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TIMING ANALYSIS AND OPTIMIZATION IN
TIME-SENSITIVE NETWORKING

Student: Chung-Chi Wang Advisor: Dr. Chung-Wei Lin

Department of Computer Science and Information Engineering
National Taiwan University

Abstract

Time-Sensitive Networking (TSN) is a set of standards formulated by IEEE 802.1
Time-Sensitive Networking Task Group, which enhances the functions of Ethernet
networks to meet the requirements of real-time applications. The basic concept is
to enable real-time communication and ensure bounded low latency, high reliability,
and precise timing. The IEEE 802.1Qbv standard defines the Time-Aware Shaper
(TAS) mechanism, which schedules traffic by opening and closing the gate accord-
ing to the Gate-Control List (GCL). In TSN, the latency of flows is influenced not
only by their individual scheduling but also by the interactions with other flows and
the priority of their respective queues. Therefore, the mapping between flows and
queues is a crucial factor that needs to be considered during optimization. In this
work, we focus on configuring the gate control list and mapping between flows and
queues to minimize the queueing latency under the standard of IEEE 802.1Qbv. We
propose a timing analysis method for TSN scenarios, which includes synchronous
and asynchronous flows, as well as their hybrid combinations. We conduct an anal-

ysis of the results and seek the optimal solution using the SA (Simulated Annealing)

v
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method. We also propose methods to increase the probability of finding a feasible
solution during the SA process, along with better neighbor solution selection strate-
gies. The results indicate that initializing all bits of the GCL to 1 at the beginning
can significantly increase the probability of finding a feasible solution. Additionally,
performing mapping in stages before adjusting the GCL during the SA process can

more efficiently lead to better solutions.

Keywords: Traffic Scheduling, Time Sensitive Networking, Asynchronous Traffic

Shaping, Quality-of-Service, Simulated Annealing
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Chapter 1

Introduction

1.1 Background

The self-driving car is a new challenging trend that vehicle manufacturers
are aiming to implement. Recently, the development of the automotive system
has caused an increase in the requirement for timing. Therefore, more functions are
added to vehicles, such as streaming services and communication with the surround-
ing environment. The number of sensors in a vehicle like video cameras, lidar, sonar,
etc. has been increasing. However, the traditional Controller Area Network (CAN)
bus system cannot meet the high bandwidth and timing requirements demanded by
new features. As a result, Time-Sensitive Networking (T'SN), a set of real-time Eth-
ernet standards has been proposed and developed to cater to the needs of real-time
critical systems. The 802.1 enhancement standards achieve bounded low latency,
high reliability, and precise timing through various mechanisms, such as timing and
synchronization (IEEE 802.1AS), traffic shaping and scheduling (IEEE 802.1Qbv,
IEEE 802.1Qav, IEEE 802.1Qcr), and frame preemption (IEEE 802.1Qbu, IEEE
802.3br). These mechanisms allow critical data to be prioritized and transmitted

with minimal latency, guaranteeing reliable network behavior.
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1.2 IEEE 802.1Qbv

IEEE 802.1Qbv [5] is one of the key sub-standards in TSN. The IEEE
802.1Qbv time-aware scheduler is specifically designed to provide time-sensitive traf-
fic scheduling and prioritization, thereby ensuring low latency and predictability
for real-time applications. The key features in Time-Aware Shaper (TAS) include
time-aware queueing settings and time-window-based traffic scheduling. In terms of
queueing, flows are allocated into queues with priority. For traffic scheduling, TAS
utilizes the Time Division Multiple Access (TDMA) concept and controls the gate
switches, known as the Gate Control List (GCL). A GCL includes a sequence of
8-bit numbers, which corresponds to the 8 queues in TAS. As shown in Figure 1.1,
when a frame arrives at the switch, it first passes through a priority filter and is
then routed to a specific queue based on PCP or stream identification function.
Each of the 8 queues is connected to a transmission gate controlled by GCL. All
gates are linked to the transmission selection block, and when multiple gates are
open simultaneously with frames awaiting transmission, the one with the highest
priority will be forwarded to the egress port. IEEE 802.1Qbv ensures no frame can
be transmitted during gate close. Additionally, a look-ahead check is performed to
ensure the remaining time of the time slot is enough to transmit the whole frame,

thus preventing transmission during gate closure periods.

1.3 IEEE 802.1Qbu

Priority queueing can be broadly classified into preemptive and non-preemptive.
IEEE 802.3br [6] and TEEE 802.1Qbu [7] define frame preemption. Specifically,
IEEE 802.1Qbu is for bridge management components, while IEEE 802.3br is for
Ethernet MAC components. A preemptable frame can be divided into multiple

fragments for transmission. When a high-priority frame arrives during transmission
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Figure 1.1: The path of a frame through a bridge. GCL controls the opening and

closing of the transmission gate on each queue, the frame with the highest priority
in the opened gate will be selected to transmit.

of a low-priority frame, it preempts the low-priority frame, and the transmission of
the low-priority frame is paused until the high-priority frame is transmitted. Once
the transmission of the high-priority frame is completed, the transmission of the
low-priority frame resumes. Figure 1.2 illustrates the difference between preempt-
able and non-preemptable frames during frame preemption. In Figure 1.2a, lower
priority frames are continually interrupted and retransmitted. In Figure 1.2b, with

preemptable frames, transmission can continue from where it left off even if inter-

rupted.

1.4 Related Work

In order to accurately measure the performance of TSN and ensure timeliness,

some timing analysis methods for TSN are proposed. Traditionally, networks are
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Figure 1.2: Preemptability allows frames to be fragmented when preempted, thus
reducing the latency of low-priority frames.

typically analyzed for worst-case end-to-end communication latencies using methods
such as network calculus. For instance, Zhao et al. propose a method for timing
analysis of IEEE 802.1Qbv utilizing network calculus [14]. Their approach computes
the worst-case end-to-end latency based on the given network topology, Gate Control

List (GCL), and flow priority.

Thangamuthu et al. have performed an analysis and comparison of the worst-
case end-to-end latencies of TAS, BLS, and Peristaltic shaper (PS) [12]. Similarly,
Thiele et al. proposed a set of formal timing analysis methods for TSN with TAS
and PS to compare the two shapers [13]. Different from analysis in [12], the authors

consider the same-priority traffic stream blocking effect during analysis.

In the TAS scenario, the aspects where scheduling can occur include priority
assignment, GCL design, path selection, and so on. Consequently, some studies seek
optimal scheduling configurations under existing TAS rules. For example, Craciunas
et al. address the scheduling problem in IEEE 802.1Qbv multi-hop fully switched
TSN networks [1]. The scheduling for the 802.1Qbv-capable network is considered

doi:10.6342/NTU202401726



Satisfiability Modulo Theories (SMT) and Optimization Modulo Theories (OMT)
problem. In their work, frame isolation and flow isolation are defined to avoid un-
certainties caused by synchronization differences or frame loss. Additionally, Oliver
et al. formalize the synthesis process using the first-order theory of arrays and es-
tablish an SMT model based on windows defined by opening and closing times to
map flows to queues [11]. Furthermore, Diirr et al. formulate the No-Wait Packet
Scheduling Problem (NW-PSP) for modeling the scheduling in TSN and map it to
the No-Wait Job-shop Scheduling Problem (NW-JSP) which is a NP-Hard prob-
lem [2]. The authors formulated NW-PSP as Integer Linear Programs (ILP) and

presented a Tabu search algorithm for efficient computation.

Some studies propose further scheduling rules within the framework of TAS.
For instance, Hellmanns et al. compare stream-based scheduling, class-based schedul-
ing, and frame preemption by simulation and provide a formula for class-based TAS
configuration [4]. Similarly, Heilmann et al. proposed a queuing strategy called Size-
Based Queuing (SBQ) to improve bandwidth without impacting the TAS transmis-
sions for the high-priority messages [3]. Moreover, Kim et al. proposed a scheduling
method for traffic with the highest priority that occurs without prior notice [8]. The
authors add a priority class called emergency event traffic (EV traffic) to the TAS

scheduling algorithm.

1.5 Contributions

The main contributions of this paper are summarized as follows:

e We propose methods for analyzing the queueing latency of synchronous and

asynchronous flows and present methods to reduce computation time.

e We introduce SA to optimize GCL settings and mappings between flows and
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queues.

e We compare maximum and average queueing latency as objective functions to

find optimal GCL settings and mappings.

e We propose techniques for initializing and searching for neighboring solutions

during the search of the solution space.

The chapter in this thesis is organized as follows. Chapter 2 provides the
system model and problem formulation. Chapter 3 introduces the timing analysis
methods. Chapter 4 introduces the simulated annealing approaches. Chapter 5

presents the experimental results. Chapter 6 summarizes the conclusion.
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Chapter 2

System Model and Problem Formulation

A typical TAS model includes eight queues, each queue has a gate. A frame is
considered to transmit only when the gate of its queue is open. In each timeslot,
if multiple queues are eligible for transmission, which means the gate is open and
there are frames in the queue, the frame in the highest priority queue is considered.
Specifically, different priority queues determine whether the gate should be opened
or closed based on the GCL. During the egress phase, transmission is allowed when
the gate is open, there are frames in the queue, and the remaining time in the time
slot is enough time to send the entire frame. Multiple gates can be simultaneously
opened, and when multiple queues desire transmission, it is the queue with the

highest priority that will be served.

The gate of each queue is controlled by a Centralized Network Controller
(CNC) in the form of GCL. Essentially, a GCL is a list that is associated with
the statement of gates. In a GCL, each gate statement contains two variables:
GateState and Timelnterval. GateState uses 8 bits to indicate the statement of
the 8 queues, the control passes to the next gate operation after Timelnterval ticks.
When the gate control list reaches the end of the list, it cycles back to the beginning

for execution. The notation used in the problem formulation is listed in Table 2.1.

We consider a set of network traffic lows ® = ¢q, ¢o,...,¢,. Every flow
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Table 2.1: The notations of indices, elements, sets, quantities, constant parameters,
real variables and binary variable (the binary variable value is 1 if the condition is

true).

g | index of priority
1 index of flow
Ji index of frame
k | index of open time slot
f | index of fragment
T.; | 7 €[1,00), the j-th frame of ¢,
7.5.¢ | the f-th fragment of 7; ;
dg | queue for storing I'y frames
¢; | the flow with index i
Iy | set of flows with priority g, g € [0, 7]
S | &= ¢y, P9, ..., 0, the set of network traffic lows
m | number of frames in a round
n | number of time slots in a round
P, | the period of flow ¢;
O, | the offset of flow ¢;
T; | transmission time of the frame in ¢;
L | length of a time slot
a;;j | the arrival time of 7; ;
v; ;.5 | the starting time of serving 7, ; s
v;; | the starting time of serving 7; ;
¢ij | queueing latency of the 7, ;
Sqr | the starting time of the k-th time slot from d,
d; | the maximum g; ; of ¢;
l; | the length of frames in ¢;
Ogk | Sgk 1S Open

doi:10.6342/NTU202401726



¢; = (P;,0;,T;) is composed of several frames with period P; and offset (the time

the first frame arrives) O;. T; is the transmission time of frames in flow ¢;.

All flows in ® have the same destination, and frames are scheduled by the
TAS model. Each flow is mapped to a queue. I'y, g € [0,7] is the set of flows with
priority g, and d, is the queue for storing I'y frames. In every example of this paper,
a larger priority number means a higher priority. Every flow with priority ¢ maps

to d.

The GCL can be converted to the pattern of timeslot for every queue. In our
work, Timelnterval is set to the size of a single time slot. The time slot of J, is open
when s, .head X 0g), <t < 54.head X og )+ L at time t. For a frame 7; ; to be served
by the time v; j, there must exist a k such that s, ;.head x 04 < v;; < sq45.head X
ogr + L and either v;; +T; < sgp.head X ogy or v, j + T; < 54p41.head X 0gj41.

Notably, s, .head is the beginning of s, .

The system follows a preemptive model, aligning with the IEEE 802.1Qbu
standard. TEEE 802.1Qbu provides frame preemption and allows lower priority
frames to be preemptable, often used with IEEE 802.1Qbv. In our system model,
low-priority frames are fragmented into fragments and complete the transmission of
remaining fragments after preemption. For instance, suppose i7; < i, if a higher-
priority 7;, ;, arrives during the transmission of 7;, j, and queue 9, is open, then 7;, ;,
is fragmented to 7;, j, 1 which is the transmitted part and 7;, j, » which is the remain

part. After 7;, j, is transmitted, 7;, ;, o start the transmission.

For frames larger than one time slot, we assume they are split into mul-
tiple fragments, each of which is at most the size of a time slot. These frames
have the same enqueue time and deadline but are not required to be transmitted

consecutively. For a frame 7;;, it T7; > L, 7;; will be separate to several frag-
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Figure 2.1: Queue assignment and scheduling are used as factors to influence queue-
ing latency in this paper.

ments 7; i1, Tii2,...,7, . r1;7. Every fragment except for 7. . rr,q has a transmis-
Js Js AR RAELY
sion time of L. Regarding fragmented frames, their queueing time is defined as:
v, ; (4]~ v;j1 — 1; + T, j ¢. Here, L represents the timeslot length, v; ;; is the start
1J L

time of transmitting 7; ; 1, 7; is the transmission time of a single frame in ®.

When analyzing worst-case latency, we consider scenarios for synchronous
flows and asynchronous flows. Synchronous flows have a precisely known arrival
time throughout the entire network. Conversely, for asynchronous flows, the network
only knows the period and frame sizes, but the specific arrival times are unknown
for the entire network. As such, we treat asynchronous flows as having an unknown
offset before the arrival of the first frame. This offset remains unknown during
the design phase, necessitating consideration of the worst-case scenario among all

possible offsets during timing analysis.

Given a set of flows ® = ¢y, ¢, ..., ¢, with period and frame transmission

time of each flow, we would like to find a solution to minimize the objective function.
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As illustrated in 2.1, each flow maps to a queue, and the GCL controls the gate. The
queueing latency for each flow should not exceed its period. If any flow violates this
constraint, then the solution is considered infeasible. A solution is a combination of
queue assignments (mapping between flows and priorities) and a schedule (GCL). In
our work, we tried two objective functions, namely the maximum queueing latency
for all flows and the average maximum queueing latency of all flows. Our goal is to

explore the solution space using SA to minimize the objective function.
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Chapter 3

Timing Analysis

The difference between synchronous flows and asynchronous flows is whether O; is
known. While analyzing asynchronous flows, all possible values of O; need to be
considered to calculate the worst-case queueing latency. Therefore, it will be easier
to analyze the worst-case queueing time in synchronous flows. As Figure 3.1 shows,
with both Figure 3.1a and Figure 3.1b having the same schedule pattern, frame
length, and frame period, the pattern of frame transmission varies depending on the

different frame arrival offsets.

Definition 1. A round is the least common multiple (LCM) of all flow schedules

and queue schedules’ periods.

Definition 2. A frame with transmission time T; just misses a time slot when it

arrives T; + € time unit before the time slot ends, € is a time unit, € — 0.

Definition 3. The maximum end-to-end latency of a flow should be less or equal
to the period of the flow. d; + T, x 2 < P, , i.e., each frame 7, ; must complete

transmission before the next frame 7, ;41 arrives. Else, it is infeasible.

3.1 Synchronous Flows

For synchronous flows, we only need to consider two rounds for each case

to analyze the worst-case latency. [10] proved that in TDMA-based systems only

12
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Figure 3.1: Flows with different offsets might have different transmission patterns.

two rounds of analysis are required for each independent queue to determine the
maximum queueing latency, and the transmission pattern will repeat after the sec-
ond round. Although the number of arriving frames remains constant in each round,
there may be unscheduled frames remaining after the first round, making subsequent
rounds more challenging. Consequently, the quantity of unscheduled frames follow-
ing the first round is no greater than the unscheduled frames for the second round.
This principle extends to subsequent rounds as well. The number of time slots in
every round remains constant, so the unscheduled frames after the second should

not decrease. Hence, unscheduled frames after the first round are non-decreasing.

Assume the number of frames in a round is never larger than the number of

time slots in that round. Consequently, when the first round ends, the number of
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unused time slots is greater than or equal to the number of unscheduled frames. In
the second round, the repeat frames that are scheduled in the first round can at least
fit in the same time slots. Besides, the number of repeated time slots of those unused
time slots in the first round is greater than or equal to the number of unscheduled
frames in the first round. Therefore, the number of unscheduled frames after the
first round is non-increasing. Since the unscheduled frames after the first round are
neither decreasing nor increasing, the numbers of unscheduled frames after the first
round and the second round are the same. Therefore, the transmission pattern of

the second round and the following round are the same.

Next, we will prove that this theory also applies to scenarios with multiple
queues. Since independent queues will have the same transmission pattern after the
second round, it can be concluded that the highest priority queue, which does not
share its time slot with any other queue, can satisfy this condition and have the

same transmission pattern after the second round in every round.

For the second highest priority queue, the transmission pattern of the highest
priority queue will be the same after the second round in every round. The time
slots that will be occupied are determined by the highest priority queue since the
system is preemptive. Therefore, the schedule pattern is also determined. With
the schedule pattern and arrival pattern determined, it will also remain the same

transmission pattern after the second round.

This logic applies to all queues, the available time slot of every queue is uni-
laterally determined by the queues with higher priority, as shown in Figure 3.2. The
lower-priority queue will never affect the higher-priority queue because of preemp-
tion. Therefore, the schedule pattern of all queues can be determined. As a result,

their transmission pattern will be the same after the second round in every round.
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Figure 3.2: A transmission in a higher priority queue will block the same time slots
in the lower priority queue.

3.2 Asynchronous Flows

We consider two situations to analyze the maximum queuing latency of asyn-
chronous flows: only one queue is allowed to be open at the same time and multiple
queues are allowed to be open at the same time. Both scenarios can be analyzed
using methods that allow multiple queues to be open at the same time, however,
faster solutions exist for the former. The analysis of asynchronous flows can be

viewed as an analysis of a finite set of synchronous flows.

3.2.1 One Queue for a Time Slot

One time slot corresponds to one queue. Since there is no need to consider
the priority issue when gates of different queues are opened at the same time, this
situation can also be regarded as a simple TDMA analysis problem. According

to [10], the worst-case latency of the frame arrival pattern is

max (max (SgkrhSgk)~

1<h<m ‘1<k<n pr (ag,j4n1-ag,5)) + L. (3.1)

m

To reduce complexity, the transmission time is set to L. g is the index of the queue.
The worst case happens when a frame 7; ; is assigned to time slot s, 5, and the frame

7; j—n just misses the time slot s, 51, and there is no unused time slot between s .
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and sy ;—p—1. Consider the worst-case scenario for each flow ¢; and 7;,j is always
the last frame when entering the queue simultaneously. The worst case happened
when the densest set of h — 1 consecutive message arrivals and the loosest set of h

slots, h is a number between 1 and m.

3.2.2 Multi-Queues for a Time Slot

When multiple queues open simultaneously, one queue can have more than
one flow. The queuing latency of a frame 7; ; is the combination of (1) latency from
being blocked by the gate close, (2) latency from being blocked by transmissions
of frames in the same queue d,, (3) latency from being blocked by transmissions of
higher-priority frames, and (4) just miss from an open time slot. Since the system
is preemptive, only the frames in queues with a priority greater than or equal to
g need to be considered when analyzing 7; ;. We find the worst case by assigning
different offset combinations to the asynchronous flows. When analyzing a frame

7i;, where ¢; € I'y, we consider latencies caused by:

1. Just Miss and Gate Close: Gate close latency can be analyzed with the
just miss scenario. When the queue containing 7; ; has one or more periods
of gate closure, the worst case occurs when a just miss happens to 7; ; or to a

frame before 7; ;.

2. Frames in the Same Queue: We consider the scenario when every flow in

I'y have a frame arrive at the same time, and 7; ; is the last one in the queue.

3. Frames from Higher Priority Queue: The transmission of lower-priority
frames can be ignored. However, the order of higher-priority frames will affect

the latency. During analyzing, when s, is open, we open every sy, g < ¢’ to
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Figure 3.3: Different orders of frames in the queue of d5 will affect the latency of a
frame in 9;. The transmission order of frames arriving at the same time follows the
sequence from bottom to top in the figure.

ensure the order of frames in F; does not matter and is a pessimistic estimate

for 7; ;.

Figure 3.3 illustrates how different transmission orders of frames in o will
affect the latency of frame 743 in d;. Figure 3.3a illustrait transmitting a frame
731 from 9y first. After the transmission, 75 ; cannot be transmitted immediately
because the remaining time slot is not long enough for it to finish transmission.

Next, the time slot s 4 is closed and the time slot s; 4 is open so d; transmit 74 ; and
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75.1. The transmission of 75 ; is complete before the gate at o opens again. At sy 5,
To,1 is transmitted but the remaining time is not enough for 7 ; to transmit because
of the gate close of sy¢. Finally, 76 is transmit before 73 ;. In Figure 3.3b, frames
731 and 711 from 0, are transmitted first. This different order results in different
queuing latencies for 74. 0 transmits 74; and 75, after 71;. The transmission of
75,1 1s not complete due to preemption, so 75 is fragmented into the transmitted
part 751, and the untransmitted part 7512. 7512 completes transmission after 7

is transmitted. 74 is the last frame to complete transmission.

The worst-case scenario for being blocked by higher-priority queues occurs
when 7; ; is delayed as much as possible by higher-priority frames. In other words,
higher-priority frames should be transmitted as early and as densely as possible.
Whenever there are gaps between the transmissions of higher-priority frames, it
gives frames in d, an opportunity to be transmitted. Therefore, the frames in higher-
priority queues must be arranged into a sequence that each gate open interval,
consisting of consecutive opened time slots, contains the largest possible combination
of frame lengths. Selecting the largest possible combination of frame lengths for
each gate open interval can be considered a knapsack problem, which is NP-Hard.

In Figure 3.3, Figure 3.3b is the optimal order to make 74 ; delays the most.

In order to perform the analysis in linear time, we open every sy, g < ¢’ to
delay the 7; ; transmission as late as possible. Figure 3.5 is an example, Figure 3.5a
is the original GCL and Figure 3.5b is the GCL used during analysis. sy, and
sgv 7 are originally closed, but after modification, they will be open because sg;
and s, ;7 are open. As shown in Figure 3.4, in comparison to Figure 3.3a, opening
every sy, g < ¢ can prevent higher priority frames from being interrupted due
to insufficient remaining time in that time slot, allowing the frames in d, to be

transmitted first. When higher priority queues have more available time slots, the
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latency of 7; ; may either increase or remain unchanged, this ensures the estimation

is pessimistic for 7 ;.

Combining the above factors will constitute the conditions for the worst case,
the worst case for a frame 7; ; happens when : (1) Every flow in I'; has a frame arrive
simultaneously and 7, ; should be the last one to transmit in the queue. (2) The
longest frame arrives simultaneously in the same queue except for 7; ; just misses a
time slot s, . If all time slots are open, consider any time slot. (3) The flows from
higher priority queues enqueue at the next open time slot of the queue of ¢; after

just miss if s, 541 is closed or enqueue at the same time slot if s, ;1 is opened.

As shown in Algorithm 1 we only need to consider a finite number of trans-
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Algorithm 1: Asynchronous Analysis Algorithm
Data: List of time slot in 2 rounds slots

Result: max_latency

maz_latency < 0;

for 0, in A do

for ¢ in I'y do

GCL' < OpenHigherPriorityGates(¢, GCL);
I, < shiftToTail(¢,['y);

for s in slots do

if isOpen(s) then

offset, < justMiss(¢,s)

offset, <+ nextOpenSlot(g, GCL', s);
10 sync_max_latency < synchronousAnalysis(offset,, offset,, @,
9);

11 maz_latency < max(sync_maz_latency, maz_latency);

© 00 N O Uk W

mission patterns. Consider all possible time slots to just miss for every flow, and use
the method of analyzing synchronous flows to find the maximum queueing latency.
When analyzing the worst case of frame 7; ;, we only need to consider until 7; ; is
transmitted completely. In other words, there is no need to analyze two rounds as in
the method for synchronous flows. This is because when opening every sy ; where
g < ¢', we can ensure that 7, ; is the last one to be transmitted among frames with
the same or higher priority in the current priority level. Therefore, there will be no

subsequent frame 7; ;; with higher latency.

In Figure 3.6, we use two queues for example, and take 74, as the worst case
for ®,. 74, is the flow transmitted last when multiple frames arrived simultaneously
in d;. The longest same-queue frame 75 ; arrives with 74 ; and just misses, and when
the next time slot d; opens, all flow from the higher-priority ds, in this example, 7 1,
To1, T,1, either arrive simultaneously or with arrival times that allow uninterrupted

transmission. Since 747 is the flow transmitted last when multiple frames arrive
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Figure 3.6: Example of a worst-case scenario for asynchronous flows.

simultaneously within the queue, even if there is a sufficiently long time slot available
for 741, it cannot transmit when it arrives. 71 1, 791, and 73 all arrive at sy 3, thus

blocking 741 and 75 ;, which makes 74 ; and 75 being the last two frame to transmit.

3.3 Mix of Synchronous and Asynchronous Flows

Analyzing a mix of synchronous and asynchronous flows is similar to analyz-
ing synchronous flows alone. Both involve traversing all flows to analyze worst-case
scenarios. The difference of Algorithm 2 lies in considering the fixed offsets of syn-

chronous flows.

When analyzing the worst case for a synchronous flow, it is necessary to
consider not just the first frame but all frames within the entire round to consider
all the frames from other synchronous flows. Consider the scenario when all the
other asynchronous flows in the same queue arrive simultaneously and queue up
ahead of this frame. For each frame, two scenarios must be considered: When the

frame arrives and has enough remaining time for transmission within the arrival
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Figure 3.7: 74; have enough remain time in s;; without considering other queues.

time slot without considering other queues, the worst case of the frame is when

synchronous frames arrive simultaneously. Figure 3.7 provides an example.

When the frame arrives and does not have enough remaining time for trans-
mission within the arrival time slot without considering other queues, the worst-case
scenario for this frame is as follows: synchronous flow frames from other queues
should arrive in the next time slot that this frame can be transmitted, thereby
delaying the latency of this frame further. Taking Figure 3.8 as an example, 74
represents a synchronous frame. If, as in Figure 3.8a, it arrives in the same time
slot, then a higher priority frame, 7 ;, will be executed when 7, arrives. However,
if it arrives in the next time slot when 7,; can be transmitted as Figure 3.8b, there
will be a gap before 711, 721, 731 arrives, during which no frame can be transmit-
ted. Therefore, it can delay 74, further. When the frame arrives at a closing time
slot, asynchronous frames from other queues arrive in the next time slot that the

synchronous frame can be transmitted in the worst-case scenario.

When analyzing the worst case for an asynchronous flow, follow the steps

similar to those for analyzing asynchronous flows. In addition to considering all
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possible time slots to just miss, also consider the situations when they align with
synchronous flows. Figure 3.9 is an example which ¢q is synchronous. The worst
case of 741 should consider when 7, ; just miss s; 2, s14 and when 74 arrive simul-

taneously with 7 ;.
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i s:lT31 |:| open

0 [rea | ot ClOSE

g

; t
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Figure 3.8: 741 does not have enough remaining time at the time slot s; ; without
considering other queues.
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Algorithm 2: Mixed Asynchronous and Synchronous Flow Analysis Algo-
rithm

© 0 o UA®WN
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Data: List of time slot in 2 rounds slots

Data: List of synchronous offsets offsets

Result: max_latency

max_latency < 0;

analyzing_time <— 2 x LCM(GCL, ®);

for 0, in A do

for ¢ in I'y do

GCL' + OpenHigherPriorityGates(¢, GC'L);

if isSynchronous(¢) then

while offset, < analyzing_time do

for 7 inI'y do

if remainTimeEnough(offset,, GCL’) then
offset, <— ¢.offset;

| offsety < ¢.offset;

else
offset, < ¢.offset;

| offset, < nextOpenSlot(g, GCL’, s );

sync_max_latency < synchronousAnalysis(offset,, offset,,

D, ¢);

maz_latency < max(sync_maz_latency, maz_latency);

| offset, < offset, + ¢.period;

else

I'y < shiftToTail(¢, I'y);

for s in slots do

if isOpen(s, GCL', g) then

offset, < justMiss(¢,s)

offset, <+ nextOpenSlot(g, GCL', s);

sync_max_latency < synchronousAnalysis(offset,, offset,,

P, ¢);

mazx_latency < max(sync_maz_latency, maz_latency);

for offset in offsets do

offset, < offset;

offset, < nextOpenSlot(g, GCL', offset);

sync_max_latency < synchronousAnalysis(offset,, offset,, @,
9);

maz_latency < max(sync_maz_latency, maz_latency);
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Chapter 4

Simulated Annealing

To find the configuration of mapping between flows and queues and GCL to minimize
the queueing latency, we use Simulated Annealing (SA) [9] as our heuristic method.
SA is a technique to approximate the global optimal of a given objective function in
the solution space. We anticipate that closely related solutions will produce similar
objective values. Capitalizing on this property, we iteratively explore within the
solution space. When we come across an improved solution, we keep it and continue
to investigate neighboring solutions, while discarding inferior ones. In SA, a worse
solution is accepted in certain probabilities, which prevents the exploration process
from becoming trapped in a local optimum during the search process and enables

us to approach the global optimum as Figure 4.1 shows. This probability decreases

Current Solution

Local Minima

Objective Function f(x)

Global Minima

Variable (x)

Figure 4.1: When searching for solutions, sometimes it’s necessary to temporarily
accept suboptimal solutions in order to reach global minima.

26
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Figure 4.2: The SA process flow chart.

gradually as the number of iterations increases. The process description of SA is

depicted in Figure 4.2. The probability P is calculated as

oo (25). o

where K is the initial temperature, and AFE is the difference in the objective func-
tion value between neighboring solutions. The temperature K, decreases gradually

according to

K, = Ky A" (4.2)

where 0 < A < 1 and z is the iteration number.

4.1 Initial Solution Selection

In the random initial approach, mapping relationships between flows and

queues are randomly assigned initially. We compared the method of initializing
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each position of the GCL to 1 at the beginning of SA with the random initialization
approach. Setting each position of the GCL to 1 is equivalent to employing a
scheduling method with priority and preemptable characteristics. The rationale
behind this method is that restricting the available time slots for each queue to
achieve a reduction in average queueing latency is our goal, which means the GCL
should be configured in addition to setting each bit to 1. However, initializing the
GCL randomly at the beginning makes it difficult to ensure feasibility for all flows

due to excessive gate closures.

4.2 Two-Stage Method

We consider two methods to select neighbor solutions during the process of

SA.

1. Random Method: For each iteration of finding a neighbor solution, a flow

is randomly selected to replace the corresponding queue or change one of the

bits in the GCL.

2. Two-Stage Method: The entire SA process is divided into two stages. In
the early stage, only the mapping relationships between flows and queues are
modified when searching for neighboring solutions, while in the later stage,
only the configuration of the GCL is modified. To prevent good mapping
relationships from being considered infeasible due to gate closures, we keep
the GCL fully open during the first stage. The primary motivation of the
Two-Stage method is to simplify the optimization by decoupling the complex
interdependencies between mappings and the GCL configuration. By initially
focusing on optimizing the mapping relationships, we can lay a solid foundation

before fine-tuning the GCL.
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4.3 Objective Function Settings

In this work, we consider two types of objective functions. One is the maxi-

mum queueing latency of all frames,
min(max(d;, .,))- (4.3)

The other is the average of the maximum queueing latency of all flows,

min(d;y,co)- (4.4)

When the solution is infeasible, based on the observed count of infeasible flows or
frames, different degrees of infeasibility are distinguished. We anticipate that with a
well-designed objective function, the SA process can gradually converge to a feasible
solution. The analysis of asynchronous flows involves two nested loops, exploring
each possible offset for synchronous flow analysis. We employ the methods of offset-
based counting and frame-based counting to calculate the objective function value.
Offset-based counting counts the number of infeasible offsets. Frame-based counting
counts the number of infeasible frames in the first occurrence of an infeasible offset,

we only consider the first offset because of the computational time constraint.
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Chapter 5

Experimental Results

For all the SA experiments of this work, 1000 iterations are conducted for each
experiment. In the graph of queueing latency, blue dots represent the queueing
latency of the solution found at that iteration, while orange dots represent the
lowest queueing latency found so far. If there are no dots, it indicates that the

solution for that iteration is infeasible.

5.1 Experimental Settings

We extract 61 flows from the Planning-Simulation example in the Autoware
Galactic version. The frame lengths in each flow are set by the maximum frame size
that is recorded. These 61 flows have periods ranging from 40,000 microseconds to
10,000,000 microseconds and their lengths vary greatly from 8 bytes to 81,080 bytes.
We use randomly selected sets of 10, 20, and 30 flows as test data, with smaller sets
being subsets of larger ones to ensure increasing difficulty. The SA algorithm was
tested with an initial temperature K set to 5000. The cooling schedule followed an
exponential decay with a cooling factor A of 0.99. The algorithm is implemented in

Python and the experiments were run on a 3.0-GBz processor with 4GB of RAM.

30
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Table 5.1: Average estimate latency and computation time for 1 iteration in fixed
configurations of 30 synchronous flows. inf. signifies there is no feasible solution
due to the bandwidth load exceeding 1.

| Period Bound (ns) [[10° ][ 10° | 107 | 10° | 10° | 10" |
Computation Time [[ inf. [ 0.11 0.11 1.13 12.85 64.70

Maximum Queueing || .« | £09797 | 502797.0 | 502797.0 | 502673.0 | 502673.0
Latency of Flow (ns)
Average Queueing

Latency of Flow (ns)

inf. | 111101.1 | 111101.1 | 111101.1 | 109235.1 | 109235.1

5.2 Reduce Execution Time

Performing timing analysis directly on the raw data is ideal, but it consumes a
significant amount of runtime. This is because the duration of a round is determined
by the least common multiple (LCM) of all periods, and when there are too few
common factors among them, the length of a round can result in an excessively long
execution time. To reduce the LCM, we keep only the highest digit of each flow’s
period and set the rest to zero to be pessimistic. Additionally, an upper limit is
set for the period, and the values exceeding this limit are capped at the specified
upper bound. Underestimating the period implies an overestimation of the number
of frames, ensuring that the results are pessimistic. We measured the changes in
runtime and the estimated worst-case latency for different period bounds in our
test case. In Table 5.1, we fix the configuration of queue mapping, flow offset, and
GCL in 30 synchronous flows. The experiment was conducted using 6 different
configurations, and the results were averaged. As the period bound increases, the
runtime also increases, while the estimated values either decrease or remain constant.

In the other experiments conducted in this thesis, a period bound of 10° was used.
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5.3 Main Experimental Results

When there are a large number of flows, infeasible solutions are more likely
to occur. Therefore, we assign scores of different infeasibility levels to gradually
converge SA to feasible solutions. Table 5.2 shows the probability of finding a
feasible solution during the SA process using different methods of calculating the
degree of infeasibility in asynchronous cases. In our experiments, feasible solutions
were found for all synchronous cases. Without setting each position of the GCL to
1, the method that has the highest probability of finding a feasible solution occurs
offset-based counting. This is likely because the number of infeasible frames is highly
correlated with the period, and the number of infeasible offsets better reflects the

degree of infeasibility.

In our current experiments, when setting each position of the GCL to 1, we
are able to find a feasible solution. This result is reasonable because setting the GCL
to fully open represents a reduction in the constraints imposed by the closure of time
slots for each queue, which aids in finding the first feasible solution. However, since
this is based solely on our current experimental data, there may be cases where
setting the GCL to fully open does not directly lead to finding a feasible solution.
Therefore, we continue to record the outcomes of the different methods for finding

feasible solutions as mentioned above.

Figure 5.1 illustrates the simulated annealing (SA) process with 30 flows using
the offset-based method, where the GCL is initialized randomly. In Figure 5.1a,
the infeasible score continuously declines and reaches a low point at around 550
iterations, Figure 5.1b shows the average queueing latencies of feasible solutions, and
feasible solutions are found starting from about 550 iterations. This illustrates that

after reaching a certain level of reduction, a feasible solution may be found. However,

doi:10.6342/NTU202401726



33

Table 5.2: Probability of finding feasible solutions.

’ H Offset-Based \ Frame-Based H Open GCLT

10 Flows 93% 93% 100%
20 Flows 73% 67% 100%
30 Flows 38% 38% 100%

it is worth noting that achieving a low score does not guarantee the discovery of a

feasible solution.

980000 -
—_ L]
53 ° A = o
% 960000
» 2 - °
4 ° ] E o °
. . ‘5 940000
£ . ° S e °
Sl ° e ° .
o3 . £ 920000 1 R .o
e
.g o o é‘ ®o ..o. [N
g 5 °oe £ 9000001 PO S ———
£ e . S
&
L 1]
"z- . 880000
1 ° )
. jd
8% 2 o0 & ° g
< 860000 -
0 rk-u—ﬂu.a b TSy
0 200 400 600 800 1000 0 200 400 600 800 1000

(a) (b)
Figure 5.1: (a) Results of the SA process (b) Feasible scores in the SA process

5.4 Results of Two-Stage Method

We compared the queuing latency of the best solutions obtained using the
random method and the Two-Stage method during the SA process. Table 5.3 are
based on the method of setting each position of the GCL to 1 and using the offset-
based method, all SA results have feasible solutions. In our experiment, out of a
total of 1000 iterations, the first 200 iterations involve setting the bits of GCL to 1
to search for the optimal flows-queue mapping configuration, constituting the first
stage. In this table, “Average” represents the objective function as the average

queueing latency of flows, while “Maximum” represents the objective function as
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the maximum queueing latency. The subsequent 800 iterations involve adjusting
the GCL based on the optimal mapping configuration obtained in the first stage.
The Two-Stage method significantly aids in reducing the maximum queueing la-
tency, especially with the objective function of average queueing latency of flows.
This suggests that configuring the GCL based on good mapping is more effective
than randomly changing the mapping and GCL at each step. Figure 5.2 compares
the difference between whether to use the Two-Stage method or not when the ob-
jective function is the average queueing latency of flows with 30 flows. While the
queueing latency decreases gradually with each iteration in both Figure 5.2a and
Figure 5.2b, it is noteworthy that convergence is faster when using the Two-Stage
method. The lowest point is reached almost within the first 200 iterations. The
modifications to the GCL provide only a small portion of the improvement. This
indicates that without using the Two-Stage method, a significant portion of the
simulated annealing (SA) process is still spent searching for similar solutions. The
Two-Stage method effectively constrains and guides the direction of searching for

neighboring solutions during the SA process.
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Table 5.3: Experiment result with Two-Stage method on reducing maximum queue-
ing latency.

Maximum Maximum Average Average
Two-Stage | w/o Two-Stage | Two-Stage | w/o Two-Stage

10 Flows || 12049.0 (us) | 37955.9 (us) 3041.9 (ps) 13838.9 (us)
20 Flows || 80047.5 (us) | 103647.4 (us) | 11255.9 (us) 26995.9 (us)
30 Flows || 609217.2 (uus) | 658751.7 (us) | 134375.9 (us) | 162265.0 (us)

5.5 Results of Objective Function Settings

We employed two objective functions: average queueing latency of flows and
maximum queueing latency. Among these, the average queueing latency of flows
exhibits a more evident and continuous convergence during the SA process. The
primary reason for this may be that using average latency as the objective function
increases the likelihood of modifying all flows, as opposed to focusing solely on spe-
cific flows when seeking to minimize maximum latency. When using the maximum
queueing latency method, which focuses only on one flow, making small changes to
either the flow or the GCL may not lead to significant variations. This can make it

difficult for each iteration’s value to provide a clear direction for SA.
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5.6 The Impact of Number of Synchronous Flow on Esti-

mated Offset Latency

We conducted a mixed analysis of synchronous and asynchronous flows by
fixing different numbers of flows with random offsets. Figure 5.4 presents the results
of analysis for fixed numbers of synchronous flows among 30 flows. When analyzing
30 flows, where n of them are synchronous flows, each time we randomly select n
synchronous flows and assign them random offsets. We perform 1000 iterations of
SA and take the best solution. This process is repeated 15 times, and the average
result is calculated. The analysis of 30 synchronous flows is conducted using the
synchronous analysis method. The results indicate that as the number of flows with
fixed offsets increases, the estimated values decrease. This trend suggests that the
inclusion of more synchronous flows, with their fixed offsets, contributes to reducing
overall latency. This aligns with expectations because with each flow having a fixed
offset, there’s a significant chance of avoiding simultaneous arrivals with other flows,
thereby reducing queueing latency. Therefore, if we can determine the offsets for a

subset of flows, we can estimate latency more precisely.
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Figure 5.4: As the proportion of synchronous flows increases, the estimated latency
decreases accordingly. (a) The objective function is the maximum queueing latency
of flows. (b) The objective function is the average queueing latency of flows.

doi:10.6342/NTU202401726



Chapter 6

Conclusions

In this thesis, we present a timing analysis method for synchronous flows, asyn-
chronous flows, and cases involving a mixture of both in the scenario of TSN. The
system model in this thesis is based on the IEEE 802.1Qbv and IEEE 802.1Qbu
standards, which respectively define the Time-Aware Shaper (TAS) and frame pre-
emption. In Chapter 5, we demonstrate that analyzing two rounds is sufficient for
synchronous flows. Since the duration of analysis is determined by the least com-
mon multiple (LCM) of all flow periods, it is necessary to underestimate periods by
taking integer values to control computation time. Asynchronous flows, with their
variable offsets, can result in an infinite number of frame arrival combinations. To
address this challenge, we propose a timing analysis method that constructs the

worst-case scenario within linear time.

We employed SA as a heuristic method to search for solutions minimizing
queueing latency within the solution space. We utilized both the average queueing
latency of flows and maximum queueing latency as objective functions and compared
their differences. The initial solutions obtained through SA had a high probability
of being infeasible. To guide the SA process toward feasible solutions, we assigned
different degrees of infeasible scores. In our case, the offset-based counting method
for calculating infeasible scores had the highest probability of finding feasible so-

lutions. Additionally, initializing all bits of GCL as 1 in the initial solution led to
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feasible solutions being found in almost all our test cases within 1000 iterations.

Comparing the two methods of altering SA iterations—randomly changing
either a flow’s corresponding queue or a bit in GCL at each iteration versus di-
viding the SA process into two stages—we found that the latter approach yielded
superior results on average. Therefore, our conclusion is that establishing mapping

relationships before fine-tuning GCL is more efficient.

Due to runtime considerations, we narrow down the periods during analysis.
In future work, we can improve the timing analysis method to reduce the runtime
further. For instance, in asynchronous cases, precluding certain offset combinations
beforehand could potentially expedite the process. This can help in achieving more

precise estimates.
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