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Similar ideas in IETF deterministic networking (DetNet) for IP and MPLS networks (layer 3) [RFC 8655]

– [Farkas 2018] János Farkas [Nov. 11, 2018]. “TSN Basic Concepts”.
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Within One Class, Traffic Regulators Allow for a Per-Flow Control
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What is the Traffic at the Output of the PEF ? (Packet Elimination Function)

A Possible Trajectory on a Toy Example
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Output of PEF bursty, mis-ordered ⇒ Can we bound the burstiness and mis-ordering at the PEF’s output?
Output bursty → leads to high delay in dowstream ⇒ Place a traffic regulator after the PEF ?
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An Arrival Curve at The Output of The PEF (Packet Elimination Function)

Theorem: PEF Output Arrival Curve

• αf ,PEF in is an arrival curve at PEFout Intuitive approach

PEF αf ,PEFinαf ,PEFin

PEFoutPEFin

• ∀a, diamond ancestor,

αa→PEF
f ,

(
αf ,aout�δ(Da→PEF

max −da→PEF
min

)) is an arrival curve at PEFout

a PEF
αa→n

f
αf ,aout

aout PEFoutPEFin

[da→PEF
min , Da→PEF

max ]

⇒ Tight Model: The min-plus convolution of all above arrival curves is an arrival curve at PEFout.

A B

C

D

F G

Bounded-Delay δD

data

D

δD(t) =
{

0 t ≤ D
+∞ t > D

time interval
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Applying our Result to the Toy Example Provides a Tight Output Arrival Curve

αf ,PEFin = γ2r0,4b0

B is diamond ancestor
αB→PEF

f =

(
αf ,aout � δ(Da→PEF

max −da→PEF
min

))
= γr0,b0 � δ7 = γr0,8b0
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Tight Model , better bounds than the Intuitive approach

An industrial use-case: The Volvo Core TSN Network
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Question 1
Output of PEF bursty, mis-ordered ⇒ Can we bound the burstiness and mis-ordering at the PEF’s output?

Yes! Using novel network-calculus results.
Mis-ordering: Bound based on the metrics from [Mohammadpour, Le Boudec 2021]

Question 2
Output bursty → leads to high delay in downstream ⇒ Place a traffic regulator after the PEF ?

– [Mohammadpour, Le Boudec 2021] Ehsan Mohammadpour and Jean-Yves Le Boudec [2021]. “On Packet Reordering in
Time-Sensitive Networks”. In: IEEE/ACM Transactions on Networking. doi: 10.1109/TNET.2021.3129590

Thomas, Mifdaoui, Le Boudec Time-Sensitive Networks with Packet Replication and Elimination 2022-09-08 14 / 21

https://doi.org/10.1109/TNET.2021.3129590


Question 1
Output of PEF bursty, mis-ordered ⇒ Can we bound the burstiness and mis-ordering at the PEF’s output?

Yes! Using novel network-calculus results.
Mis-ordering: Bound based on the metrics from [Mohammadpour, Le Boudec 2021]

Question 2
Output bursty → leads to high delay in downstream ⇒ Place a traffic regulator after the PEF ?

– [Mohammadpour, Le Boudec 2021] Ehsan Mohammadpour and Jean-Yves Le Boudec [2021]. “On Packet Reordering in
Time-Sensitive Networks”. In: IEEE/ACM Transactions on Networking. doi: 10.1109/TNET.2021.3129590

Thomas, Mifdaoui, Le Boudec Time-Sensitive Networks with Packet Replication and Elimination 2022-09-08 14 / 21

https://doi.org/10.1109/TNET.2021.3129590


Question 1
Output of PEF bursty, mis-ordered ⇒ Can we bound the burstiness and mis-ordering at the PEF’s output?

Yes! Using novel network-calculus results.
Mis-ordering: Bound based on the metrics from [Mohammadpour, Le Boudec 2021]

Question 2
Output bursty → leads to high delay in downstream ⇒ Place a traffic regulator after the PEF ?

– [Mohammadpour, Le Boudec 2021] Ehsan Mohammadpour and Jean-Yves Le Boudec [2021]. “On Packet Reordering in
Time-Sensitive Networks”. In: IEEE/ACM Transactions on Networking. doi: 10.1109/TNET.2021.3129590

Thomas, Mifdaoui, Le Boudec Time-Sensitive Networks with Packet Replication and Elimination 2022-09-08 14 / 21

https://doi.org/10.1109/TNET.2021.3129590


Combination of Traffic Regulators with Redundancy Functions: FIFO assumption is lost!

Per-flow regulator

Interleaved regulator

PEF(f )

PEF(g1)

PEF(g2)

PEF(g3)

αf ,PEFout

≥ αf ,φ

αg1,PEFout

αg2,PEFout

αg3,PEFout

βF
FIFO

Output port F

F

f
αf ,φ

σf , αf ,φ

σg1 , αg1,φ

σg2 , αg2,φ

σg3 , αg3,φ

g1
αg1,φ

g2
αg2,φ

g3
αg3,φ

NOT FIFO-per-flow

NOT FIFO

DS

DS

DS+PFR ≤ 2DS

DS+IR ≤?

Theorem:

Theorem:
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Interleaved Regulator (IR, TSN ATS) Unstable after PEF: Intuition of the Proof
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Summary of our Contributions

Toolbox for Modeling Redundancy in the Network-Calculus Framework

Output arrival curve, bound on the mis-ordering.

Analysis of the Interactions Redundancy/Interleaved Regulator, i.e., FRER/ATS

Interleaved regulator placed immediately after a PEF yields unbounded latencies.
i.e., TSN ATS placed immediately after a TSN sequence recovery function yields unbounded latency.

Reordering prior to the regulator solves the issue (but only available in DetNet!)

Ludovic Thomas, Ahlem Mifdaoui, and Jean-Yves Le Boudec [2022]. “Worst-Case Delay Bounds in
Time-Sensitive Networks With Packet Replication and Elimination”. In: IEEE/ACM Transactions on Networking.
doi: 10.1109/TNET.2022.3180763
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Effect of IR (TSN ATS) On a Industrial Use-case with Redundancy Mechanisms

On the industrial use-case: focus on one path
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Effect of IR (TSN ATS) On a Industrial Use-case with Redundancy Mechanisms

On the industrial use-case: focus on one path
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Where is TSN ATS wrt to TSN FRER ?

The place of the Interleaved Regulator (IR) with respect to the PEF is not clear in TSN.

Figure: TSN FRER Pipeline [IEEE
802.1CB]

Figure: TSN ATS Pipeline
(=Interleaved Regulator) [IEEE
802.1Qcr]

PEF IR
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