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Yilksek Lisans Tezi

OZET

IEEE 802.1 ZAMAN HASSAS HABERLESME ICIN COKLU TOPOLOJi
YONLENDIRMESI TABANLI TRAFIK OPTIMIZASYONU

Omer Kagan DEMIR

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitusu
Bilgisayar Miihendisligi Anabilim Dal1
Danigman: Dr. Ogr. Uyesi Selguk CEVHER
2022, 59 Sayfa

Endustriyel otomasyon, arag-igi ve aviyonik haberlesme platformlari gibi Siber
Fiziksel Sistemlerdeki fiziksel streclerin etkin yonetimi igin deterministik gergek-zamanl
bir haberlesmeye ihtiyag duyulmaktadir. IEEE 802.1 Zaman Hassas Haberlesme (ZHH)
calisma  grubu, Ethernet tabanli  deterministik  haberlesme  teknolojilerinin
standartlagtirllmasint hedefleyen baslica organizasyondur. IEEE 802.1 ZHH, Ses-Video
Képrileme (SVK) ve Zaman Tetiklemeli (ZT) trafik simiflarini desteklemektedir. Bu
calismada, ZT ve SVK akislariin birlikte iletildigi gercek bir ag topolojisi kullanilarak,
arama uzayl azaltimi i¢in Coklu Topoloji Yonlendirmesi (CTY) tabanli bir trafik
optimizasyonu gelistirilmis ve A¢ GOzIU Rastgele Ayarlanabilir Arama Prosediri
(AGRAAP) meta-sezgisel yaklagimi kullanilarak SVK akislarinin  gergek-zaman
gereksinimlerinin karsilanmasi hedeflenmistir. CTY yaklasimi sayesinde, ZT giizergahlar
tarafindan igerilen linklerin yiiksek link agirliklar1 kullanilarak izole edildigi, fiziksel
topolojinin bir kopyasi (sanal topoloji) olusturulmustur. Performans sonuglari, 6nerilen
yontemin geleneksel yaklasima kiyasla ¢izelgelenemeyen SVK akis sayisini maksimum

%60 oraninda azalttigin1 gdstermektedir.

Anahtar Kelimeler: Coklu Topoloji Yonlendirmesi, Siber Fiziksel Sistem, Deterministik
Haberlesme, 1EEE 802.1 ZHH Standardi, Glizergah Planlama
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Master Thesis

SUMMARY

MULTI TOPOLOGY ROUTING BASED TRAFFIC OPTIMIZATION FOR IEEE 802.1
TIME SENSITIVE NETWORKING

Omer Kagan DEMIR

Karadeniz Technical University
The Graduate School of Natural and Applied Sciences
Computer Engineering Graduate Program
Supervisor: Asst. Prof. Selguk CEVHER
2022, 59 Pages

A deterministic real-time communication is required by the effective management of
physical processes in Cyber Physical Systems (CPS) including industrial automation, in-
vehicle and avionic communication platforms. IEEE 802.1 Time Sensitive Network (TSN)
task group is the leading organization that aims to standardize Ethernet-based deterministic
communication technologies. IEEE 802.1 TSN supports Audio-Video Bridging (AVB) and
Time-Triggered (TT) traffic classes. In this study, a Multi-Topology Routing (MTR) based
traffic optimization is developed for search space reduction using a real network topology
where TT and AVB streams are simultaneously transmitted. Furthermore, it is aimed to
satisfy the real-time requirements of AVB streams by utilizing Greedy Randomized Adaptive
Search Procedure (GRASP) meta-heuristic approach to perform local search. Thanks to the
MTR approach, a copy of the physical topology (virtual topology) is created, in which the
links traversed by the TT routes are isolated using very high link weights. The performance
results show that the proposed approach reduces the number of unschedulable AVB streams

by up to 60% compared to the conventional approaches.

Key Words: Multi Topology Routing, Cyber-Physical Systems, Deterministic
Communications, IEEE 802.1 TSN, Route Planning
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1. INTRODUCTION

The physical processes in Cyber Physical Systems (CPS) such as industrial
automation, in-vehicle and avionic communication platforms are managed by control
computers via sensors and actuators. In order to deliver the sensor data to control computer
and the control messages to actuators in a timely fashion, a deterministic real-time
communication guaranteeing a bounded end-to-end latency and a low jitter is needed [1].
The recent research work has focused on the real-time variants of IEEE 802.3 Ethernet such
as TTEthernet [2], SERCOS IlI [3] and Profinet [4] to be able to satisfy the increasing
bandwidth and low-cost requirements of CPS communication platforms [5]. The inter-
operability issue of the current real-time Ethernet variants necessitates the standardization
of Ethernet-based deterministic real-time technologies.

IEEE 802.1 TSN task group is the leading organization which targets the
standardization of Ethernet-based deterministic real-time communication technologies.
IEEE 802.1 Time Sensitive Networking TSN enables the transmission of traffic classes with
varying time criticalities, namely Time-Triggered (TT), Audio-Video Bridging (AVB) and
Best-Effort (BE), over the same network infrastructure [5]. IEEE 802.1Qbv standard
specifies a mechanism aiming at prioritizing the forwarding of TT traffic on network
switches, which has the most stringent real-time requirements. This mechanism relies on the
utilization of scheduling tables called Gate Control Lists (GCL) each of which determines
the time offsets for an outgoing port at which TT frames are placed onto the transmission
line. AVB streams, which have less stringent timing requirement, may be categorized into
two different classes, namely Class A or Class B, with different priorities. An AVB frame is
allowed to be transmitted on an outgoing port only if there exists no frames with a higher
priority awaiting to be transmitted through the same port. Time-critical CPS communication
platforms can be statically configured at design time since the properties of the traffic flows
are known in advance of the actual network operation [6].

The transmission routes of real-time streams should be intelligently determined in
order to satisfy the timing requirements in a TSN network [7]. Efficiently balancing the real-
time traffic load across the network links resolves the congestions taking place at network
switches, and, hence, reduces the interference of the streams transmitted through the same

outgoing port to each other. In this study, a Multi-Topology Routing (MTR) based traffic



optimization is developed for search space reduction using a real network topology where
TT and AVB streams are simultaneously transmitted. Furthermore, it is aimed to satisfy the
real-time requirements of AVB streams by utilizing Greedy Randomized Adaptive Search
Procedure (GRASP) meta-heuristic approach to perform local search. Thanks to the MTR
approach, a copy of the physical topology (virtual topology) is created, in which the links
traversed by the TT routes are isolated using very high link weights. The proposed approach
computes K/2 shortest paths with an increasing length between the endpoints of each AVB
stream using the physical topology while remaining K/2 shortest paths are generated using
the virtual topology. GRASP chooses the best route from these candidate paths minimizing
an intelligently defined cost function. The reason why selecting from a set of candidate
routes with an increasing length instead of solely utilizing the shortest route is because
shortest-path routing causes bottleneck network links to arise with a high probability [6, 8].
In order to determine the worst-case transmission delays Worst-Case Delay (WCD) caused
by the proposed approach, the AVB Latency Math theoretical analysis tool defined in the
IEEE 802.1BA [9] standard is used. This algorithm determines WCD for an AVB stream by
identifying the worst-case scenario that will cause the highest latency for the stream. The
worst-case scenario for each stream is determined by considering other streams (TT and
AVB) that share the stream'’s transmission route. It should be noted that the WCD wiill
increase as the number of flows sharing a transmission route increases. The WCD amount
of a flow is computed by summing the WCD values of each network component on the

selected route.



1.1. IEEE 802.1 Time Sensitive Networking

Table 1.1. IEEE 802.1 TSN Protocols

Synchronization

Latency

Timing and Synchronization
[802.1AS-2020]

Hot Standby [P802.1ASdm]
YANG [P802.1ASdn]

Inclusive Terminology [P802.1ASdr]

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 Provisions [P802.1DC]

Resource Management

Reliability

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

TSN Configuration [802.1Qcc]

YANG for CFM [802.1Qcx]

YANG for LLDP [P802.1ABcu]
YANG for 802.1Qbv/Qbu/Qci
[P802.1Qcw]

YANG & MIB for FRER [P802.1CBcv]
Extended Stream Identification
[P802.1CBdb]

Resource Allocation Protocol
[P802.1Qdd]

TSN Configuration Enhancements
[P802.1Qdj]

LLDPv2 for Multiframe Data Units
[P802.1ABdh]

Multicast and Local Address Assignment
[P802.1CQ]

Frame Replication and Elimination
[802.1CB]

Path Control and Reservation [802.1Qca]
Per-Stream Filtering and Policing
[802.1Qci]

Reliability for Time Sync [802.1AS-2020]



Table 1.1, based on [10], shows the TSN protocols. Protocols can be examined under four
main classes according to their functionalities. The set of protocols that have P before their
name are not standardized yet. The fundamental protocols for a TSN network are explained

in the following sections:

1.1.1. IEEE 802.1Qbv - Scheduled Traffic

Synchronized
Clock @
BE )

% g
g
5
= AVEB Class B B
= @
5
4
AVB Class A g
: =

T

Figure 1.1. Architecture of a TSN enabled switch



Figure 1.1. shows the structure of an 802.1Qbv compatible TSN switch with two
input ports (I1, I12) and one output port (O1). The 802.1Qbv defines eight priority queues for
each output port and defines a configurable on/off gate at the output of each queue. The
timing of the state changes of the gates on the output ports is stored in scheduling tables
called GCL synchronized with the 802.1ASrev time synchronization standard. Priority
queues are allocated offline starting from the highest-priority traffic class, namely, TT, AVB
Class A/B and BE [8]. Switching Logic decides the relevant output port for traffic flows and
forwards the frames to the corresponding priority queue, considering their priority status.
Transmission Select Logic allows transmission of a frame waiting in the priority queue only

if the corresponding gate is open.

1.1.2. IEEE 802.1Qav - Credit Based Shaper

AVB is a traffic type defined in the IEEE 802.1Qav standard for use in soft real time
communication. For the transmission of AVB flows, the Credit Based Shaper (CBS)
mechanism defined in the IEEE 802.1Qat standard, located between the relevant priority
queue and the port, is used. For an AVB frame to be transmitted, the gate of the
corresponding priority queue must be open, there must be no higher priority frames waiting
in other queues, and the CBS mechanism must allow transmission. The purpose of the CBS
mechanism is to limit the transmission frequency of AVB frames in the event of a burst in

AVB traffic, thus allowing lower priority traffic types to be transmitted [8].
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Figure 1.2. Example of BE, AVB and TT transmissions

Figure 1.2. inspired by [11], shows the operation of CBS in a scenario where TT,
AVB and BE streams are simultaneously transmitted. At to, AVB frame; arrives at the AVB
queue. Since the AVB frame can be transmitted when the credit is zero or positive, AVB
frame: is placed on the transmission line. At ti1, the transmission of the AVB framey is
completed and the credit is now negative. At t;, TT frame; arrives in the TT queue and is
placed on the transmission line. Credit is frozen because the AVB queue is closed. When the
transmission of the TT frame; is finished at t2, BE frames and AVB frames arrive in the
corresponding queues. Since the credit is negative, AVB frames cannot be placed on the
transmission line. BE frames is placed on the transmission line and credits are started to be
increased. At ts, since the transmission of the BE frames is finished and the credit is positive,
the AVB frames is put on the transmission line. Credit begins to decrease. During the
transmission of AVB frames, TT frames comes to the relevant queue at the time of ts and the
transmission of AVB frames is interrupted, TT frames is placed on the transmission line.
Credit is frozen at this time. After the transmission of the TT frames is finished at the time
of ts, the transmission of the AVB frames and credit decrease continues.



1.1.3. IEEE 802.1AS/ASrev - Timing and Synchronization

This standard is a collection of procedures created to meet time-synchronization
requirements for time-sensitive applications [12]. The Precision Time Protocol (PTP),
defined in IEEE 1588-2008, is a standard used to provide clock synchronization at the
physical layer. IEEE 802.1AS is a protocol based on IEEE 1588. IEEE 802.1AS or
Generalized Precision Time Protocol (gPTP) has some features for AVB applications unlike
PTP [13, 14].

Clocks on switches can be out of sync due to various reasons. The Grandmaster
defined in IEEE 802.1AS keeps the reference time. The grandmaster provides
synchronization by transmitting the time information to the slave nodes in a periodic time
interval. Time synchronization is essential in a TSN network in order to synthesize GCLSs.
In the case of the slightest synchronization disorder, conflicts will begin in the TT traffic

transmission and deterministic communication will be disrupted.

1.1.4. IEEE 802.1Qbu & 802.3br - Frame Preemption

Frame preemption has an important role in deterministic communication. While a
low priority frame is being transmitted, when a high priority frame enters the transmission
line, the transmission of the low priority packet should be stopped and the transmission of
the low priority packet should be resumed after the transmission of the high priority packet
is finished. In Figure 1.2. it is seen that TT frames preempts AVB frames between t4 and ts.

Therefore, IEEE 802.1Qbu, which has become a standard with IEEE 802.1Q-2018,
provides the following features for this TSN:

¢ Interrupting or canceling the transmission of the transmitted frame to transmit
higher priority frames from the transmitted frame.

¢ Resuming the transmission of the interrupted frame after the transmission of
the high priority frame is complete [15].

IEEE 802.3br includes procedures for separating smaller pieces of non-time critical
frames being transmitted while time-critical frames are transmitted on the physical link. For
this purpose, IEEE 802.3br defines optional Medium Access Control (MAC) sublayer. This



sublayer and the MACs attached to the sublayer allow to realize the features described above
[15].

1.1.5. IEEE 802.1CB - Frame Replication and Elimination

Faults may occur in the route of the packet from a talker to a listener. This packet
must be delivered to its destination by a different route so that communication is not
interrupted. For this reason, IEEE 802.1CB, which has become a standard with IEEE
802.1Q-2018, has been created. IEEE 802.1CB defines the sequence number for each frame
in a stream. Each frame is replicated according to this sequence number. The stream is split
into small parts and sent to the listener in different ways. The splitted stream is combined in
different parts of the network, and duplicate packets are destroyed using the sequence

number [16]. Due to this mechanism, it provides static redundancy [17].

1.1.6. IEEE 802.1Qcc - TSN Configuration

Figure 1.3., inspired by [18], shows the IEEE 802.1 TSN configuration types. These
configurations have pros and cons. Figure 1.3a shows the fully distributed model. In this
model, the User/Network Configuration Info (UNI) is located between end systems and
switches. End System sends the properties of the stream to the switch it is connected to via
UNI. UNI is propagated by the switches to the end system where the stream will arrive
(dashed rectangle). When UNI reaches the listener, it transmits the information about
whether the stream is ready to be received or not, to the talker in the same way. If the listener
is ready to receive the stream, the switches upgrade their configuration according to the
properties of the stream [15]. Figure 1.3b shows the centralized model. UNI continues to
exist between the end systems and the switch that connected to end systems. Unlike fully
distributed, switches are not configured locally. Centralized Network Configuration CNC
uses UNI to configure the switch using the remote network management protocol. In Figure
1.3b, end systems send the information of the stream to the switch with UNI (rectangle).
These switches send properties of the stream to the CNC (solid arrow). CNC configures the

switches using the remote network management protocol (dashed arrow) [18]. Figure 1.3c



shows the fully centralized model. In this model, there is no UNI between the end systems
and the switches. Centralized User Configuration (CUC) discovers and learns the features
of end systems. CUC sends configuration information to the CUC via UNI to configure the
switches [18]. Our traffic optimization method can be integrated to CNC and calculated

routes can be deployed to switches via CNC.

UNI UNI UNI UNI
i ) o
| ES I — — ES,,
(@) Fully distributed model
CNC
Ny 1N C.
§ /'l E \\ ¢/
’ 1 N
W 1 N
4 ! \\
UNI /" Managiement ™“\) UNI
ESy SW, SW, SW, ESm

(b) Centralized model

Figure 1.3. TSN configuration models
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continuation of Figure 1.3.

2% 1 S
_~"Managiement™~__
-

//l‘\\ //R\ \
[ sw, — sw, — sw,
\ / \\ ‘// //

\\_,_/‘ g N

(c) Fully centralized model

1.2. Multi Topology Routing

Internet Engineering Task Force standardized the MTR concept as extensions to
Open Shortest Path First (OSPF) and Intermediate System - Intermediate System (1S-1S),
which allows the configuration of service differentiation through class-based forwarding
[19, 20]. MTR supports virtual topologies (VT) which have the same network graph as the
physical topology, but with different link weights. Since each VT provides a separate
forwarding capability due to its specific link weight setting, MTR leads to a significant
amount of flexibility in making policy-based routing decisions by defining separate VTs
for voice, video, and data traffic classes to follow specific transmission paths. Thanks to
this flexible design of alternate VTs, the policy-based routing capability of the MTR
concept enables achieving a desired level of traffic load balancing even in the face of link
failures [21, 22].
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(a) Physical Topology

(b) VT 1

©) VT2

Figure 1.4. Example VTs computed for a physical topology
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1.3. K-Shortest Paths

In our thesis, Yen algorithm is used to compute K-Shortest Paths (KSP). The Yen

algorithm calculates KSP while ensuring that paths are loopless [23, 24].

a P N a8 P N
( SWO/ > /SW1 >—>5 { SV\EJ 6 (\SWB)
\‘_/v\\‘ NS / \\l 5
N '[7 8
N\3g \/ 8 \\ 4 /’l\"\
f\sw e sw5 __5, SW; - SR
\ __d N \ =

Rz

Figure 1.5. Routes that the Yen algorithm computes

Figure 1.5., inspired by [25], shows the shortest paths from SWy to SW4 computed

using the Yen algorithm (K = 3). The flow of the Yen algorithm is as follows:

1.

The first path (shortest) is calculated using the Dijkstra algorithm Route; (R1).
R1is added to the Finalized K-Shortest Paths List (FKSPL). The links of the
paths in this list are set to infinite weight, respectively, and Dijkstra is run
again. In this case Ry computed as SWo —» SWe - SW5 —-SW, and cost equals
to 16.

SWo — SWs is set to infinite weight, Potential Path; (P1) computed as SWq
— SW1 - SW; - SWs5 — SW4 and cost equals to 21. Py is added to Potential
K-Shortest Paths List (PKSPL).

SWs — SWs is set to infinite weight, P> computed as SWo - SWg - SW>2 =
SWs — SW4 and cost equals to 16. P2 is added to PKSPL.

SWs — SW4 is set to infinite weight, Pz computed as SWo - SWs — SW; -
SW3 — SW; and cost equals to 19. Psis added to PKSPL. When we look at
the PKSPL, the path with the lowest cost is determined as the second shortest
path (P2) and added to the FKSPL. P2 is now became R>.

After adding R>to the FKSPL, the same operations are performed with the
links above (P1, P2, Pz are recomputed). With the addition of Rz to the FKSPL,
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two new links should also be evaluated. SWe — SW is set to infinite weight,
P4 computed as SWo — SWs - SWs5 — SW, and cost equals to 16 (already in
the FKSPL).

. SW2 = SWis is set to infinite weight, Ps computed as SWo - SWg - SWs —
SW; and cost equals to 16 (already in the FKSPL). The path that is not in the
FKSPL and has the lowest cost (Ps3) is determined as the third shortest path.
Pz is now became Rs,

(a) K-Shortest Paths computed by Yen algorithm

Figure 1.6. Example of computed K-Shortest Paths by Yen and
Eppstein algorithms
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continuation of Figure 1.6.

(b) K-Shortest Paths computed by Eppstein algorithm

There are multiple KSP algorithms. One of them is the Eppstein KSP algorithm [26].
Figure 1.6. shows the K-Shortest Paths computed by Yen and Eppstein in a complete graph.
Links are assumed to be bidirectional. To show the difference of paths computed by Yen
and Eppstein, assume that fifty shortest paths will be computed in the topology in Figure 1.6.
Since the paths computed by Yen are loopless, Yen will not be able to compute fifty paths.
The first and last path computed by Yen is shown in Figure 1.6a. Since the paths computed
by Eppstein contain loops [26, 27] Eppstein computed fifty paths. Figure 1.6b shows the
paths computed by Eppstein. When we look at Ris, it is seen that it contains a loop, different

from the path the Yen algorithm computes.



15

1.4. Contributions

The current literature on AVB route planning in a TSN network mostly uses the KSP
algorithm to compute candidate routes from which the ultimate routes for AVB streams will
be selected. The KSP algorithm computes the shortest paths with an increasing length
between the source and destination of an AVB stream, starting from the shortest one. Using
the candidate routes determined with the KSP algorithm, the solution minimizing the cost
function is determined by utilizing an optimization approach. The KSP algorithm as used in
the current literature operates according to link weights in physical topology and does not
consider the TT streams passing through the links. In a network topology where TT and
AVB streams are transmitted together, especially in a topology with a large number of TT
streams, the candidate routes computed by KSP to be considered by the local search
procedure are likely to heavily contain TT links. Our approach reduces the search space for
GRASP to consider only the KSP of each AVB stream, half of which is computed using the
physical topology while the other half is determined using a VT. Our approach constructs
this VT by assigning a very high weight to each link in the VT in order to isolate it from the
AVB routes if the link is used to transmit a TT stream so that the interference from the TT
streams is attempted to be limited. In this way, the disadvantage of the conventional KSP
algorithm taking into consideration solely the physical topology is attempted to be

eliminated.



2. LITERATURE REVIEW

The work in [6] determines routes that will minimize the worst-case delay for AVB
streams while using the shortest routes for TT. Considering the possible interference of TT
streams with AVB streams, an approach that determines transmission routes and scheduling
tables providing time constraints for TT streams is proposed in the study in [7]. In the study,
the search space is reduced with a KSP based heuristic algorithm for route planning and
optimum routes are tried to be determined by using the meta-heuristic approach of GRASP.
The study in [8] uses a similar approach for route planning of AVB flows. In the study, the
AVB Latency Math theoretical analysis tool is improved to consider the interference of TT
streams with AVB streams. The study in [11] route computation and schedulability analysis
are performed by considering only TT flows. Instead of the shortest path algorithm, two
different heuristic algorithms are proposed and results are obtained in more than one
topology using the GRASP meta-heuristic approach. The study [28] the network topology
supporting the seamless transmission of TT streams was synthesized. While synthesizing
this network topology, routing and schedulability synthesis of TT flows were also made.
While creating the network topology, the disjoint route of the TT flows, which provides the
feasible scheduling, is computed and the network cost is minimized. Yen KSP algorithm was
used for finding disjoint routes. The study in [29] the network topology supporting the
seamless transmission of streams with Urgency-Based Scheduler (UBS) traffic type was
synthesized. Heuristic, GRASP and constraint programming methods are proposed and
performance comparisons are made to determine the routing that meets the requirements of
the UBS stream. Considering the time in the study, it was stated that GRASP is giving the
best solution in a reasonable time. The study in [30] a heuristic-based reliability-aware
multipath routing algorithm is proposed to increase the schedulability of TT flows ina TSN
network. The heuristic algorithm that determines the candidate routes that meet the reliability
constraint defined in the article has been developed, and the Ant Lion Optimizer meta-
heuristic algorithm is used to find the result that minimizes the cost function. The algorithm
is tested on real test topologies. The study in [31] it was desired to see the effect of the routes
of the TT flows in the IEEE 802.1Qbv network on the schedulability. For this purpose, an
Integer Linear Programming (ILP) based route algorithm has been developed by

determining the parameters of the route algorithm that affect the schedulability. Thanks to



17

the ILP based algorithm, the slack in the schedule is used more efficiently, thus allowing
more TT flows to be transmitted in the same network. The study in [32] proposes an
integrated approach based on the use of ILP for route planning and scheduling computation
of TT flows. An ILP approach is also coded for route planning that considers maximum link
usage and route lengths together. It was concluded that as the maximum link utilization value
increases, the schedulability decreases, and the transmission delays may increase if the route
lengths increase. The study [33] proposes two heuristics for load balancing in TSN. The first
of these approaches is trying to determine the route planning offline, which minimizes an
objective function that includes the traffic load and route lengths on the links used by the
flow routes; the other approach aims to eliminate bottleneck links by detecting the bottleneck
links dynamically (online) that will occur if the routes are determined using Shortest Path
First (SPF) and by moving the flows passing through the bottleneck links to suitable
alternative routes. The study in [21], it is stated that if the OSPF routes of the flows are
calculated using the standard shortest path algorithm, it may not be possible to distribute the
traffic load evenly to the links. To eliminate this problem, they recommend using MTR
which provides more flexibility in terms of load balancing. A heuristic approach is suggested
in the study; in the proposed approach, the traffic flows to be transmitted are handled in
order. For the first flow, the shortest path is computed with the Dijkstra algorithm, and the
costs of the links are updated by determining the residual capacities of the links on the path.
A testbed containing Cisco routers was used as the experimental environment. The rate of
traffic successfully received by the hosts was used as a performance metric in the
experiments, and MTR and standard OSPF were compared. MTR has been shown to perform
better. The study in [34], a MTR approach that performs load balancing by taking into
account the amount of traffic that changes according to the days suggested for a GEANT
network. The Multi Topology part of this algorithm was created on the algorithm called
Resilient Routing Layer. Two heuristic algorithms based on this approach have been
proposed. Global Load Balancing, one of the proposed algorithms, can be used for load

balancing in a real-time communication network.



3. SYSTEM MODEL

3.1. Application Model

In this thesis, applications generating periodic AVB and TT streams are considered.
Each stream transmitted in the network is characterized by a 4-tuple of (D, S, T, R) where D,
S, T and R denote the maximum allowed end-to-end delay, message size, message period
and transmission route originating at a source ES and ending at one or more destination ESs,
respectively. If S is larger than the Maximum Transmission Unit (MTU), namely 1500 bytes,
the message is fragmented into multiple frames. Each TT stream is additionally associated
with a set of GCLs each of which assigns a time offset to each frame of the stream for each
link on its transmission route, which specifies when the respective frame will be transmitted
on the corresponding outgoing port. The best route for each AVB stream is computed by our
optimization approach while the routes and GCLs for the TT streams are assumed to be

known in advance.

3.2. Network Model

A TSN network is modelled as a directed graph G(V,E) where V = ES U SW and
E € V x V denote the set of end-systems (ES) and switches (SW), and the edges connecting
the nodes, respectively. All network components’ clocks are assumed to be synchronized
allowing the open and close events of the gates of the egress ports to operate in coordination.
An edge between the nodes a and b in E represents a full-duplex physical link corresponding
to two directional logical links, namely, [a,b] and [b,a]. Each physical link [a,b] is
characterized by the 3-tuple of (Rab), Bjg,p]» Wab)) Where Riap], Biap], Wiab] represent the
link rate, propagation delay and weight of the link [a,b], respectively. The link rate has a

direct impact on the transmission time such that the transmission time of a frame with length

L

L to be transmitted over a link [a,b] with a rate of Ry can be formulated as . In this

Ria,p]
thesis, the link rates for the overall network are assumed to be equal to 1 Gb/s. The
propagation delay results from the physical properties of the transmission medium and the

length of the transmission link. The weight of a link is a configuration parameter which has
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a direct impact on the computation of shortest transmission routes for the streams. In this
work, each link in the physical topology is assumed to have a unit weight.



4. PROBLEM FORMULATION

In this thesis, we address the routing problem for AVB streams, which is known to
be NP-Hard [6, 8]. The addressed problem has three inputs:
e A weighted graph of the physical topology G(V, E),
e The set of AVB streams S,yg to be transmitted in the network along with
their timing requirements,
e The set of TT streams St to be transmitted in the network along with their
GCLs and routes given.
The output to the problem is a routing solution for AVB streams which satisfies their

timing requirements.

(a) Shortest Routing

Figure 4.1. A motivational example for AVB routing problem
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continuation of Figure 4.1.

(b) Alternative Routing

Figure 4.1. shows a motivational example for the AVB routing problem addressed in
this thesis, which contains a physical topology with 4 ESs and 6 SWSs. The traffic scenario
for this example includes two AVB streams, namely AVB: and AVB., from ES; towards
ESs, and one TT stream, namely TTy, from ESz towards ES4 using the given route of ES; -
SWs — SW4 — ES4. Figure 4.1a shows a routing solution for AVB streams utilizing the
shortest routes from ES: to ESz where AVB1, AVB2 and TTy share the common link of SWs
— SWs. On the other hand, Figure 4.1b depicts an alternative routing solution where AVB1
and AVB: are transmitted over longer routes so that a common link is no longer shared with
TT1. The superiority of the routing solutions presented in Figures 4.1a and 4.1b in terms of
the schedulability of AVB streams depends on the amount of interference from TTy, the
interference of AVB: and AVB: to each other and the AVB route lengths. In this thesis, we
propose an MTR-based optimization approach which computes candidate transmission
routes with diverse characteristics for AVB streams, which have varying lengths and

overlapping, and avoid the TT streams at varying levels.



5. MTR BASED TRAFFIC OPTIMIZATION

In this section, we present our MTR-based traffic optimization approach for AVB
streams, namely TOwmtr, using GRASP meta-heuristic. In each iteration of GRASP, an initial
solution is firstly constructed based on the MTR concept, and a local search is performed on
the initial solution to achieve a local minimum. At the end of each iteration, if the cost of the
achieved local minimum is lower than the cost of the best solution found so far, the local
solution is stored as the new best one. GRASP-based optimization terminates if the elapsed
time exceeds a given time limit.

In contrast to the existing research work solely relying on the physical topology to
construct an initial solution for GRASP, TOwmtr reduces the search space for GRASP to
consider only the K shortest paths for each AVB stream, half of which is computed using
the physical topology while the other half is determined using a VT. TOwmrtr constructs the
VT by assigning a sufficiently high weight to each link in the VT if it is traversed by the
route of a TT stream in order to exclude it from the AVB routes so that the interference from
the TT streams is reduced. On the other hand, the AVB routes computed over the physical
topology do not provide such a property. If there exists a large number of TT streams to be
transmitted in the network, the routes from the physical topology are more likely to be shorter
than the routes from the VT since the number of links in the VT available for data
transmission becomes significantly smaller due to the existence of a high number of isolated
links. Furthermore, depending on the source and destination nodes of an AVB stream, the
richer path diversity provided by the physical topology in the case of a large number of TT
streams may allow the AVB routes from the physical topology to overlap with each other
with a smaller probability, and hence, may limit the inter-stream interference for AVB
streams.

Since the amount of avoidance from the TT streams, the length of an AVB route, and
the amount of overlapping with other AVB routes all have an impact on the WCD of an
AVB stream, thanks to the MTR concept, we allow GRASP to perform a more efficient local
search by including a combination of routes with varying levels of TT avoidance, length,
and overlapping within the candidate routes of each AVB stream, which increases the quality

of an initial solution.
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5.1. Cost Function

Similar to [6, 8], the cost of a routing solution R is defined as:

cost(R) = 0,(R) X Wy + 0,(R) X Wy, + 05(R) X Ws (5.1)

where 0,(R), 0,(R), and 05(R) represent the total number of unschedulable AVB
streams not satisfying the deadline constraints, the total amount of worst-case delays of AVB
streams and the number of unique network links traversed by all the AVB streams,
respectively, for the routing solution R. In Eq 5.1, the weight W1 is set to a very large value
to prioritize the schedulable solutions while W, and W3 are selected to be significantly
smaller. Please note that Oz may allow shorter routes or multicast trees with late branching
points to be preferred so that a smaller number of links in the overall network is utilized for

AVB transmissions.

5.1.1. Isolating Link Weight

The same weight as in the physical topology is assigned to each link ina VT if it is
not traversed by the route of any TT stream. Otherwise, the weight of a link is set to a very
large value, namely whigh, Which is selected to be sufficiently high to exclude the link from
the shortest route of any AVB stream if possible [22]:

Whigh = |E| X Winax (52)

where |E| and w4, represent the total number of links in the network topology and
the maximum of the normal weight values in the physical topology, respectively.

Propositon: Setting the weight of each link transmitting TT traffic to wy;g, ina VT
guarantees that the shortest route of each AVB stream avoids the TT links as long as there
exists a route in the VT for each AVB stream which does not contain any link with a weight

of Whigh'
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Proof: Assume that the shortest route Rs of an AVB stream computed over the VT
does contain at least one isolated link in the case that there exists an alternative path Ra in
the VT for the same stream which does not contain any isolated link The total weight of Rs,
namely W(Rs) becomes W(Rs) = wp;gn Since Rs traverses at least one isolated link. On the
other hand, W(R,) < (|E|] — 1) X wp,ax Since Ra traverses a total of |E| — 1 links with a
weight of wy,,, in the worst case, taking into account that there exists isolated links in the
VT, and Ra does not contain any isolated link. Since (JE| — 1) X Wpax < |E| X Wrax »

W(R,) < W(Rg) contradicting with the assumption that Rs is the shortest route.

5.1.2. Algorithm

Algorithm 1: Iterative algorithm for GRASP
Data:G(V,E), Sayz, Syr, K, TIME_LIMIT
Result: Optimized routing solution for AVB streams

1 | PT «G(V,E)

2 VT « constructVirtualTopology(PT, Syr)

3 CRy; < computeCandidateRoutes(PT,VT,S g, K)

4

S Rfrest—sa—ﬁar <0

6 while elapsed_time < TIME_LIMIT do

7 Rini < constructinitialSolution(CRy;)

8 Ropear < performLocalSearch(R,,;)

9

10 if cost(Rppear) < coSt(Rpest—so—par) then

11 ’ -{Rﬂreét—scr—#wr' < :Ri’crca{’

12 end

13 |end

14

15 return Ry et —so—par

Algorithm 1 presents the iterative algorithm for TOmtr Which is inputted by the graph
of the physical topology (G(V, E)), the sets of the AVB and TT streams to be transmitted in
the network (S, 5 and Sy1) the number of candidate routes to be considered for each AVB
stream (K) and the time limit for GRASP to terminate (TIME_LIMIT). Please note that the

routing information of each TT stream is assumed to be known in advance and inputted to
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Algorithm 1 as part of Sy. The graph of the physical topology is stored within PT in line 1
while the corresponding VT is constructed by constructVirtualTopology() in line 2 based on
the physical topology and S;yr. In line 3, K candidate routes are computed by
computeCandidateRoutes() for each AVB stream using the Yen's algorithm [23], and stored
within the data structure of CR,;. constructlnitialSolution() implements the same
randomized greedy algorithm as in [6, 8] in line 7 to compute the best initial solution by
taking into the consideration the candidate routes in CR,;. A local search on R,,; is
performed by performLocalSearch() in line 8 to find the local minimum solution
R pocat, Which is stored as the best solution found so far, namely R 4.5t so—fas in line 11 if
its cost is lower than the one of the previous best solution. The cost of a routing solution
formulated in Eq 5.1 is determined with the help of the AVB Latency Math tool standardized
in IEEE 802.1BA as implemented in [8] to evaluate the worst-case delay of each AVB
stream. The loop in lines 6 to 13 continues to execute until the elapsed time exceeds the

given time limit. R 5z s0—par-1S returned as the ultimate optimum solution in line 15.

Algorithm 2: Virtual Topology Construction
Data:G(V,E),Srr
Result: Constructed virtual topology
VT « G(V,E)
for each s € S do

foreach [ € R do

’ w(Dyr < Whign

end

end

O ~NO Ol WN -

return VT

Algorithm 2 shows the algorithm for constructVirtualTopology() in Algorithm 1
which constructs the VT iterating through each link in the VT traversed by the route R, of
each TT stream s to assign the weight of wy,;, as indicated by the lines 2 to 6, and returns
the constructed VT in line 8. The time complexity of Algorithm 2 is bounded by
O(|E| X |Sttl). In the case that every link in the network is used to transmit at least one TT
stream, it is not possible for the AVB streams to totally avoid the TT streams in which case

constructVirtualTopology() leads to a VT where all the links have a weight of wp;gp,.
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constructVirtualTopology() can be easily extended to cover such traffic scenarios by
differentiating the network links transmitting a relatively higher volume of TT traffic from
the remaining ones, and assigning wy;,, to such links while keeping the weight of the

remaining links the same as the ones in the physical topology.

Algorithm 3: Computation of Candidate Routes

Data: G(V,E),VT, S5 K

Result: Candidate routes for each AVB stream

CRuy < @

for each s € S5 do

CRy, <« 0

Rpyy < computeKShortestPaths(G(V,E),|K/2],s)
Ryr <« computeKShortestPaths(VT,[K/2],s)

CRall — CRall V) CRS

end

P P2 O00~NO O WwWwdN B

= O

return CR,y,

Algorithm 3 presents the algorithm for computeCandidateRoutes() in Algorithm 1
which computes the candidate routes for each AVB stream to be considered while
constructing the initial solution for GRASP. Algorithm 3 iterates through each AVB stream
to compute the corresponding candidate routes in lines 2 to 9. |K/2] shortest paths, namely
Rpyy, Tor the current AVB stream are constructed by using the physical topology in line 4
via the Yen's algorithm while [K/2] shortest paths, namely Ry, are computed using the VT
in line 5. The time complexity of the Yen's algorithm is O (K|V|(|E| + |V|log|V])) [23]. The
candidate routes computed for each AVB stream, namely CRq, are stored in CR,; in line 8,

and the resulting CR;; from all iterations is returned in line 11.
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5.1.3. Operational Example

= TTroute - Candidate AVB route

(a). Physical topology with example TT streams

Figure 5.1. Physical/virtual topologies for ABB network and candidate AVB routes
computed by TOwmtr for K=2
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continuation of Figure 5.1.

(b). Virtual topology

Figure 5.1a. shows the physical topology for the ABB network [35] with 20 ESs and
36 SWs over which four different TT streams, namely TTy, TT2, TTz and TT4, are
transmitted using the routes indicated by the red lines. Figure 5.1b. demonstrates the
corresponding VT computed by constructVirtualTopology() of TOwmtr in Algorithm 2 using
the physical topology and TT routes depicted in Figure 5.1a. where the links with a weight
of wy,4, are indicated by the red dotted directional lines. For an AVB stream originating
from ES412 and destined to ES4ss, Figures 5.1a. and 5.1b. also demonstrates the 1st and 2nd

shortest routes indicated by the blue lines, namely AVBc1 and AVBc2, computed by
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computeCandidateRoutes() of TOwmtr in Algorithm 3 for K=2. Please note that
computeCandidateRoutes() runs the Yen's algorithm with K=1 sequentially over physical
and virtual topologies to determine AVBc1 and AVBc., respectively, which share 4 and 0

common links with the TT streams shown in Figure 5.1a.

Table 5.1. Possibilities for 1st and 2nd shortest routes of an example AVB stream between
ES412 and ESass in case of K=2

Optimization 1% Shortest Route 2" Shortest Route
Type
Route #TT | Potential Routes HTT
Links Links
ES412 > SWay3 ES412 = SW3ip = SWo
TOpHY = SW314 = SW3ys 4 = SWp7 = SW3i5 = ESyss 1
= ESass ES412 = SW3q3 = SWo

- SWy7 > SW315 = ESyy 2

ES412 = SW313 > SWii4
= SWa7 = SW3i5 = ESyy 3

ES412 > SW3q3 > SW3q4

[

wul

= SW315 = SW3qe 3
= ES45
ES412 = SWaq3 ES412 = SW3qp = SWhe
TOwr = SW314 = SW3ys 4 = SWa7 = SWiys 0
= ES45 - SW316 = ESais

On the other hand, Table 5.1. presents the 1st and 2nd shortest routes computed by
the conventional traffic optimization approach, namely TOpny, for K=2 which computes all
the candidate routes for an AVB stream using solely the physical topology. While the 1st
shortest route is the same for TOpny and TOwmrr, Yen's algorithm computes four different
possibilities for the 2nd shortest route in case of TOpHy, each of which shares at least one
common link with the TT streams in Figure 5.1a. This operational example shows that TOmTr
is more likely to achieve candidate routes totally avoiding the TT streams in addition to the

shortest ones leading to an enhanced diversity of candidate routes for the initial solutions.



6. EXPERIMENTAL RESULTS

In this section, we implement TOwmrr approach proposed in Section 5.1.2. by
extending the traffic optimization implementation from [8], namely TOpny, which computes
all the candidate routes for a stream using the physical topology. We evaluate the
performance of TOwmrr by constructing realistic unicast and multicast traffic scenarios with
varying number of AVB and TT streams. Our scenarios rely on the ABB network topology
due to its rich path diversity for which TOwmtr constructs the virtual topologies shown in
Section 5. In our experiments, we analyze the impact of different K values on end-to-end
delays by using the AVB Latency Math tool specified by 802.1BA. We compare the
performance of TOwmtr, With Dijkstra and TOpny in terms of the number of unschedulable
AVB streams (O1) which do not meet the specified deadline constraints, the improvement
percentage (IP) by which TOmtr reduces O resulting from TOpny, and the number of unique
network links traversed by all the AVB streams (O3). We also report experimental results to
provide a reasoning why TOwmtr achieves a lower O; compared to TOpHy in most of the

experiments. IP value achieved by TOwmtr, for a certain scenario is formulated as follows:

__ (6-9)x100

IP 5

(6.1)

where 8 and ¢ denote the O; values resulted from TOpny and TOwmtr, respectively.
All the experiments in this section are conducted using a PC with Intel i7-8750H processor
running at 2.20 GHz and 16 GB RAM.

6.1. Traffic Scenarios

For the experiments, we construct two different sets of traffic scenarios which
contain unicast and multicast data transmissions by extending the scenarios provided in [8].
The first set includes 7 scenarios, namely U: to U7, where unicast transmissions take place
while the second set includes 5 scenarios, namely M1 to Ms, for multicast transmissions. The
number of AVB streams to be transmitted in the network is varied as 20, 35 and 50 for U
to U7 while it is fixed to 16 for M1 to Ms. On the other hand, the number of TT streams is
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varied between 6 and 16 for both the unicast and multicast scenarios. To be able to exploit
the GCLs provided by [8], the routes of the TT streams are selected to be non-overlapping
with each other in all the scenarios so that the number of distinct links in overall network
which transmit a TT stream increases in proportion to Sy. All the attributes for each AVB
and TT stream including message payload size, message period, number of frames per period
and deadline are determined in the same way as in [8]. Similar to [8] the payload size is
randomly selected from the range of 11-400 bytes for AVB messages while the number of
AVB frames transmitted per period is arbitrarily chosen from the range of 1-10. In all the

scenarios, the link rates for the overall network are assumed to be equal to 1 Gb/s.

6.1.1. Performance Evaluation

Table 6.1. Performance evaluation for unicast scenarios

Scenario
Name [Saval |S77] Dijkstra TOpHy TOmTR IP
01 O3 01 O3 01 O3
U1 35 6 9 189 8 189 6 189 25
U, 8 12 189 11 189 7 192 36.36
Us 10 16 189 15 189 9 195 40
Us 13 18 189 17 189 10 195 41.17
Us 16 19 189 18 186 13 196 27.77
Us 20 13 114 13 115 7 120 46.15
U 50 31 274 29 274 24 287 17.24
(@K=2
Scenario
Name TOpHy TOwmTR IP
01 O3 01 O3

U1 7 189 6 189 14.28

U, 10 191 6 193 40

Us 15 192 8 196 46.66

Us 16 191 9 196 43.75

Us 18 191 11 198 38.88

Us 12 117 6 119 50

Uy 28 278 22 289 21.42
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continuation of Table 6.1

(b)K =3
Scenario
Name TOpHy TOwmTrR IP
01 O3 01 O3
U 4 190 6 189 -50
U, 6 193 6 193 0
Us 11 194 8 196 27.27
Us 13 194 9 196 30.76
Us 16 193 10 197 37.50
Us 11 117 6 119 45.45
U 26 281 22 284 15.38
(c)K=4
Scenario
Name TOphy TOwmTR IP
01 O3 01 O3
U 2 194 1 198 50
U 4 196 2 199 50
Us 6 198 5 199 16.66
Us 8 197 6 199 25
Us 11 199 10 201 9.09
Us 6 121 5 121 16.66
U 22 284 19 290 13.63
(d) K =50

Table 6.1. shows the performance results with respect to small values of K using the
unicast scenarios for TOmtr, TOpHy and Dijkstra, which always uses the shortest routes. For
each scenario in this experiment, GRASP is executed for a total of 3 minutes, which was
empirically verified to be largely sufficient to find stabilized solutions since the cost value
is no longer improved by GRASP after this time limit. The respective numbers of AVB and
TT streams (|Syr| and |S,yg|) transmitted in each scenario are reported in Table 6.1a
Similarly, the performance results for Dijkstra are reported in Table 6.1a along with the
results for TOmtr and TOpHy for K=2 but omitted from Table 6.1b and 6.1c since it operates
independent of K. As shown in the table, TOwmrr achieves a significantly lower Oz in almost
all the scenarios. We believe that it is an important scalability result to attain low Oz even

for the small values of K since it reduces the time complexity of GRASP to find good-quality
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solutions especially for the large problem instances. For example, in case of Us with K=2,
Oy varies as 13, 13 and 7 for Dijkstra, TOpHy and TOwmrr, respectively, which corresponds to
an IP value of 46.15%. Table 6.1. also shows that TOmtr requires a slightly higher number
of links to be utilized in overall network for AVB transmissions in almost all the scenarios
as indicated by Os. For example, in case of Us with K=2, O3 varies as 114, 115 and 120 for
Dijkstra, TOpny and TOwtr, respectively.

O
*

Route Length
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Flow Index

* Dijkstra O TO (PHY) & TO (MTR)
—— Dijkstra (Ave) ——T0 (PHY) (Ave) ——T0Q (MTR] (Ave)

(a) Route Lengths

Figure 6.1. AVB route lengths and the number of common links share AVB
and TT streams for the scenario of Us in Table 6.1a
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continuation of Figure 6.1
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(b) Common Links

Figure 6.1. depicts the value distributions for the AVB route lengths and the number
of common links shared by the AVB and TT streams for the scenario of Us with K=2, which
contains a total of 20 and 16 AVB and TT streams, respectively. Figure 6.1a demonstrates
that the AVB route length on average varies as 5.7, 5.75 and 6 for Dijkstra, TOpHy and TOmr,
respectively. On the other hand, Figure 6.1b shows that the number of links on the AVB
routes which are also used to transmit TT streams varies as 1.75, 1.85 and 0.9 on average for
Dijkstra, TOpHy and TOwmtr respectively. These results indicate that TOutr may lead to
slightly longer AVB routes in order to better avoid the TT streams which in turn results in
lower Oy values due to an improved network latency compared to other approaches. Please

note that TOwmtr yields O1 =7 for Us with K = 2 while the other approaches result in O1 = 13.
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Figure 6.2. Improvement percentages (IP) with respect to varying number of
streams

Figure 6.2. shows the improvement percentages achieved by TOmtr With respect to
varying number of streams transmitted in the network. Figure 6.2a demonstrates the effect
of varying number of TT streams, namely 6, 8, 10 and 13, which correspond to the scenarios
of U1 to Uy, respectively, where |S4y 5| = 35. As shown in Figure 6.2a, IP tends to increase
with respect to |Sr¢| up to a saturation point, which is caused by the fact that it becomes

increasingly more difficult for the AVB routes to avoid the TT streams since a higher number
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of common links are more likely shared by the AVB and TT streams as |Syr| increases. For
example, IP values in case of K=3 vary as 14.28%, 40%, 46.66% and 43.75% for |S;| = 6
to |Spr| = 13, respectively. Please note that, after the saturation point, the amount of
improvement achieved by TOmtr may be inevitably degraded since the network topology
may no longer provide the sufficient level of path diversity to avoid the TT streams. Figure
6.2.b. reports the IP values with respect to varying number of AVB streams, namely 20, 35
and 50, which correspond to the scenarios of Us, Us and Uz, respectively, where |S¢7| = 16.
As shown in Figure 6.2.b., IP tends to decrease with respect to |S,, 5| because the amount of
interference among the AVB streams increases since the network links are more likely
shared by a higher number of AVB streams as |S,y 5| increases. For example, IP values in
case of K=3 vary as 50%, 38.88% and 21.42% for |S,, 5| = 20, 35 and 50, respectively. Table
6.1d shows the performance results for a large value of K, namely K = 50, using the unicast
scenarios. For each scenario in this experiment, GRASP is executed for a total of 10 minutes,
which was empirically verified to be sufficient to stabilize a solution. As shown in the table,
TOwtr achieves a lower Oy in all the cases while mostly resulting in a slightly higher number
of links to be utilized. However, the IP values are smaller in general compared to the values
reported in Table 6.1 for the small values of K. For example, the IP value achieved for Us is
observed to be 9.09% while it varies as 27.77%, 38.88% and 37.5% for K=2, K=3 and K=4,
respectively. This is due to the fact that GRASP considers a larger number of candidate
routes for each stream for the larger values of K which results in better investigating the
search space of the problem domain, and, hence, increasing the probability of finding a
higher-quality solution for both TOwmtr and TOpny. Still, the lower O values achieved by
TOwtr as reported in Table 6.1d indicate that the quality of the candidate routes in case of

TOwr is higher than in the case of TOpHy.
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Table 6.2. Performance evaluation for multicast scenarios

Scenario
Name [Savel | 1Sl Dijkstra TOpHY TOwMTR IP
01 O3 0O O3 O: O3
M1 16 6 6 163 6 160 4 158 | 33.33
M2 8 8 163 8 160 4 159 50
M3 10 10 163 9 160 4 157 | 55.55
M4 13 10 163 10 160 5 156 50
Ms 16 11 163 10 160 6 156 40
@K=2
Scenario
Name TOpHy TOwmTr IP
01 O3 01 O3
M1 5 158 4 158 20
M2 7 157 4 159 42.85
M3 9 158 4 157 55.55
Mgy 9 160 5 156 44.44
Ms 10 158 6 156 40
(b)K=3
Scenario
Name TOpHy TOwmTR IP
01 O3 o]1 O3
M1 4 150 2 155 50
M> 5 151 2 158 60
M3 7 155 4 156 42.85
My 7 152 5 159 28.57
Ms 8 151 6 157 25
(c)K=4
Scenario
Name TOpHy TOwmTR IP
01 O3 01 O3
M1 0 148 1 146 -0
M 2 148 1 150 50
M3 3 150 3 149 0
My 5 146 4 150 20
Ms 6 150 5 154 16.66

(d) K =50
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Table 6.2. shows the performance results with respect to small values of K using the
multicast scenarios. Similar to the experiments in Table 6.1. GRASP is executed for a total
of 3 minutes for each multicast scenario. As shown in the table, TOwmtr achieves a lower O
in all the scenarios. For example, in case of Mz with K=3, O varies as 10, 9 and 4 for
Dijkstra, TOpHy and TOwrtr, respectively, which corresponds to an IP value of 55.55%. In
contrast to the Oz values in Table 6.1a, TOwmrr leads to a smaller number of links to be utilized
for AVB multicast transmissions especially for K=2 compared to Dijkstra and TOpny. For
example, Oz varies as 163, 160 and 156 in case of Ms with K=2 for Dijkstra, TOpny and
TOwTr, respectively. Table 6.2d shows the performance results for K=50 using the multicast
scenarios. Similar to the experiments in Table 6.1d, GRASP is executed for a total of 10
minutes for each scenario. As shown in the table, TOwmtr achieves a lower Oz in most of the
cases. The IP values in Table 6.2d exhibit a similar behavior as in Table 6.1d by being
smaller in general compared to the values reported in Table 6.1. for the small values of K.
For example, the IP value achieved for M_4 is observed to be 20% while it varies as 50%,
44.44% and 28.57% for K=2, K=3 and K=4, respectively.



7. CONCLUSION

IEEE 802.1 TSN task group is the leading organization which targets the
standardization of Ethernet-based deterministic real-time communication technologies. In
this thesis, a MTR based optimization approach is developed for the route planning of AVB
streams in order to satisfy their timing requirements in a TSN network with mixed-criticality
support. Our approach computes candidate routes to be used to construct initial solutions for
GRASP which searches for the best routing solution. Thanks to the diverse forwarding
capabilities provided by the MTR concept, we allow GRASP to perform a more efficient
local search by including a combination of routes with diverse characteristics within the
candidates leading to a good-quality solution. We evaluate the performance of our approach
by constructing realistic unicast and multicast traffic scenarios with varying number of AVB
and TT streams. Experimental results show that our approach significantly reduces the
number of unschedulable AVB streams in almost all the scenarios compared to the other

approaches in the literature.



8. RECOMMENDATIONS

In this thesis, a combination of the physical topology and a single VT is used to
compute the candidate routes for each AVB stream to be evaluated by the GRASP meta-
heuristic to find the best solution. This methodology relying on the MTR concept allows the
candidate routes to have more diverse characteristics, namely varying levels of length,
overlapping and TT avoidance, compared to the sole utilization of the physical topology for
route planning, leading to an increased likelihood for GRASP to find a better solution.
However, we believe that the diversity among the candidate routes can be further improved
by intelligently constructing more than one VT, which in turn may enhance the quality of
the solution. Since optimization approach itself has a direct impact on the effectiveness of
the solution to the routing problem, we also plan to apply our MTR based search space
reduction technique to construct initial solutions for other meta-heuristic approaches such as
Tabu search [36] and genetic algorithms [37] in order to solve the routing problem for AVB
streams. We also believe that route planning for TT and UBS streams is another potential
field of research to which our MTR based approach can be applied. In this thesis, AVB
Latency Math is used for the delay analysis of AVB streams. However, the tool presented in
[38] relying on Network Calculus is considered to be integrated into our evaluation as a
future work in order to enhance the accuracy of the AVB delay analysis. Furthermore, a
delay analysis is planned to be accomplished through network simulation by developing an

OMNeT++ [39] simulation environment for TSN-related experiments.
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