Challenges of Deadline-Aware
Configurations for Hybrid TSN Networks

by Luxi Zhao

Email: zhaoluxi@buaa.edu.cn
Beihang University



Beihang
2/ University

Real-time performance of TSN networks

" Akey issue of focus

= Correctness in real-time communications ~ 7 HumanPerception of Danger
e Task functional Iogic _Brain Decision to Brake
* Latency within defined upper bounds A Action Transmission to Brake “
' __...-.-——‘ =,
Manual Control Reaction Time
Automatic Control Communication Deadline
Functional logic correctness Application deadline sratisfaction

s e

Sensor Perception System Decision-Making Real-Time Communication Network
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Real-time performance of TSN networks

Does TSN Automatically Guarantee Real-Time Transmission? NO

"  Flow control related sub-protocols
* Provides a basic paradigm for network design

" Require algorithms and tools for achieving real-time communications

Time synchronization:

Timing and Synchronization [802.1AS-2020]
(a profile of IEEE 1588)

Hot Standby [P802.1ASdm)]

YANG [P802.1ASdn]

Inclusive Terminology [P802.1ASdr]
Support for half-duplex [P802.1ASds]

Flow control sub-protocols

Bounded low latency:

Credit Based Shaper [802.1Qav])

Frame Preemption [802.1Qbu & 802.3br]
Scheduled Traffic [802.1Qbv]

Cyclic Queuing and Forwarding [802.1Qch])
Asynchronous Traffic Shaping [802.1Qcr]
Shaper Parameter Settings [P802.1Qdq]
QoS Provision [P802.1DC]

Cut-Through Forwarding [P802.1DU]
Enhancements to CQF [P802.1Qdv]

TSN Components

(Tools of the TSN toolset)

Synchronization

Reliability

Resource Management

> Zero congestion loss = <€
Bounded latency

Note: A ‘P’ in front of ‘802.1" indicates an ongoing Project.

High availability / Ultra reliability:
Frame Replication and Elimination [802.1CB]
Path Control and Reservation [802.1Qca)
Per-Stream Filtering and Policing [802.1Qci]
Hot Standby [P802.1ASdm]

Dedicated resources & API:

Stream Reservation Protocol [802.1Qat]
Link-local Registration Protocol [802.1CS]

TSN Configuration [802.1Qcc]

Foundational Bridge YANG [802.1Qcp]

YANG for CFM [802.1Qcx]

YANG for 802.1Qbv/Qbu/Qci [802.1Qcw]
YANG for CBS [P802.1Qdx]

YANG for MSTP [P802.1Qdy)

YANG for LLDP [802.1ABcu]

YANG for LAG [P802.1AXdz]

YANG & MIB for FRER [802.1CBcv]

Extended Stream ldentification [802.1CBdb]
LLDPv2 for Multiframe Data Units [802.1ABdh]
Resource Allocation Protocol [P802.1Qdd]
TSN Configuration Enhancements [P802.1Qdj]
Multicast and Local Address Assignment [P802.1CQ]
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Real-time performance of TSN networks
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Real-time Guarantees for TIME-Triggered (TT) Communication

" Configuration characteristic:

* Real-Time Guarantees: at scheduling phase
* Scope: periodic traffic flows

Configuration goals: offsets, time slots, queue usage, etc.

e Algorithm Complexity: high
* Global Clock Synchronization: yes

Time synchronization: TSN Components : I
Timing and Synchronization [802.1AS-2020] (Tools of the TSN toolset) ‘
x prggle{ 9021 1288; | [E5i- 5711 [ES,.57 ] [ES).5%] [ES,5% g
Hot Standby [P802.1ASdm T 1o 7] SAYINY 4 51,8 1
YANG [P802.1ASdn) Synchronlzatlon ’ - ‘ :¢1 Tz = | ¢] +71 ¢1 +2,Ti
Inclusive Terminology [P802.1ASdr] Reliability | : . N
Support for half-duplex [P802.1ASds) : [ESzaSWd : ¢[ESZ,SW1] Ir
1 P ~ TT
1 TT TseL
Latency ‘ | o 0-|T-T GCL 04
o - TI = J= 5 =
Bounded low latency: : ! J J ’.j .
. Credit Based Shaper [802 1Qav] Resource Management \ [SWW,SWQJ | i [SW - ] [SW pom ] - !
otion b b X ! e 1L SWy
Scheduled Traffic [802 1Qbv] \ Q] ] ""|¢1 ¢' "l””" TN
Cvcthueumsand Forwardlng [802 1Qch] \ Qz: OO 11 1 (LRERCEARE TR R WHITRnm
1 T [P |
Shaper Parameter Settings [P802 1qu] ) : : TZ
Qos Provision [P802.10C] [=——> Zero congestion loss = — (S5, £S5 ]— i 5 . i . . . >
. Bounded latency ; ' [P, ES5] SWy,ES; ¢
Enhancements to CaF [p502 103 T 1 of  mm? - %2 LTI i (T
Note: A ‘P’ in front of ‘802.1’ indicates an ongoing Project. ! '
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Real-time performance of TSN networks

Real-Time Guarantees for EVENT-Triggered (ET) Communication

" Configuration characteristic:
* Real-Time Guarantees: dedicated performance analysis © Algorithm Complexity: low
* Scope: periodic/sporadic traffic flows * Global Clock Synchronization: no

TSN Components

Time synchronization:

Shaper Parameter Settings [P802.1Qdq]
QoS Provision [P802.1DC] Zero congestion loss = -—
Cut-Through Forwarding [P802.1DU]

-
Configuration Complexity

Bounded latency

\
Timing and Synchronization [802.1AS-2020] (Tools of the TSN toolset) : Real-Time A
(a profile of IEEE 1588)
Hot Standby [P802.1ASdm] o | Performance Time-Triggered
YANG [P802.1ASdn] Synchronization . ‘ :
Inclusive Terminology [P802.1ASdr] Re“ablllty | SChedU llng
Support for half-duplex [P802.1ASds]) <
l .
Hybrid

1

! Scheduling
: \

Credit Based Shaper [802.1Qav]) Resource Management .
Frame Preemption [802.1Qbu & 802.3br = : Event—Trlggered
cheduled Traffic . v \ SChedU”ng

Cyclic Queuing and Forwardin 2, h \
Asynchronous Traffic Shaping [802.1Qcr] \
f
L
f
1
!

Note: A ‘P’ in front of ‘802.1’ indicates an ongoing Project.
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Challenges of deadline-aware configuration in TSN

" Performance analysis methods:
* event-triggered sub-protocols, hybrid TT and ET communication

* network calculus, response timing analysis, ....

Beyond Just Analyzing the Real-Time Performance of a Fully Configured System
" Design and configure a system to meet performance requirements
Traditional Configuration Framework -- Post-Schedulability Verification

Configuration Stage
System Model INPUT & & OUTPUT
e Optimized network
e Network Topology | | Generate a Heuristic configuration
e Scheduling Policy solution Optimization iteri
e Traffic type A

L Verification

NC-based Meet
Performance Analysis Deadlines? Feedback Loop

Verification Stage

(a) Conventional framework based on ex-post verification

6 Luxi Zhao, Sep. 2024



Challenges of deadline-aware configuration in TSN

Traditional Configuration Framework -- Post-Schedulability Verification

"  Verification stage:

* Takes only a few seconds per configuration
" Configuration stage:
* Repeated real-time verification with each configuration change
* Consumes over 90% overall configuration time

System Model

¢ Network Topology
e Scheduling Policy
¢ Traffic type

INPUT

Configuration Stage

| | Generatea Heuristic
solution Optimization
A

No

NC-based Meet
Performance Analysis Deadlines?

Verification Stage

OuTPUT -
Optimized network
configuration

Verification
Feedback Loop

(a) Conventional framework based on ex-post verification
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Challenges of deadline-aware configuration in TSN

What Comes Next? = Online Reconfiguration Scenario [1]

" Develop more efficient performance analysis framework to support network
configuration

®  Reduce verification overhead

Configuration Stage

System Model INPUT OuTPUT imized K
e Network Topology Generate a Heuristic No Meet Yes Op:c:lg;%gurr;%tc\ﬁ;or
e Scheduling Policy solution Optimization riteria?
e Traffic type A \ )

A4 No

. NC-based I ’Meet Yes ®
Performance Analysis Deadlines? ;
Online
Verification Stage Reconfiguration

(a) Conventional framework based on ex-post verification

[1] Boyer, M., and Henia, R. (2024). Industrial challenge: Embedded reconfiguration of TSN. technical report.
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Insights from Two Perspectives
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(1) Incremental Performance Analysis [2]

" Principal idea

* Analyze only the changed portions of the network
* Avoid full re-analysis of entire network traffic every time

Network Calculus Theory

Incremental Analysis Rules

Incremental Performance Analysis Module (iPAM)

R (t) R *® (t) Performance Status Module (PSM)
‘ Holistic message classification port classificatio
S Performance A gaa
Analysis O g0 d
Module \ o900

arrival curve

service curve

¥
EE»

A 4

Update

+

Directly Affected Port
Indirectly Affected Port

» R *( Unaffected Port
bits " R([) & B ) =
- Y
g% incremental analysis rules construction
Faog AVB arrival Status vectors
Stored INFO CBS server TAS service curve
- TT arrival curve CBS shaping curve
“‘f’""/ B(l)
- data CBS service curve I' AVB arrival curve
R(1)
ime 3 Worst-case delay bound
< time (R® B)(V) time il
>

W

Performance Analysis Module (PAM)

[2] Zhao, L., Zhang, X., He, F., et al. (2024). Incremental Performance Analysis for Accelerating Verification of TSN Network Reconfigurations. IEEE Transactions on Network and

Service Management.
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Incremental Performance Analysis [2]

Core Methods (TSN/TAS+CBS)
" Classify network node ports: directly affected, indirectly affected, unaffected

" Establish incremental rules to maximize reuse of existing analysis components
* TTarrival curve ™\

TTs

. Incremental Performance Analysis Module (iPAM)
¢ TAS SerVICe Curve Performance Status Module (PSM)
H Network CaICUIus Holistic ( message classification ) ( port classification
¢ AVB al’l’lva| curve Performance ar ailaieeN ¥ § |
e CBS service curve Performance Model Analysi O\ i=g=N
for TSN/TAS+CBS ¥ = . J o
o ' :
CBS shaping curve 2R :
* Delay bounds == »
/ :___b _T_B A . A * A . vy
— Z: incremental analysis rules construction
e ] =

TT arrival curve X' CBS shaping curve I AVB Class M1
CBS service curve I AVB arrival curve |TTA| S| ClA | P
VB Class M2
Worst-case delay bound TTa| S | ClA | b

A

Update .
Performance Analysis Module (PAM)

[2] Zhao, L., Zhang, X., He, F., et al. (2024). Incremental Performance Analysis for Accelerating Verification of TSN Network Reconfigurations. IEEE Transactions on Network and
Service Management. 10 Luxi Zhao, Sep. 2024
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Incremental Performance Analysis [2]

7/ University
Comparison with Traditional Performance Analysis
" Speed Improvement
° 75% to 95% faster (simultaneous changing flows within 10%)
* More effective with large-scale networks
" Limitations ot | bl aze >(ES6
A" 91 BIITalSICIA
* Analysis time increases with more changing flows oo WCLEARN ] Womsr coms 5 1
s TNWAR ) - ——— > A A E d y ;‘
y _ changing D M ()
* More concurrent changing flows bring it closer to o ?,fl%_:z;a
traditional performance analysis e
a24 - tt2,4,6
""" SW2 ai6,24) [qws al2;
123 o 212 SW DA: B C— ] @
g%% - 1246 A 7 B[l LaSICIAD .
SN a1l 1216; eariil i o P
TTs b13,14, TT: all, A ,
i CESIC TTASCADL b14,22 N B (LLalS CAD @
rT‘Ts A A 3 \‘_31'5__ r> B A D -;_
TA|S|8| :|B ){tz—Sg B : g : e :
) alé,iS I SW3 17'; ] )
bld Lo = i TSRO \)‘g—lg-! SWo6 TT: I\g_tlS_lf_lii
ES3 tt7,8; s[CLASTCIAD] T ATTASICIATD)
T;T:s 317,18 N T B[LTalSICIA[D
T%Ig@%\g w-b19___ S, TR CIAD, - — - .L R \_t_3j_
- i ADf ey | X o fERRERy

[2] Zhao, L., Zhang, X., He, F., et al. (2024). Incremental Performance Analysis for Accelerating Verification of TSN Network Reconfigurations. IEEE Transactions on Network and

Service Management.

11

Luxi Zhao, Sep. 2024



g O Beihang
2/ University

Incremental Performance Analysis [2]

Advantages

" Significant improvement when networks have small changes

"  Just constructs incremental analysis rules on top of the traditional analysis model
" Easily extends to other TSN flow control sub-protocols

Disadvantages
" Complexity can approach traditional analysis when there are large network changes
= Still relies on the real-time verification feedback loop

[2] Zhao, L., Zhang, X., He, F., et al. (2024). Incremental Performance Analysis for Accelerating Verification of TSN Network Reconfigurations. IEEE Transactions on Network and
Service Management. 12 Luxi Zhao, Sep. 2024
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Insights from Two Perspectives

(2) Performance-Driven Configuration Optimization [3] [4]
" Principal idea

* Can we automatically ensure real-time performance while configuration optimization, like TT
scheduling?

* Avoid the traditional real-time verification feedback loop

Configuration Stage

System Model INPUT o
e Network Topology Generate a Heuristic Opz'or?]'ézﬁrg?;cg‘:‘ork
¢ Scheduling Policy solution Optimization
e Traffic type N

No

Meet
Deadlines?

Verification Stage

Verification
Feedback Loop

NC-based
Performance Analysis

(a) Conventional framework based on ex-post verification

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).
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Performance-Driven Configuration Optimization [3] [4]
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"  Problem Motivation

* CBS, DRR, TAS+CBS: optimize bandwidth to optimize residual bandwidth utilization while
guarantees deadlines
* OQver-allocation * Under-allocation
v" Leads to resource waste v Risks missing deadlines for time-critical applications
v Decreases service quality for lower-priority
" Overall framework SystemModel ) Ineur Confguration sage oo
* Network level { ?Nhﬁvt“:gg'l‘g’yb' i [ °"H‘ffu“f‘“‘ttl’c°“ 0 L}—\I
°* Node level — iMeeNt" |Yes Verification
Performance Analysis Feedback Loop
Verification Stage

(a) Conventional framework based on ex-post verification

System Madel Deadline-Aware Configuration Stage
e Network Topology |IMPUT Network Level Node Level
. | Local Deadline [ Min-Bandwidth Allocation
* Routing Decomposition with Latency Guarantees

Outpur Minimum bandwidth
e@ reservation idSl

{b) New framework based on prior QoS guarantees

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).
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Performance-Driven Configuration Optimization [3] [4]

\ Beihang
2/ University

Network Level -- Deadline Decomposition Technique

"  Problem

* Upstream bandwidth changes impact downstream delays

* Need to decouple traffic between nodes
" Solution

* Decompose end-to-end deadlines into local deadlines at each node
* Ensures end-to-end deadlines are met when all local deadlines are satisfied

E2E
D

; DZzE DﬁZE
D' ¢ f o
M, fﬁl/ ’72/ (6
Vo,
—:Dyi
he h, hs >@%EZE
L Lfs D7
st L
- T
s 7 he ijﬁ _______ h K DEZE

3

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).
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Performance-Driven Configuration Optimization [3] [4]

Node Level — Optimize Configuration Parameters
" Coupled models
* Integrate NC-based performance analysis model with bandwidth optimization problem

" Challenge
* Derive closed-form or fast optimal solutions

Objective function: maximize residual bandwidth Objective function: maximize residual bandwidth
Decision variables: idle slope idSI! Decision variables: quantum ¢, Q"
Constraints: deadline guarantees — NC-based CBS Constraints: deadline guarantees — NC-based DRR
performance analysis model performance analysis model
5 } } Nees ! Ne¢prrR h c¢DRR
P: max p(idStY,. . . idSly. ) =C =Y idSl" P: max 1 (QM gt . gk =1- =1-) 7
idSU ..., idSU, >0 s ; Q" il oty >0 ( e - Nepre ) Z Q’ Z
st. Cy:D!>hDev(al,Blcss), Vi€ [l, Neps] s.t. Cqp:DI>hDev(al, Bl'ore). Vi € [1, Neprr]
CyidSIY > Y py, Vi € [1, Nes] Co i gl > 1lmex, Vi € [1, NepRg]
feFh
Scheduling Policy: Credit-Based Shaping (CBS) [3] Scheduling Policy: Deficit Round Robin (DRR) [4]

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).
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Performance-Driven Configuration Optimization [3] [4]

Node Level — Optimize Configuration Parameters
" Closed-form solution

CBS Scheduler: [3] DRR Scheduler: [4]

- Established equation linking idle slope idSI" to worst- - Established equation linking quantum q*, Q" to worst-
case delay; case delay;

« By gradient information, derived closed-form » Derived closed-form solution for local optimal
expression for minimal bandwidth reservation idSI? bandwidth with fixed Q";
required to meet local deadlines; « Used gradient ascent to find optimal total quantum Q"

«  TAS+CBS hybrid architecture - [under review] for maximizing residual bandwidth;

» Formally proved gradient ascent avoids local optima

Local Optimization of Global Optimization of
| Network Level ” Node Level Bandwidth Allocation Quantum Assignment
: N\ 3\ (Sec. V-A) (Sec. V-B)
| n ' " 5 B N -
] B%%%,Egggtllgﬁ Min. Bandwidth for CBS in TSN WOES"titﬁ:%SIeP‘IE?ﬁ??CV Deadline Deriving Min. Bandwidth Determining || GlobalOptimal
SR Class M, Decomposition Proportion for Each the Optimal Solution g/“P'=
h + yaphmin h Vi . A ) Critical Classes Total Quantum || O-o'yopt (OF-opt)|
O, QM1 1dSl‘V:,‘ =f(QM1 ’Rﬂfﬁ*} ] unique Rw]* ‘ E : = JY .O~
SR Class M, - : : I I(I as Il| al( Di '[1;"=q"/Q"—n7"'°"‘(Q"]< N N 2o |
Ot Qy, idSlf{;’:"" :f(ﬂfwl =idS1’;;;l‘"",P5 *) < unique Pﬁv* Wt ! I 177 1 ] 'l 1 l
' - 2 - . 2 - ass 2
SR Class M a, (1) / h_ D N | h.opt Min.
’ h - phmin Boagphmin acihmin B . 8 Critical I ” ”” 'l D, "[’72‘=qz’/Qh_”72 W'(Q'}‘ > gy Bandwidth
b, S = f (0 idstmn idstmn pf Y@l unique P Classes] oo s That Ensures
: - - - : : O™ : QoS

Class N..

: Gradient Info. Curve Characteristic al (1) ,, )
N h h . U A | I h.opt
s I\ . )\ / (I 0} R e) (A )1
| | dS | H Maximize bandwith allocation for other traffic type l Non- Class N.+1,..,.N Share the BGI%ba]tha:.
Critical{ g Beridnins Ia\ll;lmvzilritticacl)r
Classes Quantum i

D — Classes

)

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).
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Performance-Driven Configuration Optimization [3] [4]

TABLE Il

Comparison with Default idSl (75%) --CBS VALIDITY OF OUR PROPOSED APPROACH IDSLMIN/NC
" Bandwidth Savings SR Class | Port  [idSIMin/NC [idSIMin/Std | idSI/Default
[ESI.SWI]| 12.77% 4%
* Saves an average of 91.1% and up to 99.0% compared [ES2.SWIT|  4.94% 1.6%
) Class M; | [ES3,SW1] 2.47% 0.8%
to default idSl (e.g., 75%) [SWLESA|  9.84% 32%
= . . [SWI1,ES5] 9.56% 3.2% M+ Ma=T75%
[ESI,SW1] 7.93% 1.6%
Correctness Validation ST Toor | Lo
i : : Class M2 | [ES3,.SW1] 5.11% 1.12%
. NC-l?ased analy5|_s conflrm_s that_all_ flows meet deadline |= ™ Lot oo
requirements configured with optimized bandwidth [SWLESS]| 442% [ 096%
Average SR Class 13.3% 3.72% 75%
" Runtime Efficiency
TABLE I

* Configuring optimal bandwidth reservations for all traffic CORRECTNESS OF OUR PROPOSED APPROACH IDSLMIN/NC
classes across all ports takes just seconds

WCD (ps) | WCD (us) | WCD (us)

SR Class | Flow | 41Min/NC | idSIMin/Std | idSI/Defaul | Pe2dline
fi 5338 2038 1208 1000

Class M, |12 1331 740 106.1 500
3 1998 1930 30.8 500
7 5608 7433 978 1000
5 1 16401 93164 228 5000

Class M, |10 666.4 38805 713 1000
7 9753 50173 7453 5000
3 998.4 64592 1363 1000

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).
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Performance-Driven Configuration Optimization [3] [4]

—$— NC-DQA
—$— Soni2019

Comparison with Traditional Optimization -- DRR

"  Bandwidth Efficiency
* Saves over 85% residual bandwidth.

* Traditional schedulability feedback-based method:
Saves around 60% residual bandwidth.

" Runtime Improvement
* At least 2-3 orders of magnitude faster P a0 a0 a0 a0 1000

o
o
s

o
o
f

=)
o
L

Bandwidth Proportion (%)
~J
o

w
o
L

102 - ~$— NC-DQA
—4— Soni2019

Improvements in both Objective Performance
and Optimization Speed !

Runtime (seconds)
=
o
o

 e———*

10_2_ /

0 200 400 600 800 1000
Number of Flows

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).
19 Luxi Zhao, Sep. 2024
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Performance-Driven Configuration Optimization [3] [4]

Advantages

"  Ensures QoS during optimization

" Removes real-time verification feedback-loop

Disadvantages

" Requires specific coupling models for different schedulers and optimization objectives
" Identifying suitable optimization methods can be challenging

[3] Zhao, L., Yan, Y., & Zhou, X. (2023). Minimum Bandwidth Reservation for CBS in TSN With Real-Time QoS Guarantees. IEEE Transactions on Industrial Informatics.
[4] Xie, A., He, F., & Zhao, L. (2024) Optimizing Quantum Assignment for DRR in TSN: A Network Calculus-Based Method. /EEE Real-Time Systems Symposium (RTSS).

20 Luxi Zhao, Sep. 2024



" Beihang
>/ University

References

" [1] M. Boyer, and R. Henia, “Industrial challenge: Embedded reconfiguration of TSN.” technical
report, 2024.

" [2] L. Zhao, X. Zhang, F. He, et al., “Incremental Performance Analysis for Accelerating
Verification of TSN Network Reconfigurations.” IEEE Transactions on Network and Service
Management, early access, 2024.

" [3] L. Zhao, Y. Yan, and X. Zhou, "Minimum Bandwidth Reservation for CBS in TSN With Real-
Time QoS Guarantees." IEEE Transactions on Industrial Informatics, 20(4), 2023.

" [4] A. Xie, F. He, and L. Zhao, “Optimizing Quantum Assignment for DRR in TSN: A Network
Calculus-Based Method.” IEEE Real-Time Systems Symposium (RTSS), accepted, 2024.

22 Luxi Zhao, Sep. 2024



Happy to answer questions ()
zhaoluxi@buaa.edu.cn

23 Luxi Zhao, Sep. 2024



