATS remains uniform
across priorities. Due to per-stream shaping of ATS, the graph
reflects the source Traffic Specifications across all priorities.

(9) In the previous figures, the scale of differences is
difficult to recognize due to the logarithmic axes. Therefore,
Figure 23 focuses on the three close shapers: ATS, SP_NC
and SP_SIMPLE. The values for ATS and SP_SIMPLE are
normalized to SP_NC to highlight relative differences. The
jitter plot for L:A was omitted, as it is very similar to the
latency ﬁj. For burstiness be# ATS consistently matches or
outperforms SP_NC, while SP_SIMPLE consistently performs
worse than SP_NC. This gap increases at lower priorities, as
SP jitter grows. In latency metrics, SP_NC strictly outperforms
SP_SIMPLE, but ATS and SP_NC are highly competitive,
especially at high priorities. For priority 7, 25% of ATS
streams outperform SP_NC, while 30% of SP_NC streams
outperform ATS. Thus, SP_NC represents a direct upgrade to
SP_SIMPLE. The choice between ATS and SP_NC depends
on whether per-hop shaping or physical serialization is more
dominant in the scenario.

(10) Finally, Figure 24 shows computation times. Each data
point of the boxplot represents one scenario, while the lines
connect the medians of each boxplot for improved readability.
CBSA_NC is the most demanding model for large topologies,
whereas SP_SIMPLE and ATS are highly efficient. Note that
CQF is, in theory, also a simple model, but likely suffers
here due to the straightforward implementation of the priority
consolidation. In general, sophisticated optimization of the al-
gorithms might shift the timing relations between the shapers,
or otherwise reinforce them, but Figure 24 still provides a
naive baseline overview of the algorithm complexity.

Global Configuration Results: Under global configura-
tion, every link receives the same threshold, which is useful
when per-hop optimization is undesired or impossible, e.g.,
for CQF. This restriction alters several observations from the

TABLE V
OVERVIEW OF PARAMETER VALUES FOR THE SINGLE SWITCH STUDY

Parameter Default Experiment Values
bandwidth 1 Gbit/s 100 Mbit /s, ..., 10 Gbit/s
number of ingress ports 5 1,2, ..., 30

total number of streams 100 1, 2, ..., 1000

total burst 32kB 6.4kB, 12.8kB, ..., 512kB
total rate percent 10% 1%, 10%, ..., 75%

acc max delay 500 ps 0, 50 ps, ..., 10ms

acc min delay percent 50% 0, 50%, 99% of max

num high prio streams 50 0, 50

idle slope ratio 1.0 0.1, 0.5, ..., 2.0

previous evaluation.
Based on the evaluation procedure from Section VII-D,
step 3e is modified as follows:

05t = m%;c{d;'ﬁ} -1.01. (35)
Each delay segment seg is now configured to the maximum
delay d out of all delay segments oseg in the network.
Note that this can create circular dependencies: increasing
any threshold 5”g1 will also increase the accumulated latency
downstream at other segments segN, which will increase
their local latency computation d¥". If that delay dj=*" now
exceeds the previous threshold 635%, 4 the next auto- conﬁg iter-
ation will increase the conﬁguratlon again, potentially rising
indefinitely. For that reason, it is often impossible to obtain
an optimal global configuration without rejecting any streams.
CBSA_NC and SP_SIMPLE suffered from this effect and are
omitted here.

Figure 25 shows the global configuration results for medium
topologies. ATS outperforms SP_NC here because SP_NC
burstiness is sensitive to the inflated delay thresholds of global
configurations. While ATS end-to-end latency also increases,
its burstiness remains bounded by per-hop reshaping. Since
all shapers are now restricted to global configuration, CQF
achieves the lowest jitter £ here. This shows that the
latency reduction of CQF is actually effective, although it is
usually overshadowed by other effects if optimized per-hop
configuration is possible.

E. Single Switch Parameter Study

The previous evaluations have shown that the performance
of the five latency models differ significantly between the dif-
ferent topology types (linear and industrial small/medium/big).
In order to isolate the effects and understand them better,
this section offers a parameter study with the single switch
from Figure 17. A main effects plot is generated for the
nine parameters listed in Table V. In each experiment, one
parameter is varied while the remaining factors are held at
their default values.

The parameters are selected carefully to ensure self-
contained scaling. For example, if there was a fixed ‘burst
per stream’ parameter, then modifying the number of streams
would indirectly modify the total burstiness of each latency
equation. The observed behavior would likely be dominated
by that increased burst, not by the increased number of streams
directly. Thus, the parameters from Table V use fotal amounts,
or relative definitions based on another parameter.
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Fig. 25. Global configuration performance of ATS, CQF and SP_NC in the
medium topology

First, the bandwidth defines both the bandwidth of ingress
links prv and the egress link seg. The number of ingress ports
represents the count of upstream links prv feeding the switch.
More ports increase the number of potentially simultaneous
arrivals. The total number of streams and total burst are
distributed evenly across these ingress ports. For example,
10 streams over 3 ports would be distributed as {4, 3,3}.
Individual bursts must still be kept above 64 bytes to com-
ply with minimum Ethernet frame lengths. Therefore, if the
number of streams is too high, the effective total burst could be
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the maximum delay, so it automatically scales. The number
of higher priority streams controls higher-class interference
arriving via a dedicated link. The idle slope ratio (isl) dictates
CBSA_NC idle slope parameters. The default slope is equal to
the sum of all streams’ rates Zie gsee Ti- For values isl > 1.0,
the egress idle slope is multiplied with that value. For values
isl < 1.0, the egress slope cannot be reduced further, as the
system would become unstable. Here, the ingress idle slope is
divided by is/ instead, so the parameter always represents the
egress/ingress ratio.

Evaluation Results: The results of the main effects study
are shown in Figure 26. Overall, CBSA_NC behaves as an
outlier, and it performs much better than in the previous
evaluations. This came as a surprise and will be covered by
the last parameter, the idle slope ratio. Detailed observations
are presented in the following.

(1) Higher bandwidth reduces latency across all shapers, as
the queues are emptied faster.

(2) The number of ingress ports has no effect on CQF,
ATS, and SP_SIMPLE, as it is not part of their model. For
SP_NC and CBSA_NC, more ports increase the immediate
burstiness as well as the slope of the arrival curves. SP_NC
converges toward the SP_SIMPLE bound as the number
of ports exceeds the stream count, which matches previous
simulation results [178, Fig.8]. CBSA_NC has lower arrival
slopes because of shaped ingress links, but its service rate is
also lowered by egress shaping. After roughly 17 ports, the
concurrency penalty outweighs the ingress shaping benefits,
and CBSA_NC delays exceed SP_NC.

(3) The number of streams shows similar effects to the
number of ports. The three non-NC models show no effect,
except for the last value. For 1000 streams, the individual
burst per stream would fall below 64 bytes, which is corrected
by the model and shows a higher total delay due to more
total burstiness. For SP_NC, delay increases up to 5 streams,
which matches the 5 default ingress ports, as streams can
occupy individual ports each. The delay decreases slightly
beyond 5 streams because the total burstiness is split between
all streams, which takes down the maximum frame lengths,
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Fig. 27. Overview of network calculus arrival (red) and service curves (green) for different CBSA idle slope ratios

too. CBSA_NC exhibits the same trend on a larger scale due
to rate limitations. Interestingly, the additional burstiness at
1000 streams does not show a significant increase in CBSA’s
latency — which is consistent with the next observations.

(4) Higher rotal burst increases latency for all models
except CBSA_NC, where delay plateaus after roughly 128 kB.
Presumably, at this point, the ratio of burst size b; to maximum
credits maxcry,” and frame sizes ¢ changes such that the lin-
ear piece with rate R*¢ from Figure 15a becomes insignificant.

(5) The total data rate shows three distinct behaviors. For
ATS, the data rate of class C has no influence on the delays of
the same class, cf. Equation 26. Note that the delay of lower
priorities would still be influenced. SP_SIMPLE, SP_NC, and
CQF show increasing delay with higher rates. CQF exhibits
the largest increase, partly due to its consolidated priority
interference (Algorithm 5). Partly, it is an artifact of the
main effects analysis. In real scenarios, CQF’s accumulated
minimum latency £; would be much higher than the default
50% of L} in this evaluation. Since the total data rate is
multiplied by jitter £ in Algorithm 5, the effect here appears
stronger than it would be in practice. Finally, CBSA_NC
latency decreases with higher rates, because the increased
egress idle slope dominates the effect of ingress slopes in fan-
in scenarios.

(6) and (7) — The accumulated maximum delay and accumu-
lated minimum delay affect the latency in the same way. Their
difference ﬁj — L, is part of most latency models, except
for ATS. Larger maximum jitter increases delays for SP_NC,
SP_SIMPLE, and CQF. While CBSA_NC incorporates this
jitter, its latency appears to be dominated by other arrival
curve segments — at least when the idle slope is given by
lSléceg = Ziesgg ;.

(8) Higher priority streams increase the delay of the ob-
served class similarly across all shapers except CBSA_NC.
Since CBSA service rate is limited to its idle slope, it remains
unaffected. The accumulated positive credit maxcr and the
initial latency of the service curve 7 could be affected, but
the effect appears to be insignificant in this case.

(9) Finally, the idle slope ratio reveals an interesting change
of order between the shapers. Non-CBS models are unaffected.
For isl_ratio > 1.0, CBSA_NC delay is smaller than other
shapers. However, for isl_ratio < 1.0, when ingress idle
slopes exceed egress, CBSA delay rises to nearly 6 times the
value of other shapers. This ratio appears to be the primary
performance factor for CBSA, explaining why it excels in
linear configurations but struggles in fan-out scenarios. In fan-
out networks, streams diverge across multiple egress ports,
reducing egress idle slopes relative to ingress, which degrades

performance in the industrial topologies. This might also
explain why CBSA appears to perform much better in shaper
comparisons of other papers [81]. This turning point around
isl_ratio = 1.0 can be visualized in the network calculus
arrival and service curve plots for CBSA_NC.

Figure 27 shows snapshots of the arrival curves (red) and
services curves (green) of the CBSA Network Calculus model
for different idle slope rates. It also shows the maximum
horizontal difference between both curves, representing the
calculated worst-case delay. For the first five plots of Fig-
ure 27 where isl_ratio < 1.0, the arrival rate of the second
segment ag ,(At) is islZ”, which is bigger than the service
rate isly, so the later bending position t; must be selected —
cf. Figure 15a. The bigger isl_ratio becomes, the smaller isiy"
becomes in comparison, until it is almost identical to isl;* for
isl_ratio = 0.999. For the last two plots, at isl_ratio > 1.0,
it follows isl;® > islZ" (the green slope is bigger than the
red slope), so the first bending position ¢4. from Figure 15a is
selected — much earlier than before. The delay is now given
by the time it takes to service the immediate bursts maxcry,”
from the predecessors, and no longer based on the original
burstiness of the Traffic Specifications.

These results show that CBS can be a good option if the
egress-to-ingress idle slope ratio is maintained above 1.0.
This can be achieved via flow steering to avoid fan-out, or
by overriding the configuration of idle slopes such that they
never become smaller along the path of streams. It strongly
depends on the network topology whether this is feasible.
If these criteria cannot be met, it should be possible to
switch to SP_NC at any switch on the path without additional
delay penalties. Future work could focus on automating these
transitions.

E Lessons learned

It is difficult to provide generalized recommendations for
shapers, their relative performance is highly situational. While
using default global configurations showed very little differ-
ences between shapers (cf. Fig. 18), optimal per-hop configu-
ration reveals orders of magnitude between them (cf. Fig. 21),
and a factor of 2.0 (cf.Fig.23) between points that previ-
ously looked similar. This section demonstrated how different
shapers can still be compared fairly, without introducing bias
through non-optimal configurations. The following paragraphs
summarize the results for the industrial and linear topologies.

First, the improved SP_NC outperforms SP_SIMPLE across
all scenarios and KPIs, except for computation time. If sig-
naling and algorithmic complexity are acceptable, SP_NC
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should always be preferred (cf.Fig.23). Especially in global
configuration scenarios, SP_SIMPLE often failed to provide
any solution that would accept all streams due to cyclic
dependencies.

Second, the optimal choice of shaper depends on the target
KPI and topology. CBS can outperform other shapers if
the egress idle slope exceeds the aggregate ingress slopes
(cf.Fig.26). In scenarios with high fan-out, SP_NC was al-
ways a better choice. Similarly, CQF excels at minimizing
jitter under global configurations (cf. Fig.25), but with local
threshold optimization, SP_NC performed better with respect
to latency and jitter. Finally, ATS performed well throughout
all evaluations as it negates burstiness cascading. It showed
the best results with respect to burstiness at the receiver, and
it performed similarly to SP_NC regarding worst-case latency.
The serialization effect of SP_NC can still outperform ATS
(cf.Fig. 23, priority 7), especially when there are switches
with very few ports. At lower priorities, ATS consistently
outperforms SP_NC (cf. Fig. 23, priority 4). The primary dis-
advantage of ATS is hardware cost and availability of the
shaper.

Overall, for decentralized architectures, SP_NC is a robust
choice across all scenarios. The use of specialized shapers
(CBS, CQF, ATS) remains situational, but can be beneficial,
and should be verified per use case.

VIII. Di1SCUSSION AND FUTURE WORK

While this paper attempts to be self-contained and compre-
hensive, some caveats must be understood to put the results in
full context. This tutorial is centered on the decentralized ap-
plicability of the presented concepts. Consequently, the shaper-
to-shaper delay segment model (Fig.5) from the ATS delay
analysis was adopted for all mechanisms. While this adaptation
enables decentralized CQF applicability, it introduces some
distinct tradeoffs.

(1) One major tradeoff is already covered in Table III
(Section V). To compute the worst-case queuing latency of
the upstream switch, the downstream switch requires addi-
tional information that must be signaled during reservation.
This requirement complicates the design and standardization
of reservation protocols, but it has negligible consequences
afterwards.

(2) The delay of a single segment can no longer be measured
directly. Although the delay of an entire device can be captured
by tapping links before and after that device, it is not so simple
to derive the exact time when the shaping step is finished
inside the device. Verification testbeds would require access
to internal component logs, and even then, time stamps across
different devices remain difficult to compare without tight time
synchronization.

(3) Hybrid deployments and horizontal interoperability are
simplified by a shared delay segment definition. For example,
SP_NC can be deployed globally, while a few critical switches
utilize ATS to reshape traffic and counter burstiness cascading.
Such hybrid topologies offer targeted performance benefits at
a lower deployment cost, however, they require theoretical
adjustments. First, current latency models still assume homo-
geneous upstream shaping. The ATS model must be adapted

to include additional shaping delay if the predecessor is non-
shaping. Second, current SP and SP_NC models recompute
the effective burstiness b‘;ﬁ at each hop, independently of other
shapers along the path. To resolve this, reservation protocols
should propagate both the current effective Traffic Specifi-
cation along with the original talker Traffic Specification.
This allows shapers to signal their changes to the effective
burstiness further downstream. Recent RAP drafts already
introduce separate Talker and Network TSpecs for this purpose
(cf. [7, Sec.6.3.10]).

(4) Beyond horizontal interoperability, i.e., different shapers
used in different delay segments, vertical interoperability
should also be considered, i.e., different shapers used by
different traffic classes of the same device. While the logic
from Section VI can be extended to derive combined class
models, as demonstrated in [81], this was omitted here due to
the vast combination space. When combined shaper setups are
desired, the latency models should be adapted accordingly.

(5) The shaper-to-shaper model is not fully compatible with
all common networking mechanisms, including some analyzed
in this work. As noted in Section VI-E, CBS is non-compliant
because its shaping state transitions occur during frame trans-
mission, which is subject to queuing delays. Consequently,
for CBS, the formal shaping step includes the queuing and
transmission phases, leaving the literal queuing step empty
(cf. Fig. 14). Unlike the other four models, CBS requires each
device to compute its own queuing latency. While this fits
homogeneous CBS networks, hybrid transitions (e.g., ATS to
CBS) require downstream bridges to compute both upstream
and downstream queuing delays. Exposing these transition
boundaries within the reservation protocol could provide addi-
tional flexibility. While CBSA must always compute its own
queuing delay downstream, and ATS and CQF always compute
the upstream’s queuing delay, the SP models are free to be
designed either way for full compatibility. In [164, p.14],
we have already suggested to include an indicator in the
reservation protocol to specify whether the upstream device
has already dealt with its own queuing delay, or left it to the
downstream device to consider. This means that the queuing
process no longer needs to be priority based. For example, end
devices that are not capable of priority transmission selection
could employ weighted fair queuing instead. As long as a
proven queuing delay bound exists, the upstream device can
use it, indicate that it has dealt with the queuing delay, and
the downstream switch no longer has to bother.

(6) Special care is required when using reservation protocols
with redundancy. In Frame Replication and Elimination for
Redundancy (FRER), a sequence number is encoded into the
frame by adding a tag, which increases the frame’s length
and the stream’s burst size. Furthermore, even after duplicate
elimination, the burst size of the merged stream must often be
doubled to consider worst-case events. If maximum latency
jitter is high enough on both redundant paths, the frames
may experience different delays on both paths. This is usually
fine, as the second occurrence of every frame is eliminated
anyways, but it creates a problem if the quicker path is
temporarily disrupted. After the link is re-established, the
merging point receives older frames from the slower link, and
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more recent frames from the quicker link. Both of these are
valid and will not be eliminated, which temporarily causes a
higher burst after merging, until all of the older frames from
the slower link are exhausted and the merging point begins
to eliminate duplicates again. This is explained in [179] and
[6, Sec. C.9] in more detail. Under our framework, ATS could
be deployed at the merging point to immediately reshape the
traffic, though the combination of FRER and ATS remains
subject to ongoing standardization.

(7) This work provides the theoretical foundation for re-
source reservation, but the ongoing protocol design, configu-
ration, and implementation of resource reservation frameworks
are subject of other works. We have conducted complementary
studies in some of these aspects. Contributions were submitted
to the IEEE 802.1DD RAP standard [163, 164, 180-182],
and decentralized reservation performance was evaluated via
discrete event simulation [131]. Recently, a proof-of-concept
implementation was presented in a demo, including a man-
agement API for visualization and root cause analysis [183].
Additionally, this study assumes that stream paths and pri-
orities are known a priori. In practice, assigning streams
to priorities is an optimization problem itself. Configuration
heuristics exist [127, 184], but they typically assume that
all streams are perfectly known a priori. Ideally, a network
configuration tool could also work with rough estimates or
categories of utilization. A fully decentralized and automated
configuration of priority assignments and delay thresholds
could significantly simplify the installation process of real time
networks.

(8) The latency models in this work do not cover all sources
of delay. As categorized in Section IV-A, only transmission
and queuing delays are covered. Propagation and internal
processing delays must be bounded separately. Decentral-
ized reservation benefits here, as manufacturers can integrate
device-specific upper bounds directly into their local proto-
col stacks. For centralized architectures using a CNC, these
bounds must instead be exposed externally, such as through
the digital data sheets proposed in the IEEE/IEC 60802
industrial profile [1, Sec. 6.4.8.2], which may not fit all custom
implementations and can require extensive measurements.

(9) While Time-Aware Shaping (TAS) is widely studied,
it has not been covered in this work (except for CQF) due
to its reliance on central orchestration. TAS can achieve full
frame isolation and zero interference, but it is highly resource-
intensive as entire links are reserved for specific streams for
a certain time. Consequently, low latency under TAS does
not inherently maximize stream density. Future work could
evaluate the tradeoffs between asynchronous decentralized
concepts and TAS scheduling. Further, both concepts could
be combined, e.g., decentralized reservation could bridge the
gap between two individual, differently configured TAS do-
mains. This approach could also provide end-to-end guarantees
beyond layer 2 networking, across heterogeneous network
domains. For example, this has previously been suggested for
joint SG/TSN deployments as an alternative to the logical TSN
bridge abstraction [185].

Lessons learned

The latency models presented in this work lay the ground-
work for flexible and decentralized resource reservation. This
section pointed out opportunities and requirements for im-
proved heterogeneity. They include additional edge cases in
the latency computation, or they add extra information to the
reservation protocol. Concrete suggestions include the addition
of an effective Network TSpec to the original Talker TSpec,
and an indicator flag identifying whether the upstream device
has already accounted for its local queuing delay. Together,
these extensions support seamless shaper transitions without
sacrificing their individual benefits.

IX. CONCLUSION

In fields like industrial automation and automotive networks,
legacy field bus technologies are slowly replaced by Ethernet
to leverage higher bandwidth and standardized support. This
transition enables converged networking, where real-time and
Best-Effort traffic coexist on a single infrastructure. However,
current TSN implementations remain monolithic, similar to
the old field bus systems. True interoperability can be achieved
with decentralized protocols supported by robust latency mod-
els.

This work addresses the challenges of decentralized, het-
erogeneous deployments with hard real-time guarantees. By
formalizing delay segments as the borders of responsibility,
shapers like ATS and CQF can be integrated into decentralized
architectures. The necessary information flows are identified,
including metadata from the upstream devices. Using these
foundations, five latency models were derived, ranging from
simple formulations (SP_SIMPLE, ATS, CQF) to Network
Calculus implementations (SP_NC, CBSA_NC). The models
were evaluated using a comprehensive suite of KPIs across
linear and industrial topologies.

The evaluations show that priority transmission selec-
tion without active shaping remains highly effective. The
SP_NC model consistently ranked among the top-performing
approaches. If its computational complexity is acceptable,
SP_NC should be preferred over SP_SIMPLE. Furthermore,
ATS is a highly robust choice for transmission selection, of-
fering simple delay calculations and excellent receiver bursti-
ness bounds. In contrast, CQF and CBSA_NC are highly
situational. When per-hop delay threshold optimization is
possible, SP_NC outperforms CQF, as the benefits of thresh-
old optimization exceed the jitter reduction of global CQF
configurations. Finally, CBSA_NC is effective in topologies
with minimal fan-out, where the egress idle slope consistently
matches or exceeds the aggregate ingress idle slopes. If the idle
slope ratio falls below 1.0 on any link, CBSA_NC performance
degrades rapidly. Because this occurred in almost all tested
industrial topologies, SP_NC is generally recommended in-
stead of CBSA_NC here. Note that these results highly depend
on the topology and stream configuration, but the presented
framework can be used to evaluate any given topology.

The contributions in this work are specifically targeted
for deterministic delay guarantees in heterogeneous networks.
By formalizing the boundaries between different shapers and
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clarifying the necessary signaling, this tutorial establishes
the mathematical basis for decentralized resource reservation
protocols and technological transitions. Future work could
branch into several directions, from improved latency models
with mixed shapers, to fully self-configuring latency thresholds
in decentralized networks. Finally, this work ties directly into
the standardization efforts of the IEEE 802.1DD Resource
Allocation Protocol and can be used as a direct reference
there.
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