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Time-Sensitive Networking

per Output Port:

\ 4 \ 4 A 4 A 4 1

| FIFO FIFO FIFO FIFO
Queue Queue Queue Queue
Prio. 1 Prio. 2 Prio. 3 Prio. 4

- | S
Strict Strict Strict Strict
Priority Priority Priority Priority

e

Time-Sensitive Networking
= real-time Ethernet Standards
(IEEE TSN Working Group)

Hardware Application End-to-End
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TSN Scheduler

* Credit-Based Shaper (CBS)

* Asynchronous Traffic Shaping (ATS)
* Time-Aware Shaper (TAS, also often TT)

e Combinations

Queueing Hardware

per Output Port:
\ 4 \ 4 \ 4 \ 4 1
FIFO FIFO FIFO FIFO
Queue Queue Queue Queue
Prio. 1 Prio. 2 Prio. 3 Prio.4 | ===
Strict Strict Strict Strict
Priority Priority Priority Priority
I | |
Application End-to-End
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Survey

Source Mechanism Author Year Pre- Work Basis Impact Arrival Min. Service Max. Service Shaper Max. Output Delay Backlog
emption of CDT a B pgrmas T a* .
1 7
[31] CBS R. Queck July 2012 - [48] no leaky-bucket m';‘“ Hsc;ss CBS & SP | CBS & SP
L X
I A Ruiz D min. & strict
[27] CBS S REEEE Ot 2014 ; [31] no detailed for 2 CBS 2 CBS 2 CBS
Azua er al. .
& strict for SP
[49] CBS Lin Zhao er al. Nov. 2018 - [27] no detailed min. 3 CBS
[41] TAS Luxi Zhao et al. July 2018 no [29] [42] - leaky-bucket min. TT T TT
[50] TAS-CBS E. He er al May 2017 no [27] yes | leaky-bucket 2 CBS CBS incl.
) . : shaper
[29] TAS-CBS Luxi Zhao et al. | April 2018 | yes&no [27] yes leaky-bucket min. 2 CBS CBS CBS
[26] TAS.cBs | T Daigmorte | 02018 | yes&mo [29] [27] yes detailed min. & strict x CBS
er al. ’ . for x CBS
28] TAS-CBS | Luxi Zhao eral. | Dec. 2018 no [26] [29] [27] ves | leaky-bucket |  min. x CBS x CBS & link CBIS incl. CBS
shaper
E. Mohammad- in. 2 CBS / CBS incl.
[37] & [35] | ATS-CBS CHAMMAC 1 gep. 2018 ; [27] yes —a® o i CBS CBS
pour et al. min. x CBS [32] link
Maile, L. and Hielscher, K. and German, R.,
° common nhotation ? ‘Network Calculus Results for TSN: An Introduction’, 2020
Information Communication Technologies Conference
Queueing Hardware Application End-to-End 6
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Cl’edlt Based ShaDeI’ per Output Port:

\ 4 v \ 4 l l

FIFO FIFO FIFO FIFO
Queue Queue Queue Queue
Prio. 1 Prio. 2 Prio. 3 Prio. 4

Strict Strict

CBS CBS Priority Priority

Arrivals: -
Prio 1 Frame
Prio 1 Frame
Prio 2 Frame
Credits:

y‘ v@ = ¢, @ ‘ ‘
I
0 » t
J(&)
sW v =¢ .5 ‘

to 51

Transmission: m

idle time (or traffic from other queues)

Queueing Hardware Application End-to-End
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Credit Based Shaper

bits 4 service curve for class X:
VX
. X — X wc
Slope Parameter: ) Béps(t) =17 x (t — X
e time to reach worst-case
10 idle credit of queue
t
Credits: @ ¢ . @
redits @ 14 t -1 ‘
0 » t
)
N v = ¢, _5(1)1 ‘
to |51
Transmission: R. Queck [1]

J. A. R. De Azua and M. Boyer [2]
L. Zhao, P. H. M. Pop, Z. Zheng, H. Daigmorte, and M. Boyer [3]

Hardware Application End-to-End 8
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Credit Based Shaper

>

bits 4 service curve for class X:

X
Vwc

Bess(®) = 1%+ (t - X

Slope Parameter: [X)

time to reach worst-case

&
wc . .
idle credit of queue

J&X)

t

worst-case idle credit of queue 1 (V1)
>1

pime 0= o

/’\C

48, ‘

Credits:

v
~

0

tO tl

Transmission: >1(L1) R. Queck [1]

J. A. R. De Azua and M. Boyer [2]
L. Zhao, P. H. M. Pop, Z. Zheng, H. Daigmorte, and M. Boyer [3]

Hardware Application End-to-End 9




nnnnnnn ICH-ALEXANDER
UNIVERSITAT
ERLANGEN-NURI

Maile, Lisa: Network Calculus Results for TSN - An Introduction

Credit Based Shaper

bits 4 service curve for class X:
VX
wc
Slope Parameter: [(X) ﬁgBS (t) = 1% % (t — IT
c
time to reach worst-case idle credit of queue
&
wc

t

worst-case idle credit of queue 2 (V,2.):

. VM}C ) . L>2 Ll VM}C ,
Credits: @ 12 V2, =ty 1® = — Tt =m @
0 | | N

t3

to t; iz R. Queck [1]
Transmission: > 2 (L>?) 1 1(LY) J. A. R. De Azua and M. Boyer [2]
L. Zhao, P. H. M. Pop, Z. Zheng, H. Daigmorte, and M. Boyer [3]

E. Mohammadpour, E. Stai, and J. L. Boudec [4, 5]

Hardware Application End-to-End 10
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Control Data Traffic (CDT) per Output Port
= higher prioritized queue v y v y l
 CBS queues cannot send while CDT queue sends QFILZSG QFJESe QFJZSe QFJESe
Prio. 1 Prio. 2 Prio. 3 Prio. 4
« time that CDT sends until time t: t,(t)
Sl CBS CBS Strict
« change CBS service curve to: F’”i’”ty I I P“i’”ty I
Béss cor(t) = Béps(t — ta(t)) '
« with t,(t) determined by the output of the CDT queue a;pr(t) and the link rate C
bits 4
acpr(®) _ (acpr QBepr)(t)
ta(t) s ——= -
: L1
b W|th CZCDT=b+7”t and ﬂCDTzC.I:t_T

Bips(t — ta(t)

: | > t
E. Mohammadpour, E. Stai, M. Mohiuddin, and J. Le Boudec [6]

Hardware Application End-to-End 11
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T|me Awa I‘e Sha Der (TAS) and CBS per Output Port:
gate closed and guard band (depending on integration mode) { { | | l
. e X
bits Bcss FIFO FIFO FIFO FIFO |
% Queue Queue Queue Queue
IBTAS_CBS Prio. 1 Prio. 2 Prio. 3 Prio. 4
Strict Strict
P cBS Priority Priority
| Time-Triggered || Time-Triggered || Time-Triggered || Time-Triggered | P1: 10010000
Gate Gate Gate Gate t2: 01100000

I T L= . V_

% »
Vmax t

* CBS queues cannot send while gate is closed or during guard band t; 475 (t)
« change CBS service curve to:

ﬁ'I{(AS_CBS(t) == ECXBS (t - tGATE (t)) H. Daigmorte, M. Boyer, and L. Zhaq [7]
L. Zhao, P. Pop, Z. Zheng, and Q. Li [8]

L. Zhao, P. H. M. Pop, Z. Zheng, H. Daigmorte, and M. Boyer [9, 10]
Hardware Application End-to-End 12
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Asynchronous Traffic Shaping (ATS) =

and CBS [ | | T

Interleaved Interleaved Interleaved Interleaved

b itS‘ A Regulators Regulators Regulators Regulators

FIFO FIFO FIFO FIFO

Queue Queue Queue Queue

Prio. 1 Prio. 2 Prio. 3 Prio. 4

IX

Strict Strict

cBS CBS Priority Priority
I | I | |

v
Viax t

IX

» interleaved regulators come for free
(for the overall worst-case delay of all flows in a queue)
TS * service curve:
S X — pX
cBs~ CBS T ATS ﬁATS_CBS(t) = Bees(t)

CBS
E. Mohammadpour, E. Stai, M. Mohiuddin, and J. Le Boudec [11]
Queueing Hardware Application End-to-End 13
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Further Curves

» also consider effect of link shaping

 strict service and shaping curves
« for CBS and TAS-CBS

* by assuming credit of queue at t=0

Mechanism Author Min. Service Max. Service Shaper Max. Output
B pgmas o a*
1 2
CBS R. Queck min. 2 CBS CBS & SP
& x SP
. min. & strict
CBS - A Ruiz De for 2 CBS 2 CBS 2 CBS
Azua et al. .
& strict for SP
CBS Lin Zhao et al. min. 3 CBS
TAS Luxi Zhao et al. min. TT TT
TAS-CBS F. He ef al 2 CBS CBS incl.
shaper
TAS-CBS Luxi Zhao et al. min. 2 CBS CBS
TAS.CBS H. Daigmorte min. & strict < CBS
et al for x CBS
TAS-CBS | LuxiZhao eral. |  min. x CBS x CBS & link | CDS e
shaper
] . . ATS-CBS E Mol_mmmad- Jlmu_ 2 CBS f'j C'Bs incl.
is either the min. or max. value pour eral. | min. x CBS [32] link
* non-greedy shaping curve o, output is upper bounded:
x .
a* = min{a @ S, 7}
Hardware Application End-to-End 14
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Class- vs. Flow-Based

» all results are class-based
» service curves are defined for FIFO systems, so no strictness required

» so the residual (flow-based) service curve for flow j is:
+
B =0~ > a-0)
Vk | k#j

* @ can be optimized:

a = inf {a; @ B/}

0<f<t

« care: ATS can change the per-flow delay

> interesting future work
Le Boudec, J.Y., Thiran, P. [12]

Hardware Application End-to-End 15
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overview, effect

Queueing Delay

Hardware Delays
Application Delay
End-to-End Delay

swnN =
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Propagation Delay max. 100m

» delay bases on cable length s and propagation speed of medium v
» Ethernet propagation speed v = 2 - 108?

 max. Ethernet cable length s = 100m

« worst-case propagation delay:

dpp < 0.5us
Lee, K.C., Lee, S. [13]

Queueing Application End-to-End 17
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Transmission Delay

- after d,, only onle bit arrives
« also called: serialization, sending or reading delay

« transmission delay: whole serialized packet arrives

« in NC, this can be modeled with packetizer for “store-and-forward”

- changes service curves to: for “cut-through” this is lpeqger

lgl(t) = ﬁ(t) — lnax

Queueing Application End-to-End 18



nnnnnnnnnnnnnnnnnnn

Maile, Lisa: Network Calculus Results for TSN - An Introduction

Processing Delay

ﬁ

. few works deal with processing delays in forwardiné devices
« for an estimation, [14] proposes to use:
* number of instructions i )

* number of memory lookups m > estimation from [14]

« average memory access time t
« processor clock frequency f TSN switch (TQ STKLS1028A)

Ramaswamy, R., Ning Weng, Wolf, T. [14]

Queueing Application End-to-End 19
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Processing Delay

. few works deal with processing delays in forwarding devices

« for an estimation, [14] proposes to use:

* number of instructions i = 4693

* number of memory lookups m = 947 d. . = 4693 + 947 - 4ns = 7.4us
: P€  13GHz

« average memory access timet = 4ns

* processor clock frequency f = 1.3GHz

Ramaswamy, R., Ning Weng, Wolf, T. [14]

Queueing Application End-to-End 20
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TSN schedulers, service and shaping curves
transmission, propagation, processing delays
Application Delay arrival curve, interrupt latency

End-to-End Delay overview, effect

Queueing Delay
Hardware Delays

-l A\

Queueing Hardware Application End-to-End 21
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Application Delay

* open research question: How to create TSN applications?

* we highlight possible scenarios and discuss their worst-case delays

« for guarantees, we need an upper bound on traffic that an application creates
« arrival curve, e.g. b and r are required

« can be derived e.g. by code analysis or observation/measurement of the application

Queueing Hardware Application End-to-End

22
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Unshaped

L | | *  dinterrupt 1S highly variable
Application Level _. . L] « bandwidth-intensive tasks:
o o up to 140s [15, Linux 2.6.9]

 worst-case is similar in RT-Linux

! ! * file-intensive tasks:
—>

 dinterrupt up to 11ms [15]

SendingTime __ [HINNN [N

Liu, M., Liu, D., Wang, Y., Wang, M., Shao, Z. [15]

Queueing Hardware Application End-to-End 23
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Time-Triggered Operating System (TTOS) [15]

* mainly for Time-Triggered

Application Level _ [I . . communication
: 5 5 » future work: OS scheduling

configuration

Operating System I ' I ' ' I
| dtask_s%chedule

| dqﬁeueing

+—> € R

i dtaslk_np i

Sending Time [ ] O

Kopetz, H. [16]

Queueing Hardware Application End-to-End 24
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TSN scheduler & Class Measurement Interval (CMI)

» handle application to link delay as first hop

Asena = dinterrupt + dyc

> future work:

service curve for ATS
service curve for CMI

(how to implement this?)

bits 4

/ ﬁTAS

Queueing Hardware

>t

:BTAS_CBS

Application

End-to-End

25
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Delay at Receiver

* receive packet (packetizer)

» trigger interrupt

» process information

« complete delay at receiver:

lma

dinterrup t

dpc

x
d, = C + dinterrupt + dpc
Queueing Hardware Application

End-to-End

26
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Queueing Delay
Hardware Delays
Application Delay
End-to-End Delay

S S
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TSN schedulers, service and shaping curves
transmission, propagation, processing delays
arrival curve, interrupt latency

overview, effect

Queueing Hardware
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End-to-End Delay

100Mb/s

Prio. 2

|dle Slope 1: 30 Mb/s
|dle Slope 2: 20 Mb/s

140pus 120us 0.5us 7.4us 720us  120us 0.5us 140us + 7.4us

100Mb /s 100Mb /s

23% m Application

m Hardware
Y&
20% Queueing

Queueing

Hardware

Application End-to-End 28
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End-to-End Delay Idle Slope 1: 300 Mb/s
Idle Slope 2: 200 Mb/s

140us 1.2us 0.5us 7.4us 60us 1.2us 0.5us 140us + 7.4us

1Gb/s 1Gb/s 1Gb/s
*  measured: m Application
+ sending to receiving without queueing delay < 3us = Hardware
Queueing

« application to application without queueing delay < 300us

a End-to-End 29

Queueing Hardware Application
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