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Source:

Performance Study of an In-Car Switched Ethernet Network without Prioritization

Hyung-Taek Lim, Kay Weckemann, Daniel HerrscherPublished 2011 in Nets4Cars/Nets4Trains

DOI:10.1007/978-3-642-19786-4_15
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A little history of Ethernet
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Robert Metcalfe

David Boggs

The original 1976 slide to explain Ethernet

source: https://en.wikipedia.org/wiki/Ethernet
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source: https://en.wikipedia.org/wiki/Ethernet
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source: https://en.wikipedia.org/wiki/Ethernet



Switched Ethernet and Virtual LAN (IEEE 802.1Q)
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source: https://en.wikipedia.org/wiki/Ethernet
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source: https://www.tttech.com/

source: http://www.ieee802.org/1/pages/tsn.html
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BREAK
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Credit-based shaping in Ethernet TSN
20



Exercise : what is the wcrt of a single class M frame?

• Transmit when credit is non-negative 

and higher-priority transmissions are not possible

• All transmissions are non-preemptive

• Loose credit at rate 𝛼𝑀
− while transmitting

• Increase credit at rate 𝛼𝑀
+ when credit is negative

• Increase credit at rate 𝛼𝑀
+ when there are pending frames

• Reset credit to 0 when positive and no pending frames



Solution… but how do we extend and prove this?
22

𝐶𝐿
𝑚𝑎𝑥 + 𝐶𝐿

𝑚𝑎𝑥 ∙
𝛼𝐻
+

𝛼𝐻
− + 𝐶𝐻

𝑚𝑎𝑥
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Execution:

𝑢 ∶ 𝑇 → ℘ 𝐹 × ℘ 𝐹

The cumulative set of frames that arrived at the switch at time t: 

𝑢𝑎(𝑡) ⊆ 𝐹

The cumulative set of frames that finished transmission at t: 

𝑢𝑓(𝑡) ⊆ 𝐹
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The arrival time of a frame 𝑥 in execution 𝑢:

𝑎𝑢 𝑥 = min 𝑡 ∈ 𝑇 𝑥 ∈ 𝑢1 𝑡

The finish time of a frame 𝑥 in execution 𝑢:

𝑓𝑢 𝑥 = min 𝑡 ∈ 𝑇 𝑥 ∈ 𝑢2(𝑡)
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The worst-case response-time

𝑊𝐶𝑅𝑇(𝑋) = sup
𝑢∈𝑈

sup
𝑥∈𝑋

|𝑓𝑢 𝑥 , 𝑎𝑢 𝑥 |
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Definition: 

The behavior of a credit-based shaper is characterized by

a set 𝑈 of executions 𝑢 ∶ 𝑇 → ℘ 𝐹 × ℘ 𝐹 such that

for every 𝑢 ∈ 𝑈 we find … (fill in a set of axioms here) .

Theorem:

Given a behavior 𝑈 of a credit-based shaper we find

𝑊𝐶𝑅𝑇 𝑋 = sup
𝑢∈𝑈

sup
𝑥∈𝑋

𝑓𝑢 𝑥 , 𝑎𝑢 𝑥 ≤ ⋯ 𝑓𝑖𝑙𝑙 𝑖𝑛 𝑟𝑒𝑠𝑢𝑙𝑡 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 ℎ𝑒𝑟𝑒 .
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The class, source, destination, size, and arrival time 

of frames and interfering frames

together fully determine their transmission time.



A formal model of credit-based shaping

16/8/2018

28

Pasargad Summer School 2018

According to the 802.1 standard, all relevant 
information on frames can be found in the header 
structure:

𝑠𝑖𝑧𝑒 ∶ 𝐹 → ℝ
𝑐𝑙𝑎𝑠𝑠 ∶ 𝐹 → 𝐶𝐷, 𝐴, 𝐵, 𝐵𝐸 𝑜𝑟 {𝐻,𝑀, 𝐿}
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Credit of class H at time t during execution u:

𝐶𝑅𝐻
𝑢 ∶ 𝑇 → ℝ

Credit of class M at time t during execution u:

𝐶𝑅𝑀
𝑢 ∶ 𝑇 → ℝ

Start-time of the transmission of frame x during execution u:

𝑠𝑢 ∶ 𝐹 → 𝑇

Maximum frame size of a class: 

𝐶𝐻
𝑚𝑎𝑥, 𝐶𝑀

𝑚𝑎𝑥 , 𝐶𝐿
𝑚𝑎𝑥

Credit increase and decrease rate (idleslope and sendslope):

𝛼𝐻
+, 𝛼𝑀

+ , 𝛼𝐻
−, 𝛼𝑀

− , 𝐵𝑊



Axioms of credit based shaping

16/8/2018

30

Pasargad Summer School 2018

• NON-PREEMPTIVE TRANSMISSION:

𝑓𝑢 𝑥 = 𝑠𝑢 𝑥 + 𝑠𝑖𝑧𝑒 𝑥

• SINGLE TRANSMISSION

𝑥 ≠ 𝑥′ ⇒ 𝑠𝑢 𝑥 ≠ 𝑠𝑢 𝑥′

and

𝑠𝑢 𝑥 < 𝑠𝑢 𝑥′ ⇒ 𝑓𝑢 𝑥 ≤ 𝑠𝑢 𝑥′

• FIFO (?)
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• NON-PREEMPTIVE TRANSMISSION:

𝑓𝑢 𝑥 = 𝑠𝑢 𝑥 + 𝑠𝑖𝑧𝑒 𝑥

• SINGLE TRANSMISSION

𝑥 ≠ 𝑥′ ⇒ 𝑠𝑢 𝑥 ≠ 𝑠𝑢 𝑥′

and

𝑠𝑢 𝑥 < 𝑠𝑢 𝑥′ ⇒ 𝑓𝑢 𝑥 ≤ 𝑠𝑢 𝑥′

• FIFO

𝑎𝑢 𝑥 < 𝑎𝑢 𝑥′ ⇒ 𝑠𝑢 𝑥 < 𝑠𝑢 𝑥′
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• NON-PREEMPTIVE TRANSMISSION:

𝑓𝑢 𝑥 = 𝑠𝑢 𝑥 + 𝑠𝑖𝑧𝑒 𝑥

• SINGLE TRANSMISSION

𝑥 ≠ 𝑥′ ⇒ 𝑠𝑢 𝑥 ≠ 𝑠𝑢 𝑥′

and

𝑠𝑢 𝑥 < 𝑠𝑢 𝑥′ ⇒ 𝑓𝑢 𝑥 ≤ 𝑠𝑢 𝑥′

• FIFO

𝑎𝑢 𝑥 < 𝑎𝑢 𝑥′ ⇒ 𝑠𝑢 𝑥 < 𝑠𝑢 𝑥′

• CREDIT DROP
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• NON-PREEMPTIVE TRANSMISSION:

𝑓𝑢 𝑥 = 𝑠𝑢 𝑥 + 𝑠𝑖𝑧𝑒 𝑥

• SINGLE TRANSMISSION

𝑥 ≠ 𝑥′ ⇒ 𝑠𝑢 𝑥 ≠ 𝑠𝑢 𝑥′

and

𝑠𝑢 𝑥 < 𝑠𝑢 𝑥′ ⇒ 𝑓𝑢 𝑥 ≤ 𝑠𝑢 𝑥′

• FIFO

𝑎𝑢 𝑥 < 𝑎𝑢 𝑥′ ⇒ 𝑠𝑢 𝑥 < 𝑠𝑢 𝑥′

• CREDIT DROP

if 𝑠𝑢 𝑥 ≤ 𝑡 ≤ 𝑡′ ≤ 𝑓𝑢 𝑥 and 𝑐𝑙𝑎𝑠𝑠 𝑥 = 𝐻

then 𝐶𝑅𝐻
𝑢 𝑡′ = 𝐶𝑅𝐻

𝑢 𝑡 − 𝛼𝐻
− ∙ |𝑡′, 𝑡|
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• A class 𝐻 has pending frames whenever a frame 

has arrived that has not yet been transmitted

𝑃𝑒𝑛𝑑𝑖𝑛𝑔𝐻 𝑡 ≝ ∃𝑥:𝑐𝑙𝑎𝑠𝑠 𝑥 =𝐻 𝑎
𝑢 𝑥 ≤ 𝑡 ∧ 𝑓𝑢 𝑥 > 𝑡

• Credit recovery:

if 𝑡 ≤ 𝑡′ and 𝑡, 𝑡′ ≤ −𝐶𝑅𝐻
𝑢 𝑡

then 𝐶𝑅𝐻
𝑢 𝑡′ = 𝐶𝑅𝐻

𝑢 𝑡 + 𝛼𝐻
+ ∙ |𝑡′, 𝑡|

• Gaining credit:

if 𝑐𝑙𝑎𝑠𝑠 𝑥 = 𝑀 and 𝑐𝑙𝑎𝑠𝑠 𝑦 ≠ 𝑀 and

if 𝑎𝑢 𝑥 ≤ 𝑡 ∧ 𝑠𝑢 𝑥 > 𝑡′ and 𝑠𝑢 𝑦 ≤ 𝑡 ∧ 𝑓𝑢 𝑦 > 𝑡′

then 𝐶𝑅𝑀
𝑢 𝑡′ = 𝐶𝑅𝑀

𝑢 𝑡 + 𝛼𝐻
+ ∙ |𝑡′, 𝑡|

• Credit reset:

¬𝑃𝑒𝑛𝑑𝑖𝑛𝑔𝐻 𝑡 ⇒ 𝐶𝑅𝑀
𝑢 𝑡 ≤ 0

(this one is true, but actually a bit more complicated)
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• A frame may only start transmission if there is no

higher priority frame pending for which credit is

available…



Axioms of credit based shaping

16/8/2018

36

Pasargad Summer School 2018

• A frame may only start transmission if there is no

higher priority frame pending for which credit is

available…

if 𝑐𝑙𝑎𝑠𝑠 𝑥 < 𝑐𝑙𝑎𝑠𝑠 𝑦 and 𝑎𝑢(𝑦) ≤ 𝑠𝑢(𝑥) and 𝐶𝑅𝑐𝑙𝑎𝑠𝑠 𝑦
𝑢 𝑠𝑢 𝑥

then 𝑠𝑢(𝑦) ≤ 𝑠𝑢(𝑥)
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• A frame may only start transmission if there is no

higher priority frame pending for which credit is

available…

if 𝑐𝑙𝑎𝑠𝑠 𝑥 < 𝑐𝑙𝑎𝑠𝑠 𝑦 and 𝑎𝑢(𝑦) ≤ 𝑠𝑢(𝑥) and 𝐶𝑅𝑐𝑙𝑎𝑠𝑠 𝑦
𝑢 𝑠𝑢 𝑥

then 𝑠𝑢(𝑦) ≤ 𝑠𝑢(𝑥)

• A frame will start as soon as it is allowed to, given all previous rules…
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• A frame may only start transmission if there is no

higher priority frame pending for which credit is

available…

if 𝑐𝑙𝑎𝑠𝑠 𝑥 < 𝑐𝑙𝑎𝑠𝑠 𝑦 and 𝑎𝑢(𝑦) ≤ 𝑠𝑢(𝑥) and 𝐶𝑅𝑐𝑙𝑎𝑠𝑠 𝑦
𝑢 𝑠𝑢 𝑥

then 𝑠𝑢(𝑦) ≤ 𝑠𝑢(𝑥)

• A frame will start as soon as it is allowed to, given all previous rules…

𝑠𝑢 𝑥 = inf 𝑡

∀𝑧 𝑠
𝑢 𝑧 < 𝑡 ⇒ 𝑓𝑢(𝑧) ≤ 𝑡

𝐶𝑅𝑐𝑙𝑎𝑠𝑠 𝑥
𝑢 (𝑡) ≥ 0

∀𝑥′:𝑐𝑙𝑎𝑠𝑠 𝑥 =𝑐𝑙𝑎𝑠𝑠(𝑥′) 𝑎
𝑢 𝑥′ < 𝑎𝑢 𝑥 ⇒ 𝑠𝑢 𝑥′ < 𝑡

∀𝑦:𝑐𝑙𝑎𝑠𝑠 𝑦 >𝑐𝑙𝑎𝑠𝑠(𝑥) 𝐶𝑅𝑐𝑙𝑎𝑠𝑠 𝑦
𝑢 𝑡 ≥ 0 ∧ 𝑎𝑢(𝑦) ≤ 𝑡 ⇒ 𝑓𝑢(𝑦) ≤ 𝑡
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Definition: 

The behavior of a credit-based shaper is characterized by

a set 𝑈 of executions 𝑢 ∶ 𝑇 → ℘ 𝐹 × ℘ 𝐹 such that

for every 𝑢 ∈ 𝑈 we find … (fill in a set of axioms here) .

Theorem:

Given a behavior 𝑈 of a credit-based shaper we find

𝑊𝐶𝑅𝑇 𝑋 = sup
𝑢∈𝑈

sup
𝑥∈𝑋

𝑓𝑢 𝑥 , 𝑎𝑢 𝑥 ≤ ⋯ 𝑓𝑖𝑙𝑙 𝑖𝑛 𝑟𝑒𝑠𝑢𝑙𝑡 𝑜𝑓 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 ℎ𝑒𝑟𝑒 .



Eligible interval analysis

• An eligible interval 𝐸 ⊆ 𝑇 for class 𝑋 is an interval of time during 
which frames of 𝑋 are eligible for transmission; i.e. both pending 
load and credit available, or an actual transmission is in progress.

∀𝑡∈𝐸 𝑃𝑒𝑛𝑑𝑖𝑛𝑔𝑋 𝑡 ∧ 𝐶𝑅𝑋
𝑢 𝑡 ≥ 0 ∨ 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑖𝑛𝑔𝑋(𝑡)

10/19/2016

40

RTNS 2016



Eligible intervals & relative wcrt-analysis
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Eligible intervals & relative wcrt-analysis
42

𝒔′ 𝒎𝒊 − 𝒔(𝒎𝒊) ≤
𝑪𝑹𝑴(𝒔

′(𝒎𝒊))

𝜶𝑴
+



A bound on the minimum and maximum credit

• What is the minimum credit that can be achieved?
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A bound on the minimum and maximum credit

• What is the minimum credit that can be achieved?

𝑪𝑹𝑴
𝒖 𝒕 ≥ −𝜶𝑴

− ⋅ 𝑪𝑴
𝒎𝒂𝒙
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A bound on the minimum and maximum credit

• What is the minimum credit that can be achieved?

𝑪𝑹𝑴
𝒖 𝒕 ≥ −𝜶𝑴

− ⋅ 𝑪𝑴
𝒎𝒂𝒙

• What is the maximum credit for 𝑴 without pending load?
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A bound on the minimum and maximum credit

• What is the minimum credit that can be achieved?

𝑪𝑹𝑴
𝒖 𝒕 ≥ −𝜶𝑴

− ⋅ 𝑪𝑴
𝒎𝒂𝒙

• What is the maximum credit for 𝑴 without pending load?

𝑪𝑹𝑴
𝒖 (𝒕) ≤ 𝟎
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A bound on the minimum and maximum credit

• What is the minimum credit that can be achieved?

𝑪𝑹𝑴
𝒖 𝒕 ≥ −𝜶𝑴

− ⋅ 𝑪𝑴
𝒎𝒂𝒙

• What is the maximum credit for 𝑴 without pending load?

𝑪𝑹𝑴
𝒖 𝒕 ≤ 𝟎

• What is the maximum credit for 𝑴 when 𝑳 is transmitting?
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A bound on the minimum and maximum credit

• What is the minimum credit that can be achieved?

𝑪𝑹𝑴
𝒖 𝒕 ≥ −𝜶𝑴

− ⋅ 𝑪𝑴
𝒎𝒂𝒙

• What is the maximum credit for 𝑴 without pending load?

𝑪𝑹𝑴
𝒖 𝒕 ≤ 𝟎

• What is the maximum credit for 𝑴 when 𝑳 is transmitting?

𝑪𝑹𝑴
𝒖 𝒕 ≤ 𝜶𝑴

+ ⋅ 𝑪𝑳
𝒎𝒂𝒙

16/8/2018
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A bound on the minimum and maximum credit

• What is the maximum increase in credit of 𝑴 during an 
interval in which continuously either 𝑴 or 𝑯 are 
transmitting?
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A bound on the minimum and maximum credit

• What is the maximum increasing in credit of 𝑴 during an 
interval in which continuously either 𝑴 or 𝑯 are 
transmitting?

Let 𝑰 = (𝒕, 𝒕′) be a length of time during which either 𝑴 or 
𝑯 are continuously transmitting (alternatingly).

Let 𝑻𝑴, 𝑻𝑯 denote the total time that 𝑴 and 𝑯 are 
transmitting, respectively. So |𝒕, 𝒕′| = 𝑻𝑴 + 𝑻𝑯.

Then:
𝑪𝑹𝑯

𝒖 𝒕′ = 𝑪𝑹𝑯
𝒖 𝒕 + 𝜶𝑯

+ ∙ 𝑻𝑴 − 𝜶𝑯
− ∙ 𝑻𝑯

𝑪𝑹𝑴
𝒖 𝒕′ = 𝑪𝑹𝑴

𝒖 𝒕 + 𝜶𝑴
+ ∙ 𝑻𝑯 − 𝜶𝑴

− ∙ 𝑻𝑴

16/8/2018
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A bound on the minimum and maximum credit

• What is the maximum increasing in credit of 𝑴 during an 
interval in which continuously either 𝑴 or 𝑯 are 
transmitting?

So:

∆𝑪𝑹𝑯
𝒖 + ∆𝑪𝑹𝑴

𝒖 = 𝜶𝑴
+ − 𝜶𝑯

− ∙ 𝑻𝑯 + 𝜶𝑯
+ − 𝜶𝑴

− ∙ 𝑻𝑴

And using 𝜶𝑴
− = 𝑩𝑾−𝜶𝑴

+ and 𝜶𝑯
− = 𝑩𝑾−𝜶𝑯

+

∆𝑪𝑹𝑯
𝒖 + ∆𝑪𝑹𝑴

𝒖 = 𝜶𝑴
+ + 𝜶𝑯

+ −𝑩𝑾 ∙ 𝑻𝑯 + 𝑻𝑴

The total credit drops as long as the total reservation is
less than the bandwidth. So the rise in one credit is at most
proportional to the drop in the other.
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Eligible interval analysis
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• Maximum relative delay:  𝐶𝐿
𝑚𝑎𝑥 + 𝐶𝐿

𝑚𝑎𝑥 ∙
𝛼𝐻
+

𝛼𝐻
− + 𝐶𝐻

𝑚𝑎𝑥



Eligible interval analysis
53

• Worst-case response time:

𝑊𝑅𝑖𝑛𝑡 = 𝑊𝑅𝑖𝑛𝑜 𝑖𝑛𝑡 + 𝐶𝐿
𝑚𝑎𝑥 + 𝐶𝐿

𝑚𝑎𝑥 ∙
𝛼𝐻
+

𝛼𝐻
− + 𝐶𝐻

𝑚𝑎𝑥



BREAK
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Ethernet TSN
Worst-case response time analysis of credit-based shaping 55

𝑊𝑅𝑖𝑛𝑡 = 𝑊𝑅𝑖𝑛𝑜 𝑖𝑛𝑡 + 𝐶𝐿
𝑚𝑎𝑥 + 𝐶𝐿

𝑚𝑎𝑥 ∙
𝛼𝐻
+

𝛼𝐻
− + 𝐶𝐻

𝑚𝑎𝑥



Analysis based on `just the standard’
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Axioms that capture engineering principles
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Improvement over traditional busy period analysis
58

Eligible interval analysis is independent and tight,

and improves busy period analysis for idling servers

We analyze the platform, not the final product!



Validation
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Physicists build their models

to fit reality as closely as possible…

Prof. Edward Lee, Berkeley



Validation
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Physicists build their models

to fit reality as closely as possible…

Prof. Edward Lee, Berkeley

Engineers build reality

to fit their model as closely as possible…


