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Abstract

Wavelength-routed optical networks-on-chips (WRONoCs) is a next generation multiprocessor
system-on-chip architecture for communication among processors. A recent research article
demonstrates that communication parallelism can be improved by using different wavelengths
in each path of a given WRONoC topology. This mathematical modeling method, which only
works for a given topology, assigns one radius to each silicon microring resonators (MRR) type
to improve communication parallelism. The effectiveness of this method depends on the given
topology. To further improve communication parallelism, this paper presents a systematic
approach which generates a topology that considers communication parallelism in topology
design. The proposed topology aims to maximize the worst case parallelism and the aggregate
parallelism for full connectivity as well as for customized connectivity. The performance of the
proposed topology is compared with the performance of several topologies, such as: general
purpose topologies, CustomTopo, the Light topology and the state-of-the-art parallelism-aware
topology that aims to maximize the worst case parallelism. Experimental results show that
the proposed topology outperforms all previous works in terms of improving the worst case

parallelism and the aggregate parallelism.

Keywords: Bandwidth-Aware Topology, Communication Parallelism, Wavelength-routed optical

networks-on-chips.
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1. Introduction

The on chip communication in multiprocessor system-on-chip (MPSoC) has increased
greatly in the past decade. To deal with this huge increase, optical networks-on chips (ONoCs)
are proposed (Vantrease et al., 2008). These optical networks on chips adopt optical connections
to transmit data instead of electrical connections. Thus, ONoCs provide ultra low signal delay
as well as high bandwidth (Yan et al., 2020). There are two main classes of ONoCs based on

the routing mechanism (Werner, Navaridas, & Lujén, 2017):

e Control-networks-based: In this category, only one sender and one receiver can communi-
cate at any given time in order to avoid data collision. In order to send a data from a
sender (master) to a receiver (slave), an additional control network must reserve a signal
path connecting the slave and the master (Koohi & Hessabi, 2012) (Parini, Ramini,
Bellanca, & Bertozzi, 2011).

e Wavelength-routed: Wavelength-routed optical networks-on-chips (WRONoCs) route
each optical signal according to its wavelength using silicon microring resonators (MRRs).
In fact, WRONoCs setup signal paths at the design stage, so that all masters can
communicate with all their slaves at the same time. Thus, WRONoCs do not contain
energy and latency overhead for arbitration in contrast to other ONoC architecture
(Truppel, Tseng, Bertozzi, Alves, & Schlichtmann, 2019) (Manolatou & Haus, 2002).

Most previous research about WRONoCs assumes that each sender transmits one signal
at a time to a receiver. However, an MRR can support different wavelengths. Using MRRs
to route optical signals according to their wavelengths, several signals of different wavelengths
can be transmitted concurrently between the same sender-receiver pair. Taking advantage of
this fact, Li et al. (2020) proposed a mathematical approach, in which several wavelengths
are assigned to each path, resulting in an increase in the communication parallelism of a given

topology (Li, Tseng, Tala, & Schlichtmann, 2020). There exist several topologies:

e General purpose topologies: These topologies support full connectivity, i.e., all senders are
connected to all receivers. The most common topologies are A-router (Briere et al., 2007)

and Snake (Ramini, Grani, Bartolini, & Bertozzi, 2013a). There are other topologies



1. Introduction

where each sender can communicate with all receivers other than its corresponding

receiver (the receiver with the same id).

e Application-specific topologies: These topologies are designed for cases where specific
senders are required to communicate with specific receivers. This information is given
in the communication matrix (Li, Tseng, Bertozzi, Tala, & Schlichtmann, 2018). The
application-specific topology can be constructed by removing the redundant MRRs in a

general purpose topology.

Both general purpose topologies and the existing application-specific topologies do not
take into account communication parallelism in topology design. The approach in (Li et al.,
2020) depends on the given topology which may not suit the communication matrix, resulting
in only a few wavelengths being assigned to each path. The approach in (Chen et al., 2023)
improves the worst case parallelism in topology design. However, it does not aim to maximize
the aggregate parallelism. Therefore, this master’s thesis presents a systematic approach that
considers communication parallelism in topology design in order to improve the worst case

parallelism and the aggregate parallelism.

The remainder of this report is organized as follows: In the second chapter, optical
networks on chip and their components are presented. Later, in the third chapter the mathemati-
cal modeling methods that aim to maximize communication parallelism are described. Next,
the bandwidth-aware topology synthesis for wavelength-routed optical networks-on-chips is
presented. Subsequently, in the fifth chapter, the results of the benchmark and their interpreta-
tions are discussed. Finally, the last chapter summarizes the project and concludes the master’s

thesis.



2. Optical Networks-on-Chip

Optical networks-on-chips (ONoCs) is a new interconnection technology which is used
to connect the processors on a chip (Yan et al., 2020). ONoCs adopt optical connections to
connect the processors, providing high bandwidth, low delay and low power consumption (Yan
et al., 2020). Additionally, ONoCs have great potential in high-speed communication networks
(Yan et al., 2020). The first section presents the main components of ONoCs. Then, the second
section presents WRONoC communication parallelism. Afterwards, the third section presents

the power model of the main components of ONoCs.

2.1. The Main Components of Optical Networks-on-Chips

Port1 Add

Input Through |/ hut Through
Input MRR g
pPortz Drop WRR
Drop
Port3
(a) (c) (e)
Add
Input Input Through Input
MRR MRR
Drop
Output
(b) (d) (f) Drop
Optical waveguide —» Optical signal

Figure 2.1.: The basic ONoCs components (Yan et al., 2020).

There are several basic ONoCs components, which include microring resonators, waveguides,
waveguide bends and waveguide crossings (Yan et al., 2020). Figure 2.1 presents the most
commonly used basic ONoCs components (Yan et al., 2020): (a) Waveguide crossing, (b)
Waveguide bend, (c¢) Parallel switch element (PSE) (State: OFF), (d) PSE (State: ON), (e)
Cross switch element (CSE) (State: OFF) , (f) CSE (State: ON).

10
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The key element that enables signals to be switched among different waveguides is the
silicon microring resonator (MRR). An MRR consists of a microring waveguide, which is looped.
Each MRR has a radius. Each radius value corresponds to different resonance wavelengths. For
an MRR of radius r, Equation 2.1 is used to calculate the corresponding resonance wavelengths

Ari, where the constant n.ss represents the refractive index (Bogaerts et al., 2012).

27r X
Ari = w ie{1,2,3,..,} (2.1)

The signal will be coupled to the ring of the MRR m and there will be a direction change
of the signal (The signal activates the MRR m), if and only if the wavelength of a signal
matches one of the resonance wavelengths of m. In this case, the signal is on-resonance with
m. Otherwise, if the wavelength of the signal does not match any of the resonance wavelengths
of the MRR, the signal ignores the MRR. The signal will not be coupled to the ring, and will
continue to propagate along the original waveguide. In this case, the signal is off-resonance

with m.

The MRRs are used to construct the CSEs and PSEs. The MRR in the CSE and the PSE
enables the routing mechanism (Yan et al., 2020). In fact, the CSE consists of at least one
MRR, and two crossed optical waveguides. The PSE consists of a microring resonator (MRR)
and two parallel waveguides. As mentioned before, depending on the signal wavelength and
the radius of the MRR, a signal can be either on-resonance with the MRR of the CSE/PSE or
off-resonance with the MRR of the CSE/PSE.

e The PSE: if the signal is on-resonance with the MRR of the PSE, the optical signal is
first coupled to the ring and then to the waveguide parallel to the original waveguide,
leading to a 180-degree direction change (Yan et al., 2020). Otherwise, if the signal is
off-resonance with the MRR of the PSE, the signal ignores the MRR and continues to
propagate along the original waveguide (see Figure 2.1(c)) (Yan et al., 2020).

e The CSE: if the signal is on-resonance with the MRR of the PSE, the optical signal
is coupled to the ring and then to another waveguide, leading to a direction change
depending on the input port (see Figure 2.1(f)) (Yan et al., 2020). If the input port is
the Add port, the direction change is 270 degrees. If the input port is port 1, the direction
change is 90 degrees. The power loss and crosstalk noise caused by the 270-degree
direction change is very large. Therefore, most designers only focus on using port 1
(Zhang et al., 2014) (Lin & Lea, 2012). Otherwise, if the signal is off-resonance with
the MRR of the CSE, the signal ignores the MRR, and continues to propagate along the

11
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original waveguide (see Figure 2.1(e)) (Yan et al., 2020).

a

Transmission

A,
Wavelength

Figure 2.2.: The transmission optical spectrum of MRR a.

The behaviour of the wavelength with respect to the MRR are explained using the following
examples: The periodic transmission spectrum of an MRR is presented in Figure 2.2. The
spectrum has four peaks, which represent four resonant wavelengths. A; matches one peak
of the spectrum of the MRR. Therefore, when a signal on wavelength A; goes through the
MRR of CSE (from the input port), the direction of the signal will be changed by 90 degrees.
On the other hand, Ao does not match on peak of the spectrum of the MRR. Therefore, a
signal on wavelength Ao ignores the MRR, therefore, the signal is transmitted to the through
port. An MRR can support several resonant wavelengths. These MRRs allow each master to
communicate with each of its slaves using many non-overlapping wavelengths simultaneously
(Li et al., 2020).

2.2. WRONOoC Topologies

2.2.1. The Working Mechanism of WRONoCs

The WRONoC working mechanism is explained using the following example: Figure 2.3
presents a simple WRONoC topology. In this example, the wavelength \; is only on-resonance
with the MRR m;. As can be seen, with 4 different wavelengths (A1, A2, A3 and \4), master 1

can send data to its four slaves at the same time. The wavelengths A1, Ao and A3 are coupled to

12
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the blue MRR, the green MRR and the violet MRR, respectively. A4 ignores the three MRRs
and reaches slave 4. The path between master 1 and slave 4 is called default path because it

does not resonate with any MRR in the path.

Master1 e e S 3  Slave 4

Slave 1 Slave 2 Slave 3

Figure 2.3.: A WRONoC topology.

In WRONOoCs, it is possible to transmit all signals concurrently along all waveguides.
Figure 2.4 presents 4x4 A-router topology (Briere et al., 2007). All masters (1, I2, I3 and I4)
can communicate simultaneously with all slaves (71, T2, T3 and Tj). For example, I; can send

data to 17, T, T3 and Ty at the same time using 4 different wavelengths.

l, T.
l T,
l5 T3
l, T,

Figure 2.4.: The 4x4 A-router topology (Briere et al., 2007).

2.2.2. Full Connectivity and Customized Connectivity

Several studies assume that in WRONoC topologies the communication graph is complete

and that there is a connection between each master-slave pair (Briere et al., 2007) (Le Beux

13
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et al., 2011) (Peano, Ramini, Gavanelli, Nonato, & Bertozzi, 2016). However, in reality there
exist several cases where a full connectivity is not required. For example, in processor-memory
networks, one memory usually does not communicate with other memories (Wang et al., 2017).
Therefore, using fully connected topologies for applications that do not need full connectivity
can result in a large waste of area and resources (Li et al., 2018). Therefore, several topologies
are designed based on the communication matrix to reduce the power loss as well as the MRR
usage. Figure 2.5 presents the Customtopo topology, which aims to reduce the add-drop filter
(ADF) and wavelength usage by designing only the paths that connect each sender to its

receivers.

Figure 2.5.: A topology generated using CustomTopo

2.2.3. The Physical Layout

Several state-of-the-art topologies, such as A-router, consider the senders and receivers
as independent nodes and do not focus on putting each sender s; close to the receiver with
the same id r; (Ramini et al., 2013a) (Briere et al., 2007). As can be seen in the A-router
topology in Figure 2.4, the senders are placed on the left side, while the receivers are placed

on the right side. However, in actual WRONoC topologies, IP-core consists of a sender and a

14
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receiver. Therefore, the sender and the receiver of an IP-core should be placed close to each
other. For example, core 1 consists of sender 1 and receiver 1. Thus, sender 1 should be
placed close to receiver 1. Implementing the A-router topology on a physical plane may cause
many additional waveguide crossings by bringing each master close to its corresponding slave.
For example, there are only 28 waveguide crossings in the 8x8 A-router logic scheme, while in
the X router physical scheme there are 64 waveguide crossings (Ramini, Bertozzi, & Carloni,
2012). These additional waveguide crossings increase the power loss as well as the crosstalk
noise. Figure 2.6 presents the 4x3 Light topology (Zheng et al., 2021). As can be seen, the
design of this topology matches the physical layout constraint. In this master’s thesis, the
proposed topology considers the physical layout constraint and puts each master close to its

corresponding slave.

Figure 2.6.: The 4x3 Light topology

2.3. WRONoC Communication Parallelism

Different wavelengths can activate an MRR, as mentioned in Section 2.1. Thus, a sender
can transmit several signals of different wavelengths concurrently to a receiver. The communication
parallelism is explained using the following example: The 4*3 GWOR topology is presented
in Figure 2.7 (Tan, Yang, Zhang, Jiang, & Yang, 2011). In this example, the MRRs have two
different radii. The MRR in the same colour have the same radius. Figure 2.8 presents the
optical transmission spectra of these two different MRRs. In this topology, the senders are I,

I, I and I3 and the receivers are Ty, 11, T5 and T5. Master Iy can communicate with the

slaves T7 and T5 using wavelengths that satisfy the following constraints:

e To send data to 11, the wavelength should be on-resonance with M RR, and off-resonance

with M RRy. The wavelength should not conflict with a resonance wavelength of M RR,.

15
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e To send data to 75, the wavelength should be on-resonance with M RR;,.

A1, A4 and Ag are on-resonance with M RRy,. Therefore, A1, A4 and \g can be used to send data
from Iy to T5. Ao, A5, A3 and \g are on-resonance with M RR,. It is not possible to use Ag to
send data from master Iy to slave 17, because the optical signal is transmitted first through
the M RRy. Since the optical signal on wavelength \g activates M RRp, the direction of the

signal will be changed and in this case the signal will reach T5 instead of 77.

A wavelength wy conflicts with another wavelength wo when the absolute difference between
the two wavelengths (w; and ws) is smaller than the safe distance ¢ (Li et al., 2020). A radius r
conflicts with the wavelength w, if at least one resonant wavelengths supported by the radius r
conflicts with w (Li et al., 2020). In other words, a radius r does not conflict with wavelength

w if the constraint in Equation 2.2 is satisfied.

W= Al > 8 Voie{l,..,n} (2.2)

In the example in Figure 2.8, the safe distance is 6 = 0.8 nm. The absolute difference
between A1 and Ao is 0.6 nm which is smaller than §. Thus, A1 conflicts with Ao; therefore, the
radius r = a conflicts with A1 and the radius » = b conflicts with Ay. As a result, Ay can not
be used to send data from Iy to T7. A3 and A5 are on-resonance with M RR, and off-resonance
with M RRy, and do not conflict with M RR;. Therefore, only A3 and A5 can be used to send
data from Iy to T7.

16
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To

g
- qr

Figure 2.7.: The 4x3 GWOR topology.

0.6

J

A1 ;"2 A3 A-ﬂf 5 6

Wavelength

Transmission

Figure 2.8.: The optical transmission spectra of two different MRRs: a and b.

2.3.1. Parallelism Calculation

There are two main terms regarding parallelism calculation:

e The aggregate parallelism: The sum of the number of wavelengths used for each path

in the topology, as can be seen in Equation 2.3, where P is the set of all signal paths in

17



2. Optical Networks-on-Chip

the topology and the function v(p) returns the number of wavelengths assigned to path

P.

Vaggregate = Z U(p) (23)

peEP

e The worst case parallelism: The number of wavelengths of the path with the minimum

number of wavelengths in the topology, as can be seen in Equation 2.4.

Vworst = Ipléllrgl?}(p) (24)

2.4. Loss Model and Crosstalk Model

Port1
A Input Throug:'l Input Add A Through
Input | MRR .
| Portz Drop MRR A
v i/ Drop
Port3 L
(a) (c) (e)
Input Input Through Input Add’ﬂi\ Through
MRR MRR
Drop
Output
(b) (d) (f) Drop
Optical waveguide — Optical signal --=-> Crosstalk noise

Figure 2.9.: The basic ONoCs components (Yan et al., 2020).

The two important factors that limit the scalability of ONoCs are crosstalk noise and
power loss (Yan et al., 2020). Power loss and crosstalk noise are generated when an optical

signal is transmitted from an input to an output of an optical element (Yan et al., 2020).

e Figure 2.9(a) shows a waveguide crossing. When the optical signal is transmitted through
the waveguide crossing from the input port to port 2, the output power of port 2 (P»),
port 1 (P;) and port 3 (P3) can be calculated using formulas 2.5 and 2.6, respectively,
where the crossing loss is represented by L., the input power is represeneted by F;,,

and the crosstalk coefficient of the crossing is represented by C., (Yan et al., 2020).

18
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Py = L¢Py, (25)

Pl = P3 = Cchin (26)

e Figure 2.9(b) shows a waveguide bend. When an optical signal is transmitted through
this optical element, the output power of port 1 (P,,;) can be calculated using formula 2.7,
where the bending loss and the input power are represented by L; and P;,, respectively
(Yan et al., 2020).

Pout = Lbeljin (27)

e Figure 2.9(c) presents a PSE. When the optical signal is off-resonance with the MRR of
the PSE, the optical signal is transmitted through the PSE from the input port to port
Through, as can be seen in Figure 2.9(c). In this case, the output power of port Through
(Pr pse,off) can be calculated using formula 2.8, where the insertion loss is represented
by Ly ;-
formula 2.9, where the crosstalk coefficient is represented by C,

In addition, the output power of port Drop Pp pse.off can be calculated using

or¢ (Yan et al., 2020).

Propseoff = Lp,offPin (2.8)

Pp pse,off = Cp,offPin (2.9)

When the optical signal is on-resonance with the MRR of the PSE, the optical signal
is transmitted through the PSE from the input port to port Drop, as can be seen in
Figure 2.9(d). In this case, the output power of port Drop (Pp pse,on) can be calculated
using formula 2.11, where the insertion loss is represented by L, .. In addition, the
output power of port Through (Pr pse,0n) can be calculated using formula 2.9, where the

crosstalk coefficient is represented by Cj, ,, (Yan et al., 2020).

PD,pse,on = Lp,onpin (210)
PD,pse,on = Cp,onpin (211)
e Figure 2.9(e) presents a CSE. As mentioned before, most designers only focus on using the

90-degree direction change. Therefore, this section presents only the power loss generated

by the 90-degree rotation. When the optical signal is off-resonance with the MRR, of the
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PSE, the optical signal is transmitted through the CSE from the input port to port
Through, as can be seen in Figure 2.9(e). In this case, the output power of port Through
(Pr,cse,off) can be calculated using formula 2.12, where the insertion loss is represented
by L¢,;, (Yan et al., 2020). In addition, The output power of port Drop (Pp cse,off)
and port Add (P4, cse,off) can be calculated by formulas 2.16 and 2.17, respectively.

PT,cse,off = Lc,offpin (212)
PD,cse,off = (Cpoff + Lpof%Ccr)Pin (213)
PA,cse,off = LpofchrPin (214)

When the optical signal is on-resonance with the MRR of the PSE, the optical signal
is transmitted through the PSE from the input port to port Drop, as can be seen in
Figure 2.9(f). In this case, the output power of port Drop (Pr cse) can be calculated
c.on (Yan et al., 2020). In
addition, the output power of port Drop (Pp cseoff) and port Add (P4 cseoff) can be

using formula 2.15, where the insertion loss is represented by L

calculated by formulas 2.16 and 2.17, respectively.

PD,cse,on = Lc,on]:)in (215)
PT,cse,on = CponLchin (216)
PA,cse,on = Lponccr-Pin (217)

When the path consists of several optical elements, the power loss of the optical signal that

transmits through the path can be calculated by the loss combination of all optical elements

on the path (Yan et al., 2020). For example, when the optical signal is transmitted from Iy
to T in the 4*3 GWOR Topology (see Figure 2.7), it goes through 3 CSE, specifically 1 ON
MRR (a) and 2 OFF MRR. Therefore, the total insertion loss can be calculated by formula

Loy = Lc,onLc,of?f (218)

The signal-to-noise power ratio (SNR) can be used to evaluate the quality of the signals.

The SNR for each signal x can be calculated using formula 2.19. The output power of a

particular signal x, when this signal is transmitted from sender s to receiver r, is represented
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by P

ouiput (7). The power of all crosstalk signals that reach the receiver r and have the same

wavelength as the signal x is represented by Pri\(?ise(x) (Zheng et al., 2021). In this work, for

simplicity, only the first-order noise introduced by the optical signals is considered.

P (x
SNR(z) = 10logof\‘tput()) (2.19)
n(?ise T
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Several research about maximizing the communication parallelism for WRONoCs were
published in the past decade. The first section presents the approach published by (Li et
al., 2020) which maximizes the parallelism at the stage of MRR-radius selection. The second
section presents the approach published by (Chen et al., 2023), which aims to maximize the

worst case parallelism at the phase of topology generation.

3.1. Maximization of the Communication Parallelism

Most ONoCs studies ignore communication parallelism (Li et al., 2020). In these studies,
each master can communicate with each of its slaves with only one specific wavelength (Li et al.,
2020). Therefore, Li et al. (2020) proposed an integer-linear-programming (ILP) formulation to
increase the communication parallelism of each path in a given topology by assigning several
wavelengths to each path (Li et al., 2020). This work performs better than the previous
approaches (such as (Peano et al., 2016)) in terms of improving the parallelism (Li et al.,
2020). The method in (Li et al., 2020) is used to assign a radius to each MRR type in the
proposed topology. This section presents the implementation of this ILP model using gurobipy

in a comprehensive manner.

3.1.1. Scoping and Problem Formulation
3.1.1.1. Input

e The modeling approach presented by (Li et al., 2020) works only for a given topology.
Therefore, the signal paths of a topology must be specified. Each path should indicate
which on- and off-resonance MRR types it contains. For example, if the 4*3 GWOR
topology is used (see Figure 2.7), the path from Iy to T3: should be specified as follows:

I(] — T: ON[[O7T1] = {MRRCL}; OFF[IO,Tl] : {MRRb}
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e The MRR-radii options should be provided. The resonant wavelengths that match an
MRR radius can be calculated using the approaches presented in (Peano et al., 2016)
and (Parini et al., 2011).

3.1.1.2. Output

e One radius should be assigned to each MRR type in the topology (Li et al., 2020).

e The values of the wavelengths should be assigned to each path in the topology (Li et al.,
2020).

3.1.2. The Approach

As mentioned before, this method works only for a given topology. A Python list M is
used to present the various types of MRRs used in the topology, for example, M=[a,b]. A
Python dictionary (named Path) is used to denote the signal paths. Two keys are used to
define each path. The first key denotes the on-resonance MRRs in the path. The second key
denotes the off-resonance MRRs in the path. For example, in order to get the off-resonance
MRRs in the path from Iy to T3, the key should be ['10’,’T1’,’OFF’], where the first and the

second items of the key represent the master and the slave, respectively.

To define the paths of the 4*3 GWOR topology (see Figure 2.7), the following Python

Dictionary should be used, where the elements of the M list are used as the dict values:

PATH = {
("10°, °T1’, "ON’): [’a’],
("10°, °T1’, 'OFF’): ['b’],
("10°, °T2’, "ON’): ['b’],
("10°, °T2’, 'OFF’): [],
("10°, °T3’, "ON’): [],
("10°, °T3’, 'OFF’): [],
(’I1’, ’T0’, "ON’): [’a’],

("1

("1

("1

("1

("1

(

1, 'T0’, 'OFF’): [],
17, 'T2’, 'ON’): [],
17, 'T2’, "OFF’): [],
1, 'T3’, 'ON’): ['b’],

1°, T3, "OFF’): [
127, T0’, "ON’): [’b
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(*12°, 'TO’, 'OFF’): [’a’],
( , 'T17, "ON’): ],
(*12°, 'T1’, 'OFF’): []
("12°, 'T3’, 'ON’): [’a
(*12°, 'T3’, 'OFF’): [],
("13°, "T0’, 'ON’): [],
('I3°, "T0’, 'OFF’): |
("13°, °T1’, 'ON’): [’
("I13°, 'T1’, 'OFF’): |
("13°, °T2’, 'ON’): [’
(*13°, 'T2’, 'OFF’): ['b’]}

In addition, two lists are introduced which represent the sets of masters and slaves. These
two lists are used to access and iterate the Path Dict:
I =1['10", "11°, 12’ , ’I37]
T=['T0’, 'T1’, 'T2’ , 'T3’]

Furthermore, a set of MRR-radii options is denoted by R, for example, R = {ry, ro, rs,
T4, 5, ...} or R = {5, 5.25, 5.5, 5.75, 6.0,...} (Li et al., 2020). In this Python implementation,

a list R is used to represent the MRR-radii options, for example:

R= [5, 5.25, 5.5, 5.75, 6.0]

Additionally, a sequence 2, is constructed to represent the corresponding resonant wavelen-
gths of r. 97@ represents the i-th resonant wavelength in the sequence €),.. For example, if
R ={r,, r,} is the set of MRR-radii options, the sequence of resonant wavelengths of each
MRR-radii option can be represented as follows:

Q. = {\1, A3, As, Ag}, which means: Q8 = A, % = a5, QP = x5, oW = ).

O, = {X\2, A1, Ag}, which means: Q) = Ay, Q% = Ay, Q) = .

In the Python implementation, a Python dictionary (named Omiga) is used to represent the
resonant wavelengths for each MRR-radius, where each MRR-radius represents a key value.
The corresponding resonant wavelengths of r are the values of the dict and are stored in a
Python list. Here is an example of the Omiga Dict (Tala & Bertozzi, 2018):

Omiga = {
5 . [1496.4 , 1521.3 , 1547.1 , 1573.8 , 1601.4],
5.25: [1497.5 , 1521.3 , 1545.9 , 1571.2 , 1597.4]

}

In this example, Omiga [5.25] represents 2595 and gives the resonant wavelengths for r =
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5.25 stored in a list: [1497.5 , 1521.3 , 1545.9 , 1571.2 , 1597.4]. Omiga[5.25][0] represents
0L, =1497.5.

3.1.3. Creating the Gurobi Model

First, the Gurobi functions and classes need to be imported (GUROBI, 2020).

import gurobipy as gp
from gurobipy import GRB

Then, the objective model is created. A Gurobi model consists of a set of constraints, a
set of integer, binary and continuous variables and several associated attributes, such as the
objective coefficients and the variable bounds. In addition, it contains a single optimization
problem. The function Model() is used to create the model. The desired model name is written

as an argument of this function:

m = gp.Model ('MA’)

3.1.4. The Assignment of Radii

First, a binary variable b]" is introduced, for each m and r in M and R, respectively (Li
et al., 2020). If 1 is assigned to this variable, it indicates that the radius r is assigned to the
MRRs of type m (Li et al., 2020). In the Python implementation, the function addVars of the
Gorubi library is used to introduce variables. To generate a binary variable, the vtype should
be set to GRB.BINARY. |R| x |M]| variables should be declared. Therefore, The first and the
second arguments are set to R and M, respectively. Thus for each pair (r, m), where r € R and
m € M, a variable brm[r,m]| is created. Therefore, the lists M and R are used to iterate the

variables brm. The declaration of these variables can be done by the following command:

brm = m.addVars (R, M, vtype=GRB.BINARY, name="brm”)

Afterwards, the constraint 1 is introduced in order to assign exactly one radius to each
MRR type (Li et al., 2020).

o =1 VYmeM (1)
reR
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Each two MRRs of different types can not have the same radius. Therefore, constraint
2 is introduced in order to ensure that each radius » € R can be assigned to at most one
MRR-type.

o ur<1l WreR (2)
meM

These constraints can be implemented with Gurobi using the function addConstrs. This
function takes the constraint and the name of the constraint as its first and second arguments,
rer byt = 1 should be fulfilled. Therefore, in total there are
|M| constraints. In Gurobi, it is possible to use a for loop within the first argument of the

addConstrs (for m in M) in order to implement the V symbol (Vm € M). Therefore, these

respectively. For all m € M, >

constraints can be implemented using the following commands:

m. addConstrs ((brm.sum (%’ ,mm) = 1 for mm in M), 7cl”)

m.addConstrs ((brm.sum(r,’*«’) <=1 for r in R), 7c¢2”)

3.1.5. The Assignment of Wavelength

A path is called a default path, when it does not contain any on-resonance MRR. In this
case, all of the MRRs in this path are OFF. Therefore, Multiple wavelengths can be found
that do not conflict with the OFF-MRRs in this path. On the one hand, if the path p contains
one on-resonance MRR, only the resonant wavelengths supported by this on-resonance MRR
are considered at the beginning of the wavelength selection process for path p. Then, the
wavelengths that conflict with the OFF-MRRs are removed. On the other hand, in the case
of the default path, there is no constraint on the wavelengths that can be considered at the
beginning. Finding several wavelengths for the default path can be done after assigning a
radius to each MRR type in the topology. Thus, the ILP model aims to assign a radius to each
MRR type in the topology and to find the wavelengths for all paths other than the default
paths. The names of the paths that have at least one ON MRR are stored in the list P .

The constant n is introduced to store the number of the resonant wavelengths supported
by the MRR-radius that have the highest number of the resonant wavelengths among all
MRR-radius options, i.e., n = maz,cp|Qy| (Li et al., 2020). Then, n continuous variables w},
are introduced for each path that contains at least one on-resonance MRRs (Li et al., 2020).

These variables of each path p are used to store the exact wavelength value assigned to the
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path p. The lower bound of each of these variables is 0, which indicates an empty placeholder.
The given wavelength band defines the upper bound of the variables w?. When a wavelength

is assigned to path p, the exact value of a wavelength is stored in one of these variables of the

path p (w}).

In the Python implementation, to generate a continuous variable, the vtype should be set
to GRB.CONTINUOQUS. To set an upper bound, the ub should be set to the desired upper
bound value. Similarly, to set a lower bound, the [b should be set to the desired lower bound
value. For each pair (x,y), where x € P and y € {0,1,2,...,n — 1}, a variable w[x,y| is created.
Therefore, The first and the second arguments are set to P and n, respectively. The declaration
of these variables (n variable for each path that has one ON MRR) can be done by the following

command:

w = m.addVars (P, n, vtype=GRB.CONTINUOUS, ub=1600, 1b=0, name="w")

The following constraints are introduced to assign all the wavelengths of a radius r (€,)
to the wavelengths wz of the path p if the radius r is selected by an on-resonance MRR in this
path:

VpeP WreR V1<k<|Q

WE 4 Scon, M < O 4+ M
WE = S con, M > 0 — M (C)

Afterwards, two auxiliary binary variables for each radius r and for each wavelength w of
each path are generated in order to bring the off-resonance MRR into consideration (Li et al.,
2020). Therefore, the constraints in C are modified (Li et al., 2020):

Vpe P VreR V1<k<|Q]

wh + ZmeONp bM< QW) gy M+ M (3)
wh — ZmGONp oM > QW gy M~ M (4)
wh + ZmeONp V"M < qoprg-M 4+ M (5)
wh — ZmeONp VM > —qopy M — M (6)
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Qprk+ @prk =1 (7)

After this modification, if Y~ o N, b* = 0, these constraints are tautologies. Otherwise,

if ZmeONp b =1, w} depends on the value of g1, and g,k (Li et al., 2020):

k
D Q1€ )7 d1prk = 0N 9Qprk = 1
wk =
0> Aprk = IA Qprk = 0

Constraint 7 ensures that either gy p, 1 or g2, is 1. If the wavelength ng) is in conflict

with an off-resonance MRR in the path p, g2, Will be set to 0, which prevents w,(,k) from
receiving the value Qg,k) according to constraints 3, 4, 5, 6 and 7 (Li et al., 2020). If ank) is
not in conflict with any resonant wavelengths supported by all off-resonance in the path, 1 is

assigned to g2 1 (Li et al., 2020).

Vpe P VYre R V1 <k <n, 2 auxiliary binary variables are introduced. Therefore,
2*(pa*om™n) additional binary variables are introduced, where 'pa is the number of paths with
one ON MRR and [om is the number of MRR-radii options. In the Python implementation,

these additional binary variables can be implemented using the following command:

ql = m.addVars(pa*omxn, vtype=GRB.BINARY, name="ql”)

q2 = m.addVars(pa*omxn, vtype=GRB.BINARY, name="q2”)

As mentioned in Section 2.3, two wavelengths conflict with each other when the absolute
difference between them is smaller than the safe distance ¢ (Li et al., 2020). A radius r conflicts
with wavelength (2, if at least one resonant wavelength supported by the radius r conflicts with
Q (Li et al., 2020). Therefore, all the MRR-radii options conflicting with Qﬁk) are collected

into a set RE;Z{ liet (Li et al., 2020). The constraint 8 is set in order to link q2.prk to the

off-resonance MRR in the path p (Li et al., 2020). If the wavelength 0% conflicts with an

off-resonance MRR in the path p, Zr, ¢ peonflict b?}‘/ =1, g2,prk is set to 0, which prevents w;,()k)

ol

from receiving the value ank) according to constraints 3, 4, 5, 6 and 7 (Li et al., 2020).

\v/m/ e OFFp ZT’IGRCO(Z{”Ct b:} + q2,p,r,k S 1 (8)
Q

To implement this constraint, a function conflict (z, r) is created. This function takes

the wavelength and the corresponding radius and returns the radii that conflict with this
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wavelength. For example, here are some radii options (Tala & Bertozzi, 2018), if R = {7.25,
7.5, 7.75} and

Q795 : [1504.0, 1521.3, 1539.0, 1557.1, 1575.6, 1594.6],

Q75+ [1504.6, 1521.3, 1538.4, 1555.9, 1573.8, 1592.1, 1610.8],

Q775 @ [1505.1, 1521.3, 1537.9, 1554.8, 1572.0, 1589.7, 1607.8].

The safe distance is 6 = 0.8 nm. In this case, the function conflict (1504.6, 7.5) returns [7.25,

7.75], which means R;og)flict = R&Of;ﬁft = {7.25, 7.75} because the first wavelegth of r = 7.25
r=7.5 ’

(Q(7(_)2)5 = 1504.0) and r = 7.75 (9(70;5 = 1505.1) conflicts with the wavelength 1504.5 of the

radius r = 7.5. On the other hand, the function conflict (1575.6, 7.25) returns [|, which means

conflict _  pconflict 4) _
RQ(Q o RQ157546 r=7.25 —

157T5.76QSand each wavelength of the radii » = 7.5 and r = 7.75 is always larger than § = 0.8

= () because the absolute difference between the wavelength €2

nm. The function conflict (z, r) is used to find and to store the radii that are in conflict with
each wavelength of each radius in a list ' Conflict . Like the other constraints, constraint 8 can

be implemented using the function addConstrs:

m. addConstrs ((

gp.quicksum (brm[rp, mm] for rp in Conflict [R.index(r)
+ g2[P.index(ii) * om * 23 + R.index(r) * 23 + omiga]|
for ii in P # for all paths

for mm in PATH[ii[0:2],1ii[2:], OFF’]

for r in R # for all r

for x in omiga[r])

, 7e87)

[omiga[r].index(x)])

]
r].index(x)] <=1

In addition, as mentioned before, for each path p there is n continuous variables representing
wavelength placeholders. The constraints 9 and 10 are added to assign 0 to the redundant
placeholders (Li et al., 2020).

VpeP VreR VQ|+1<k<n:
p m
wk+ZmGONp bM< M (9)

D m _
w? ZmeONp bmM > —M (10)

For each path and each radius r, if r is assigned to any on-resonance MRR in the path
p, | | values can be assigned to the first | Q, | w} (1 < k <| Q, |) values according to
constraints 3, 4, 5, 6 and 7, but the last n— | €, | values are forced to take 0 according to
constraints 9 and 10. For example, n = 5 and €, = {A2, A3, A5}, which means: Qq(a?) = Ao,

Q%) = A3, Qg) = X5. The path from I; to Tj contains only one on-resonance MRR (’a’) and
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no off-resonance MRR. If 1’ is assigned to 0% , then Qg?), Qg) and Qg) will be assigned to

71

wél_TO, w{l_TO and wél_TO, respectively, according to constraints 3, 4, 5, 6 and 7. In addition,
according to constraints 9 and 10, 0 will be assigned to wélfTD and wZ{l*TO.

3.1.6. The Objective

The target is to maximize the aggregate parallelism (Li et al., 2020). When wz takes a
non zero value, it means that a wavelength value is assigned to this path. Thus, the number of
wi that take a non zero value needs to be maximized in order to achieve the target. Therefore,
a binary variable b is introduced for each wavelength wy (Li et al., 2020). This binary
variable takes a value of 1 when the wavelength w} takes a non-zero value (Li et al., 2020).
Thus, constraint 11a is introduced (Li et al., 2020). As can be noted, if wz is 0, ka takes 0.
Otherwise, if w],z > 1, ka can take either 0 or 1. Considering the optimization objective which
aims to maximize the sum of the values of b, bf’ will be forced to take 1 in the case of having
wi > 1. The integer variable vy, is introduced to represent the sum of the wavelengths

assigned to each path, as can be seen in Equation 11b (Li et al., 2020):

VpeP V1<k<n: by < wh (11a)

vtotal = Zpep Zlgkgn vy (11Db)

This constraint can be implemented in Gurobi using the following commands:

bpk = m.addVars(P,n, vtype=GRB.BINARY, name="bpk”)
m.addConstrs( (bpk[i,k] <= w[i,k] for i in P

for k in range(n)), 7cll”)

Vtotal = m.addVar(vtype=GRB.INTEGER, name="Vtotal”)
m.addConstr(  ( Vtotal <= bpk.sum(’«’, ’'*’) ), "¢cl3”)

Another target is maximizing the worst case parallelism (Li et al., 2020). Therefore, the
integer variable vyorst is introduced (Li et al., 2020). Constraint 12 is added to ensure that
Vyworst 18 smaller or equal to the number of wavelengths assigned to each path (Li et al., 2020).
Considering the optimization objective which can be set to maximize the worst case signal
path parallelism, vyt Will be forced to take the lowest value of Zlg k<n bﬁ, Vp € P (Liet al.,
2020).
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VpeP: Vworst < Zl<k<nbi (12)

Similar to the previous constraint, the constraint 12 can be implemented with the following
commands:

Vworst = m.addVar (vtype=GRB.INTEGER, name="Vworst” )
m.addConstrs( ( Vworst <= bpk.sum(iii, ’%’)for iii in P ), 7¢l27)

The coeflicients o and 8 are used to formulate the optimization model. The optimization
model can focus on improving the worst signal path parallelism by setting the variable o to 1
and the variable 8 to 0, or maximizing the sum of wavelengths assigned to all paths by setting
a to 0 and S to 1, or can focus on both optimization targets by setting, for example, o = 10
and 8 =1 (Li et al., 2020).

Maximize : a.Vyorst + B-Viotal
Subject to: (1) - (12)

The objective is built in Gurobi using the function setObjective. The first argument
indicates the objective, whereas the second argument represents the sense of the optimization:
whether it is maximization or minimization. Then, the last step is to optimize the model using
the function m.optimize ().
alpha = 10
beta= 1
m.setObjective ( alphaxVworst + betaxVtotal , GRB.MAXIMIZE)

m.optimize ()

3.1.7. Example

In this section, the approach proposed by (Li et al., 2020) is used to maximize the
parallelism in the 4x3 GWOR topology (see Figure 2.7). The paths in this topology are
presented in Subsection 3.1.2. There are two MRR-types: ’a’ and ’b’. The upper bound of the
wavelength is 1600 nm. Several MRR-radii options between 5 pm and 7.25 ym are provided
(Tala & Bertozzi, 2018):

5:[1496.4 , 1521.3 , 1547.1 , 1573.8 , 1601.4],
5.25: [1497.5 , 1521.3 , 1545.9 , 1571.2 , 1597.4],
5.5 : [1498.6 , 1521.3 , 1544.7 , 1568.9 , 1593.8],
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5.75: [1499.6 , 1521.3 , 1543.7 , 1566.7 , 1590.5],

6 : [1500.5 , 1521.3 , 1542.7 , 1564.8 , 1587.5 , 1610.8],
6.25: [1501.3 , 1521.3 , 1541.9 , 1563.0 , 1584.7 , 1607.0],
6.5 : [1502.1, 1521.3, 1541.1, 1561.4, 1582.2, 1603.5],
6.75 :[ 1502.8, 1521.3, 1540.3, 1559.8, 1579.8, 1600.3],
7.0 :[1503.4,1521.3,1539.6,1558.4,1577.7,1597.4],

7.25: [1504.0,1521.3, 1539.0,1557.1,1575.6,1594.6]

«a and 8 were both set to 1.

In order to obtain the results, The function getVars() is used. In addition, the variable
attributes 'varName and X are used to get the name and solution value for each variable,
respectively (GUROBI, 2020):

After running the python implementation of this module, the radii 6.5 and 7 are assigned
to MRRs of type ’b’ and ’a’, respectively. Viprar was 40 and Viorst was 4 in the paths from 17
to T8 and from I2 to T0. The wavelength values selected for each path are stored in the w
variables of this path. For example:
w[I1T3,0] = 1502.1
w[I1T3,1] =
w[I1T3,2] = 1541.1
w[I1T3,3] = 1561.4
w[I1T3,4] = 1582.2
w[I1T3,5] =
w[I1T3,6] =

As can be seen, in this case, the wavelength 1521.3 is not selected because it conflicts with
the radius r=7. In addition, the wavelength 1603.5 is not selected because it is larger than the
upper bound of wi: 1600 .

3.1.8. Discussion

Using more wavelengths leads to more crosstalk noise as well as more laser power consump-
tion. To reduce the impact of these concerns, the spacing between wavelengths can be increased
(Li et al., 2020). Considering that in practice MRR radius options are limited, the number
of wavelengths assigned to each path would be very small or infeasible in some WRONoC

topologies. For example, assume there are only two radius options r, and r,: Q,, = {\11 =
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1531, A2 = 1586} and €,, = {21 = 1531.5, Agg2 = 1552, A93 = 1585.5, Aoy = 1599.5 }. The
safe distance is 0.8. Figure 3.1(a) represents the used topology (The CSEs support 270-degree
as well as 90-degree direction changes of optical signals.). There are five signals (cl, ¢3), (cl,
ch), (cl, cd), (¢2, ¢5) and (c6, c5). As can be seen, the signal (c1, ¢5) should be on-resonance
with the red MRR and off-resonance with the blue MRR. In addition, the signal (cl, c4)
should be on-resonance with the blue MRR and off- resonance with the red MRR. Assume r,
is assigned to the red MRR and r, is assigned to the blue MRR. Since |A1; — A21] < 0.8 and
|A11 — A21] < 0.8, there is no wavelength that is on-resonance with r, and off-resonance with
r,. Thus, core cl could not communicate with core c5. Therefore, the worst case parallelism in
this case is 0. Similarly, if 7, is assigned to the blue MRR and r, is assigned to the red MRR,
core cl could not communicate with core c4. Therefore, for this topology, there is no practical
MRR type mapping. However, if the parallelism is considered during topology generation,
the topology in Figure 3.1(b) could be a possible output. In this case, signal (c1, ¢5) should
be on-resonance with the red MRR and off- resonance with the blue MRR. In contrast to the
topology in 3.1(a), signal (c1, c4) should only be on-resonance with the blue MRR. In this case,
if r, is assigned to the blue MRR and r, is assigned to the red MRR, core c1 could communicate
with core ¢5 with 2 wavelengths (Ag2, A24). In this case, the worst case parallelism is 2 and
the aggregate parallelism is 6. In conclusion, considering the communication at the stage of

topology generation leads to increasing the parallelism.

&
@ ¢ @ @ e ®
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(a) (b)

Figure 3.1.: Two simple topologies

It is possible to note that the more off-resonance MRR are in a path, the fewer wavelengths
are assigned to this path. Thus, this master’s thesis presents an approach for designing a
topology that takes into account the communication at the design phase by minimizing the
sum of the numbers of OFF MRR types in all paths.
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3.2. Optimizing the Worst Case Parallelism

Chen et al. (2023) presented a method that aims to improve the worst case parallelism
at the phase of topology generation (Chen et al., 2023). Chen et al. (2023) indicated that
their work is optimal in terms of maximizing the worst case parallelism for fully connected N
x (N-1) topology (Chen et al., 2023). Chen et al. (2023) demonstrated that minimizing the
MRR type usage leads to optimal worst-case parallelism, if the topology satisfies Property 3.1.
In Property 3.1, m; (i € ZT) represents the MRR type i. The MRR types are M={my, ma,
ms,....}. The set P represents the set of all paths. The set ON,, represents the type of the
MRR that path p activates. The set OF F), represents the types of the MRRs that path p must
not activate. In fact, Property 3.1 is equivalent to Property 3.2.

VpeP VijeZt:((i<j) & (m; € ONy)) = m; ¢ OFF, (3.1)

Vk € ZT i my € ON, => OFF, C {m1,ma, ..., my_1} (3.2)

For example, assume there are 3 MRR types in the topology: m1, my and ms. To satisfy
Property 3.1, constraints 3.3, 3.4 and 3.5 must be satisfied for each path p.

my € ON, = OFF, C () (3.3)
mg € ON, = OFF, C {m;} (3.4)
ms € ONP — OFFP - {ml, mg} (3.5)

This method has two steps, first constructing a network, and second minimizing the MRR
type usage using integer linear programming (ILP) (Chen et al., 2023). For the first step
“Network Construction”, Figure 3.2 represents a general 4x4 template for the topology that
satisfies Property 3.2 (Chen et al., 2023). The template has n cores along the diagonal. Each
core has two ports: Input and Output. For all n x n-1 communication matrices, with this
template, it is always possible to find a topology that satisfies Property 3.1 using at most n-1
MRR types (Chen et al., 2023).

The second step aims to select the core positions on the template and to assign a type to
each MRR, while satisfying Property 3.1, using ILP. The target of the ILP is to reduce the

34



3. Related Work

@

e

“ge il
& g- Porg -

a o9

(a) (b)

Figure 3.2.: The template for 4x4 Network: (a) with cores (b) with senders and receivers
(Chen et al., 2023).
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number MRR types used (Chen et al., 2023). The selection of the default paths in the topology
depends on the position of the cores. Here are the main ideas of the working mechanism of the
ILP mode:

For each connection (s, r), an integer variable my , is introduced to represent the type of
the MRR that path (s, r) activates (Chen et al., 2023). For example, m,, = i means that path

(s, r) is on-resonance with MRR type m;. An integer variable K is introduced to represents
the upper bound of the variables mg, (Chen et al., 2023):

1<ms, <K V(s,r)eP (3.6)

The target of the ILP mode is to minimize the value of K (Chen et al., 2023). The

main idea of the method is to iterate through all possible core placements. For each iteration,
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according to the position of the cores, the maximization target, and to Property 3.1, a value is
assigned to each my,. According to the position of the MRRs on the template, for each MRR
(s, r) (activated by path (s, r)), the value K is assigned to ms,, if there are no MRRs above
or to the left of MRR (s, r) on the template.

Finally, when the ILP model terminates, the outputs of ILP mode are used to select the
core positions on the template. The value of m,, are used to select the MRR positions and
their types. Finally, each MRR (s, r) of type mg (ms, = K) is transformed into a default path
(The horizontal waveguide and the vertical waveguide attached to MRR (s, r) are merged as
one and the MRR (s, r) is removed). Figure 3.3 presents an example of designing the topology.
First, depending on the output of the ILP model, the position of the MRRs and the cores are
arranged, as can be seen in Figure 3.3 (a). Then, the MRRs of types m,, = K (K=3) are

transformed into a default paths, as can be seen in Figure 3.3 (b).
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Figure 3.3.: An example of designing the topology in the previous work.

Experimental results shows that for a fully connected graph this topology performs better
than the GWOR topology in terms of maximizing the worst case parallelism by 51.5% and
minimizing the insertion loss by 4.3% (Chen et al., 2023).
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3.2.1. Discussion

As mentioned in Subsection 3.1.8, the more off-resonance MRR types are in a path, the
fewer wavelengths can be assigned to this path. The work in (Chen et al., 2023) aims only to
maximize the worst case parallelism by reducing the MRR type usage and satisfying Property
3.2. Therefore, it does not focus on minimizing the number of the OFF MRR types in the
paths other than the paths with the highest number of OFF MRR types. For example, it does
not aim to maximize the number of default paths and the number of paths with one ON MRR
and zero OFF MRRs.

Since the template in Figure 3.2 has n cores along the diagonal, the number of paths with
one ON MRR and 0 OFF MRRs can be n. Similarly, the number of paths with one ON MRR
and one OFF MRR can be n. Therefore, putting the cores along the diagonal is a good starting

idea to maximize the aggregate parallelism.

The work in (Chen et al., 2023) does not focus on maximizing the number of default
paths. It aims only to transform the paths with the largest number of OFF MRRs to default
paths. In the work in (Chen et al., 2023), the selection of the default paths depends on the
position of the cores. As mentioned in the previous subsection, the MRRs that have type K
are transformed into a default path. Therefore, the number of default paths is in many cases
not maximized. This inflexible selection of default paths could limit the improvement in worst

case parallelism.

Additionally, the topology does not support self-connectivity, i.e., the sender i is not

connected to the receiver i. It works only for n x (n-1) communication matrices.
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The wavelength conflict for each path should be reduced in order to improve the parallelism
of a topology. Therefore, the number of different OFF MRR types in each path should be

minimized. In addition, the number of default paths should be maximized.

4.1. Scoping and Problem Formulation

4.1.1. Input

e The communication matrix C: The input matrix C (Binary matrix) represents the connec-
tions between the senders and the receivers. Each row index represents a sender (master).
Each column index represents a receiver (slave). There is a connection between sender s
and receiver r ( sender s sends data to receiver r), if the entry (s, r) in the communication

matrix is equal to 1. The size of the communication matrix is n x 7.

4.1.2. Output

e An image of the topology:

— Each MRR is colored with a color according to its type. Each type has its specific
color (The MRRs of the same type are colored with the same color).

— The waveguides are represented in the image as vertical and horizontal lines.

— Each core is represented in the image as a number in a circle. The core i is

represented in the image by the number i in a circle.

e A file contains information about the topology:
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— The MRR types used in the topology.

— The on- and off-resonance MRR types of each path.

4.1.3. Maximization Objective

e Maximizing the worst case parallelism.
e Improving the aggregate parallelism.

e Reducing the insertion loss.

4.2. The Topology

4.2.1. The Improvement of Parallelism

The set of MRRs are represented by M = {mj, ma, ms,...... }. The set of paths is
represented by P. For each path p € P, the sets ON, and OFF, represent the on- and
off-resonance MRRs of path p, respectively. For each path, the set ON, can either be an

empty set or contains one element |ON,| < 1 (Each path can activate at most one MRR).

As mentioned in Subsection 3.1.8, the fewer off-resonance MRR types are in a path,
the more wavelengths can be assigned to this path. Therefore, this master’s thesis presents
an approach for generating a topology that improves the aggregate parallelism in the design
phase by reducing the MRR types used in each path. This approach also aims to maximize
the worst case parallelism in the design phase by minimizing the MRR types used in the path
with the highest number of MRR types.

To improve the aggregate parallelism, the proposed method attempts to satisfy Property
4.1, while minimizing the sum in Equation 4.2 and maximizing the number of default paths
(D). Equation 4.2 aims to minimize a weighted combination of several individual objectives
(N; represents the number of used m; ). Equation 4.3 represents the relationship between the
number of default paths and the number of used MRRs of each type. In fact, the proposed
method aims to minimize Equation 4.2 and maximize the number of default paths while
satisfying Equation 4.3 and Property 3.1 (Chen et al., 2023).
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Vpe P VxreN:m, € ONP — OFF, = {mx_l,mw_g, ml} (41)
minimize Y ix N, (4.2)
16{1727»77}

> Ni+D= ) > Clilly) (4.3)

i€{1,2,...,n} i€{1,2,..,n} je{1,2,..,n}
4.2.2. Network Template

The topology design process includes four main steps, as can be seen in Figure 4.1. The
first step is to construct a network template. This step consists of two main phases: The
first phase presents the network template without default paths. In this phase, the positions
of the cores and the potential MRR positions are identified and the signal routing mechanism

is explained. The second phase identifies how default paths can be designed.

The communication matrix C

A4

Selection of the cores positions and the MRR types

Network template construction Jl

Automatic topology design

Y

Selection of MRR-radii

Figure 4.1.: The main steps of designing the topology.

4.2.2.1. Core Positions and MRR Positions

The crossbar structure (Le Beux, Li, Nicolescu, Trajkovic, & O’Connor, 2014) and the
ring structure (Le Beux et al., 2011) are the typical WROWoC waveguide structures. The
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ring structure requires high connections and has poor scalability. Therefore, it consumes much
more power and has much higher propagation losses (Ramini, Grani, Bartolini, & Bertozzi,
2013b) (Werner et al., 2017). Thus, this work adopts the crossbar structure.

As mentioned before, Equation 4.2 focuses on minimizing a weighted combination of
several individual objectives (N :the number of used m1, N : the number of used m2......).
In order to minimize Equation 4.2 while satisfying Equation 4.3 and Property 3.1, the number
of used my (N7) should be increased, because Ny is multiplied by the lowest weight (one) in
Equation 4.2. According to Property 3.1, N7 also represents the number of paths with one ON
MRR and zero OFF MRRs (see Equation 3.3). Since each sender can have at most one path
with one ON MRR and zero OFF MRRs, N; is smaller or equal to the number of senders (7).
Therefore, Ny should be able to take a value from 0 to . Furthermore, to minimize Equation
4.2, the number of used mg (N3) should be increased; and so on. Thus, the template topology
should support the feature 4.4.

0<N;<n V ie{l,2,.,n} (4.4)

In the proposed template network, the positions of the cores (a core consists of a sender-receiver
pair) are set along the diagonal like in the template topology in (Chen et al., 2023) (Figure
3.2). Figure 4.2 presents an example of the network template for a 5 x 5 communication
matrix (without default paths). As can be noted, the topology supports self-connectivity.

In the network template, 1 rows and 2xn-1 columns are designed (In Figure 4.2, the rows

are colored green). The first  columns are the main columns and the last 7-1 columns are

the added columns (In Figure 4.2, the main columns are colored red and the added columns

are colored blue).

In the template topology, the " row has index x-1, where the z** row is the z* green
line counted from the top of the template. For example, the " row is row 1 — 1 and the first
row is row 0. In addition, the z* column has index x-1, where the 2" main / added column
is the 2" red / blue line counted from the left of the template. For example, the " main

column is the main column 7 — 1 and the first added column is the added column 0.

The possible positions of the MRRs are designed as small circles at the intersection of
the rows and columns, as can be seen in Figure 4.2. The bottom of the z** added column (
1 <x <n—1) is connected to the top of the 2z main column. Each core is designed as a
number in a circle (After selecting the core positions, the id of the cores will be written in
the blue circles in the template topology in Figure 4.2). Each core consists of a sender and a

receiver, as can be seen in Figure 4.3. The core emits optical signals into a horizontal waveguide
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Figure 4.2.: The network template without default paths.

and receives signals from a vertical waveguide. Note that the 2" core position has index x-1,
where the z'" core position is the " big blue circle counted from the top-left of the template.
For example, the first core position is the core position 0, and the second core position is the

core position 1.

Note that for a full communication matrix, N; =n V i € {1,2,..,n}, which indicates
that the topology fulfills feature 4.4 and suitable for improving the aggregate parallelism
because INV; could be maximized.

4.2.2.2. The Signal Routing Mechanism in the Proposed Topology

Depending on the position of the ON MRR, there are two cases for optical signal transmission:
1) The ON MRR is on a main column (The ON MRR is attached to a main column).

2) The ON MRR is on an added column (The ON MRR is attached to an added column).
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]

Figure 4.3.: The sender and receiver in each core.

Figure 4.4(a) presents an example of optical signal transmission from the core 2 to the
core 4 when the ON MRR is on a main column. As can be seen, if the ON MRR is on a
main column, the optical signal is transmitted first from the sender along the horizontal line
of this sender until it reaches the ON MRR. Afterwards, the optical signal is coupled to the
ring, causing a 90 degree direction change. Next, the optical signal is transmitted along the

main column downward until it reaches the receiver.

Figure 4.4(b) presents an example of optical signal transmission from the core 2 (sender
2) to the core 1 (receiver 1) when the ON MRR is on an added column. As can be seen, if the
ON MRR is on the 2! added column ( 1 < z < 1 — 1), the optical signal is transmitted first
from the sender along the horizontal line connected this sender until it reaches the ON MRR.
Afterwards, the optical signal is coupled to the ring, causing a 90 degree direction change.
Next, the optical signal is transmitted down the added column to the bottom of this column.
Afterwards, since the z" added column is connected to the z'* main column , the optical

signal is transmitted along the 2" main column from the top until it reaches the receiver.

For each path (s, r), the OFF MRRs before the ON MRR are the MRRs between the
sender at position s and the ON MRR. The OFF MRRs after the ON MRR are the MRRs
between the ON MRR and the receiver at position r.
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Figure 4.4.: Optical signal transmission.

4.2.2.3. Default Paths

The selection of default paths in the proposed topology is very flexible and does not
depend on the positions of the cores. Each signal path (i, j) (the signal path between the core
at position i and the core at position j) can be transformed to a default path. There are only

two simple constraints for selecting default paths:
e Each core can send signals through at most one default path.
e Each core can receive signals through at most one default path.

The default path from the sender at position i to receiver at position j is designed by
connecting the end of the horizontal line connected to the core at position i (row i) to the
top of the vertical line connected to the core at position j. Figure 4.5 presents an example of
designing a default path. As can be seen in 4.5 (a), to design default paths the blue segments
should be connected to the red segments. Figure 4.5 (b) presents the default path from core 5
to core 1. As can be noted the MRR at the intersection of row 4 and the added column 0 is

removed.
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(a) (b)

Figure 4.5.: An example of designing a default path.

4.2.3. The Workflow of the Algorithm

{ The communication matrix C }

Network template construction ]—{Selection of the cores positions and the MRR types}

h 4

Automatic topology design
' . ™y
Selection of MRR-radii

Figure 4.6.: The topology generation process.

This subsection introduces the workflow of the algorithm. Figure 4.6 represents the main
steps of the topology generation process. First, according to the communication matrix, the
positions of the cores and the MRRs are arranged, and the default paths are selected. ILP
model is proposed for this step. In this step, the aim of the algorithm is to minimize Equation
4.2 while satisfying Property 3.2. Next, the topology is designed automatically according to
the output of the previous step. The design of the topology is drawn and saved in an image
format. In this step, the aim of the algorithm is to reduce the insertion loss. The cores are

placed along the diagonal. In addition, the MRRs are drawn and colored with a color according
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to their type. The differences between the resulting image and the image in Figure 4.2 is that
the unused columns and MRRs and the unnecessary waveguide crossing in the resulting image
are removed. In addition, the default paths are designed so that the number of waveguide
crossing is minimized in order to minimize the insertion loss. Finally, in the last step, a radius
is assigned to each MRR type. The algorithm selects the on- and off-resonance MRR types of
each path and assigns a radius to each MRR type using the approach presented in (Li et al.,
2020).

4.2.4. Re-arrangement of the Cores and Selection of the Default Paths

This section presents the algorithm used to select the core positions, the MRR positions,
the MRR types and the default paths. The first subsection introduces the term arranging
the rows and columns in the same way. The second subsection presents the relations
between the template network and the communication matrix. Finally, the third subsection

presents the main idea of the algorithm of the second step in Figure 4.6.

4.2.4.1. Arranging the Rows and Columns in the Same Way

Arranging the rows and columns in the same way means that if the i** row is
moved to the j* row position, the i** column is moved to the j** column position. If the
it" row is swapped with the j** row, the i** column is also swapped with the j** column. In
example Ex.1, the columns and the rows of matrix M are rearranged in the same way. Row r;
is swapped with row ry (1 is moved to the third row position and ry is moved to the second

row position). Similarly, column ¢; is swapped with column cs.

Co |C1) €2 ch €2 ([C1
To 3 o 3
M=Gl4 5 6| = M=uy|7 9 8 (Ex.1)
ro \ 7 r1 )\ 4
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4.2.4.2. The Relations Between the Communication Matrix and the Network Template

Each row index in the communication matrix represents a sender. Each column index in

the communication matrix represents a receiver.

Each cell (i, j) equal to 1 in the communication matrix represents connection (i, j). There
is a connection between the sender represented by row index i and the receiver represented by

column index j, if the entry (i, j) in the communication matrix is equal to 1.

Each sender x is represented by a row at position i (row i) in the communication matrix.
To find the receivers that sender x communicates with, the connections in row i are used to
identify the receivers of sender x. Each receiver y is represented by a column at position j
in the communication matrix. To find the senders that receiver y communicates with, the
connections in column j are used to identify the senders that sends data to receiver y. For
example, the sender s in communication matrix Ex.2 is represented by row 1. According
to the communication matrix, sender sp communicates with receivers represented by columns
0 and 2. Columns 0 and 2 represents the connections of receivers rg and rp, respectively.

Therefore, sender so communicates with receivers rg and ry.

To T9 T1
so fO0 O 1

M =@ o (1 (Bx.2)
s1 \ 1 0

The connection (i, j) is a default connection, if the signal path from the sender represented
by row index i in the communication matrix to the receiver represented by column index j in

the communication matrix is a default path.
The main relations between the template topology and the communication matriz:

1. Each connection in the lower triangle (i, j) (i>j) of the communication matrix represents
an MRR attached to added column j and the row i, if this connection is not a default
connection. Take Figure 4.7 as an example, if c3 ; = 1 and the connection (3, 1) is not a

default connection, there will be an MRR in the red square in the template topology.

2. Each connection in the upper triangle or in the diagonal (i, j) (i < j) of the communication
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matrix represents an MRR attached to main column j and row i, if this connection is not
a default connection. Take Figure 4.7 as an example, if ¢; 3 = 1 and the connection (1,

3) is not a default connection, there will be an MRR in the green square in the template

topology.

x

Figure 4.7.: The relations between the communication matrix and the network template

3. Each connection in row i in the communication matrix represents an MRR attached
to row i in the template network, if this connection is not a default connection. Each
connection (i, j) (i <j) in the column i in the communication matrix represents an MRR
attached to the main column i, if this connection is not a default connection. The main
column i and row i in the Network template are connected to core x placed at core position
iin the template topology. Since core x consists of sender x and receiver x, the column i
and the row i in the communication matrix represent the connections of the core x. The
non-zero cells in row i in the communication matrix identify the receivers that receives
data from sender x. The column i in communication matrix identify the senders that sends

data to receiver x. In summary, the connections of core x placed at position i in the

template network are the connections in column i and the connections in row i in the

communication matrix.

4. According to the point 3, to arrange the cores on the template, the columns and the
rows and arranged in the same way. After the rearrangement, the id of the sender at
the row position i (row i) in the communication matrix represents the id of the core at
core position i in the network template. For example, if s4 is represented by row 2 in the

communication matrix, ¢4 is placed at the core position 2 in the template topology.
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4.2.4.3. The Algorithm

This subsection presents the main idea of the algorithm used to select the core positions,
the MRR positions, the MRR types and the default paths. The algorithm iterates over all
possible core placement. For each iteration, the rows and the columns in the communication
matrix are rearranged according to the placement of the cores. As mentioned in Subsection
4.2.4.2, the rows, the columns and the cores are arranged in the same way. For example, if core
x is placed at the first position, the row that represents sender x in the input communication
matrix is moved to the first row position in the communication matrix and the column that
represents receiver x in the input communication matrix is moved to the first column position in
the communication matrix. Then, a type is assigned to each MRR, according the new placement
and to Property 3.1. Afterward, the default path are selected so that the sum in Equation
4.2 is minimized. Finally, after performing all iterations, the model selects the placement that

minimizes Equation 4.2. This algorithm is implemented using ILP.

4.2.4.4. The ILP Model

An ILP model is used to determine the positions of the cores and the positions of the
MRRs on the template topology. In addition, this model aims to assign a type to each MRR
in the topology. Furthermore, this model is used to determine the default paths. These are

the output of the model. The input is the communication matrix.
A. Matrix rearrangement and Default Paths Selection

The set N represents all integer constants from 0 ton - 1 ( N = {0,1,...,n — 1}). For
each x € N and y € N, a binary variable R, , is introduced to represent the new position
of each row in the matrix. R, , =1 indicates that the row x in the communication matrix is
moved to the row position y. Therefore, constraint C.1.1 is set to ensure that each row in the
communication matrix is moved to exactly one new row position. Similarly, constraint C.1.2
is set to ensure that each new row position is selected exactly once (Exactly one row is moved

to each new row position).

Y Ryy=1, V z€N. (C.1.1)
yeN
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> Ruy=1, vV yeN. (C.1.2)

Default Path Selection:

For each € N and y € N, a binary variable D, , is introduced to represent which paths
are default paths. D,, = 1 indicates that connection (x, y) in the communication matrix is
a default connection. Therefore, to ensure that each sender has at most one default path, the
constraint C.1.3 is set. Similarly, to ensure that each receiver is selected in at most one default

path, the constraint C.1.4 is set.

> D.y <1, VY z€N. (C.1.3)
yeN
> D.y<1, vV yeN. (C.1.4)
zeN

Communication Matrix rearrangement:

1) Row rearrangement: To perform the row rearrangement, for each x € N and y € N, a
binary variable B , is introduced. Each binary variable B; , is used to represent the value of

the cell (x, y) in the new matrix B. To perform this step, the constraints in C.1.5 are set.

Bay > Clilly] — (1 — Ri), V 2z€N, ¥V ieN, V yeN (C.1.5)

C[i][y] represents the value of the input communication matrix at position (i, y). Therefore,
Cli][y] could be either 0 or 1. The value of Cli][y] is assigned to B, if row i is moved to the
new row position x (R;, = 1). In this case, B, , > C[i][y] - (1-R; ) = C]i][y]. The optimization
objective aims to minimize the sum of the values of the binary variables B, ,. Therefore, if
Clilly]=1 and R;, =1, By, is forced to take 1. Otherwise, if C[i][y]=0 and R;, =1, B, can
take 1 or 0, and due to the optimization objective, B, , takes the value 0.

If row i is not moved to the new row position x (R;, =0) , By, > Clilly] - (1-Riz) =

Cli][y] - 1 . Since the value of C[x]|[y] < 1, the constraint will not affect the value of B, .

2) Column rearrangement and default path selection: To perform the column rearrangement,
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for each x € N and y € N, a binary variable b, , is introduced to represent the value of the
(new) matrix b at position (x, y) after performing the row and column rearrangement and
selecting the default paths. To perform the column rearrangement and to select the default
paths, the constraints in C.1.6 are set. The column rearrangement is done to the matrix B
represented by the values of B, ;, where x € N and i € N (B,; represents the cell (x, i)
in matrix B). As mentioned before, the rows and columns are rearranged in the same way.
Therefore, the values of the binary variables R;, (i € N and y € N) are also used to perform
the column rearrangement. If a connection (x, y) (x € N and y € N) in the matrix b is a

default connection (D,, =1 ), 0 is assigned to by,

bey > Bei— (1= Riy) — Dy, V ye N,V i€ N,V zecN. (C.1.6)

As can be noted, similar to the previous step, if R;, =0, the constraint will not affect the
binary variable b, ,. In addition, if Dy y =1, By; - (1- Riy) - Dyy = By - (1- Riy)- 1 < 0.
Thus, due to optimization target which aims to minimize the sum of the binary variables b ,,if
D, =1, b, will take the value 0. If D, , = 0 and R; , = 1, b, , will take the value B, ;.

It is possible to modify the constraint C.1.6 to perform to independent rearrangement of
columns and rows (If the ith row is moved to the j** row position, the i** column can move
to any column position regardless of row rearrangement). The independent rearrangement of
columns and rows provides slightly better aggregate parallelism compared to arranging the
rows and columns in the same way. However, the independent rearrangement of columns and
rows causes many additional waveguide crossings to bring each sender close to its receiver in
the last step. This causes higher insertion loss. Therefore, in order to reduce the total insertion
loss, the proposed topology is designed so that the rows and columns are arranged in the same

way.
B. Assigning a type to each MRR

For each ¢ € N and j € N, an integer variable T ; is introduced. The lower bound of
these variables is 0. If a non-zero value is assigned to T; ;, the value assigned to T; ; represents
the index of the MRR type that the path from the core at position i to the core at position j
activates. For example, if T} ; = 2, mo is the type of the ON MRR when sending data from

the core at position i to the core at position j.

The matrix b represents the MRRs in the template topology (b;; represents cell (i, j)).

For example, if b; ; = 1 (i < j), there is an MRR at the intersection of the row i and the main
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column j in the template topology. Thus, if 0 is assigned to b; ;, 0 is assigned to T; ;. Otherwise,
if 1 is assigned to b; ;j, an integer variable larger than 0 is assigned to T; ;. As mentioned before,
the values in the upper triangle and in the diagonal of the matrix b; ; (i € N and j € N, i < j)
represent the connections on the main columns, while the values in the lower triangle of the
matrix b, ; (i € N and j € N, i > j) represent the connections on the added columns. As
mentioned before, according to Property 3.1, for each path p, if m, = ON, (x is an integer
variable), then OF'F), C {m1,ma,...,my—1}. For each path (i, j), the set X(; ;) represents the
paths that activate the off-resonance MRRs in path (i, j). Therefore, for each path (i, j) other
than the default paths, the value assigned to T; ; should be larger than the value assigned to
Ty», where (u,v) in X(ij)- 1t is possible to determine the set X(; ;) for each path from the
communication matrix depending on the position of the ON MRR, as mentioned in subsections
4.2.2.2 and 4.2.4.2. Therefore, the constraints in C.1.7, C.1.8 and C.1.9 are introduced. The
set U represents the set of the integer pairs (i, j), where i < j and j < n. L represents the set
of the integer pairs (i, j) where i > j and i < 7. To ensure that the value of T; ; is 0, if there
is no connection in b; ; (b;; =0), = M (1-b; ;) is set in each constraint. If b; j=0, - M (1-b; ;)
= -M, therefore, the constraint is inactive and T; ; takes the lowest possible value 0 due to the

optimization target which aims to minimize the sum of the variables 7; ;, ¢ € N and j € N .

’I%’i > 1*M*(1*bm), v iEN, (Cl?)
v (i,4) €U,
V$€{0,1,..,j—i—1}2 E,j21+ﬂ,i+x_M*(1_bi,j)
Vx € {0, 1, ..,j—i—l} : Tm’ > 1—|—Tx+1+i7]’—M*(1—bZ‘7j) (018)
v (i,4) € L,
V$€{0,17..,7’]—’i—1}: E,j21+ﬂ,x+i_M*(1_bi7j)
Ve e {0,1,..,5 —1}: Tij>1+Ti, — Mx(1—10;;)
Vx € {0,1,..,j} : T@j > 1+Tx7j—M*(l—bi,j)
Vx € {0, 1, ..,7]—2—1} : Ti,j > 1+Tx+1+i7j—M*(1—bi7]‘) (019)

Constraint C.1.7 ensures that type m; is assigned to each connection (i, i) in the matrix
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b. The constraints in C.1.8 are set to assign a type to each MRR in a main column in the
template topology. For each path (i, j) that activates an MRR in a main column in the template
topology, the constraint in C.1.8 ensure that the value assigned to T; ; is larger than the values
assigned to T, where (u,v) in X(; ;). For each path (i, j) that activates an MRR in a main
column in the template topology, the first constraint in C.1.8 ensures that the value assigned
to T; ; (The index of the ON MRR type) is larger than the indexes of the types assigned to the
OFF MRRs before the ON MRR in path (i, j). For each path (i, j) that activates an MRR in
a main column in the template topology, the second constraint in C.1.8 ensures that the value
assigned to T; ; (The index of the MRR type) is larger than the indexes of the types assigned
to the OFF MRRs after the ON MRR in path (i, j). Take Figure 4.8 as an example (The cell
(i, j) in matrix T represents the values assigned to Tj ;), to assign a value to T3 (the cell in
the red square), the first constraint in C.1.8 ensures that the value assigned to T 3 is larger
that the values assigned to the cells in the green square, if by 3 = 1. In addition, if b1 3 = 1,
the second constraint in C.1.8 ensures that the value assigned to 77 3 is larger that the values

T
Ia 'y Tc r'd Te
Sa (Loo Zo1 To2 dosz T1oa
sp | 110 (111 11
Se | 120 121 T22 |123| 124
Sa | 130 131 132 |133| 134
Se \Luo Ta1 Tao Ta3 Tya4

Figure 4.8.: The 5x5 matrix T

The constraints in C.1.9 are set to assign a type to each MRR in an added column in
the template topology. For each path (i, j) that activates an MRR in an added column in the

template topology, the constraints in C.1.9 ensure the value assigned to T} ; is larger than the
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values assigned to Ty, where (u,v) in X(; j). For each path (i, j) that activates an MRR in an
added column in the template topology, the first and the second constraints in C.1.9 ensure
that the value assigned to 7;; (The index of the ON MRR type) is larger than the indexes of
the types assigned to the OFF MRRs before the ON MRR in path (i, j). For each path (i, j)
that activates an MRR in an added column in the template topology, the third and the fourth
constraints in C.1.9 ensure that the value assigned to T; j; (The index of the MRR type) is larger
than the indexes of the types assigned to the OFF MRRs after the ON MRR in path (i, j).
Take Figure 4.9 as an example, if b3 ; = 1, to assign a value to T3 (the cell in the red square),
the first and second constraints in C.1.9 ensure that the value assigned to 737 is larger that
the values assigned to the cells in the green and the yellow squares, respectively. In addition,
if b3.1 = 1, the third and fourth constraints in C.1.9 ensure that the value assigned to T3 is

larger that the values assigned to the cells in the blue and the black squares, respectively.

ra Tb ’rc T’d re Tf
Sq (To,o To1 | To2 Tos Toa T0,5\

Sa | I30 |131 |132 |I33 T34 135
Se | Tao |Tu1 |Tao Taz Taa Tus

Sf \Ts,o Ts51 |T52 153 Ts54 T5,5/

Figure 4.9.: The 6x6 matrix T

The optimization target is to minimize the sum of 7; ;. Since T; ; depends on the values of
b;,j, minimizing the sum of 7; ; leads to minimizing the sum of b; ;. Similarly, since b; ; depends
on the values of B; ; and D; ;, minimizing the sum of 7T} ; leads to minimizing the sum of B; ;

and maximizing the sum of D; ;.

Minimize » ;v ien Tij
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Subject to: C.1.1, C.1.2, C.1.3, C.1.4, C.1.5, C.1.6, C.1.7. C.1.8 and C.1.9.

4.2.4.5. Maximizing Only the Worst Case Parallelism

The main target of this project is to improve the worst case parallelism and the aggregate
parallelism at the same time. This subsection presents an approach that aims only to maximize
the worst case parallelism by modifying the optimization target of the proposed ILP in Subsection
4.2.4.4.

An integer variable ma is introduce to represent the maximum value of variables T; ;,
1 € N and i € N. Therefore the constraint C.1.10 is set. The minimum number of MRR. types
in a topology (low) can be calculated using formula 4.4 (Chen et al., 2023). Therefore, the
lower bound of the variable ma is set to low. Setting this lower bound significantly reduces
the runtime of the ILP model.

T;; < ma, YV 1N, V jEN, (C.1.10)

Low = |17 1g]) — 1 4.4

ow = max(max ZC[Z] [7], max ZCM i) (4.4)
JEN 1EN

In addition, the number of used MRR should be minimized. For each ¢ € N and j € N, an
integer variable t; ; is introduced to represent whether 7T; ; takes a non zero value. Therefore,
the constraint C.1.11 is set. If T; ; = 0, ¢; j can take 1 or 0. Due to the optimization objective
which aims to minimize the sum of the variables ¢; ;, ¢ € N and j € N, 0 is assigned to t; ;, if
T;; = 0.

Tij <Mxti; V i1€N, V jeN, (C.1.11)

In this model, the first optimization target is to minimize ma. The second optimization
target is to minimize the sum of variable ¢; ; (¢ € N and j € N) (The number of used MRR).

Therefore, the optimization target can be formulated as follows (because n? > Yic NjeN tij):

Minimize 7% x ma + ZieNjeN tij
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Subject to: C.1.1, C.1.2, C.1.3, C.1.4, C.1.5, C.1.6, C.1.7. C.1.8, C.1.9, C.1.10 and C.1.11

The ILP model in Subsection 4.2.4.4 optimizes the aggregate parallelism and the worst
case parallelism at the same time. The ILP model presented in this subsection optimizes only
the worst case parallelism. This ILP model can terminate much faster when the size of the
communication matrix is large (n > 9). In this master’s thesis, the main ILP model is the
ILP model presented in Subsection 4.2.4.4, which is used in the comparison results in
Chapter 5.

4.2.5. The Output of the ILP Model

The output values of the binary variables R;; identify the new position of each core in
the topology, as mentioned in Subsection 4.2.4.2. The program stores the new position of each

core in the list ‘rank_s .

The output values of the binary variables D; ; identify the default paths. Then, if D;; =
1, the program checks whether there is a connection between the core at position i and the core

at position j, in which case, the algorithm stores the pair (i,j) in the list ' default_paths .

Depending on the values of T; j, wherei € N and j € N, the matrices L and U are generated,
as can be seen in M1 and M2. The size of the two matrices is n x . The matrix U is then
concatenated with the matrix L to construct the matrix T2, as can be seen in 4.2. The size of

the resulting matrix is n x 2 x 7.

Ty i
Lialal = { 0, J Otherwise (ML)
aia ) TGy, 1<
utillsl = { 0, ’ Otherwise (M2)
U[0, 0] Ulo,n —1] L[0,0] L[0,n — 1]
T2 = : : : : (4.2)
Un-1,0 ... Un—1,n—-1] Ln—-1,0] ... Lin—1,n-1]
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4.2.6. Drawing the Topology

After selecting the cores’ position, the default paths, and the position and the type of each
MRR in the topology, the following sections present how the topology is designed and drawn

automatically.

4.2.6.1. Drawing the MRR

The drawing process of the MRRs depends on the output of the previous step. The type
of each used MRR is stored in matrix T2. The program stores the index of each new added
columns, that has at least one connection, in a list [New . In the example in matrix 4.5, the
added columns, that have at least one value different from zero, are the first added column
(column 7) as well as the second added column (column n+1). Therefore, the list is New = [0,
1]. The length of the list New is w. Next, the program removes the added columns that are
not used. Then, the program iterates over the rows and the columns of matrix T2. If the value
of T2[i, j] is larger than 0, the program first draws a circle at the position ( an_z + d*i,an_y +
d*j), where an_z, an_y, and d are constants. The distance between the columns and between
the rows (the value of constant d) depends on the number of the cores. The more cores there
are in the topology, the larger constant d should be. The point (an_z, an_y) represents the
start point (If T2[0, 0] > 0, there will be an MRR in position (an_z, an_y). The position of
the topology drawing in the image depends on the values of point (an_z, an_y). Changing
the values of point (an_x, an_y) changes the position of the topology drawing in the image.
For example, if the value of an_z increases, the topology drawing will be shifted to the right.
Afterwards, the program colors each circle with a color which depends on the value of T2[i,
j]. Each color indicates an MRR type. Figure 4.10 presents an example of drawing the MRRs

based on the matrix in 4.5.

0123000000
0010200000

72=10 0 0 1 0 0 0 0 0 O (4.5)
0000120000
00000120 0 0]
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Figure 4.10.: An example of drawing the MRRs

1

.

Figure 4.11.: An example of drawing the vertical lines
4.2.6.2. Drawing the Vertical lines

After drawing the MRRs, the vertical lines are drawn. First, the program draws a vertical
tangent to each MRR. Then, the program iterates over the main columns of the matrix T2 (from
column 0 to column 7 —1). The algorithm connects the MRRs with the same x coordinate, as
can be seen in Figure 4.11. The program stores the coordinates (x, y) of the top of each line
in the list TOP . In addition, the program stores the coordinates of the bottom of each line
in the list 'Slaves . If a main column i has no connection, the lists 'TOP and |Slaves store the
values (an_x + 7 + d*i, an_y + d*i ). Therefore, the length of the lists TOP and Slaves is

always 7.

Similarly, the program iterates over the added columns of the matrix T2. First, the
program draws a vertical tangent to each MRR. Then, the algorithm connects the MRRs with

the same x coordinate, as can be seen in Figure 4.11. The program stores the coordinates of
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the top of each line in the list New_connect . In addition, the program stores the coordinates
of the bottom of each line in the list Bottom . These lists will be used in the next steps. The
length of the lists New_connect and Bottom is equal to the length of the list New .

4.2.6.3. Drawing the Horizontal Lines

After drawing the vertical lines, the program first draws a horizontal tangent to each
MRR. Then, the program iterates over the rows of the matrix T2. The algorithm connects
the MRRs with the same y coordinate, as can be seen in Figure 4.12. The program stores the
coordinates of the end of each line in list End . In addition, the program stores the coordinates
of the beginning of each line in list Masters . If a row i has no connection, the lists Masters
and ‘end store the values (an_z + d*i, an_y + d*i). Therefore, the length of the lists Masters

and end is always equal to n.

Figure 4.12.: An example of drawing the horizontal lines

4.2.6.4. Connecting the Added Columns

The algorithm connects each added vertical line to the corresponding main vertical line, as
can be seen in Figure 4.13. The program ensures that the added lines do not cause additional
waveguide crossings with each other. First, the algorithm selects the lowest y-coordinate in
the elements in the list Bottom and stores it in a variable y,,4,. Then, the algorithm iterates
over all added column i and draws a vertical line from the bottom of each added columns
( Bottomli)[0] , Bottomli|[1] ) until the point (Bottoml[i][0] , ¥ma4z). Afterwards, the algorithm
iterates over all added columns. For each added column i, the program draws a line with
the length (n - i)*10 downwards ({) starting from the point (ButtomliJ[0] , ¥maz). Then,
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the program draws a line with length d*(w-i) 4+ (n - i)*10 to the right (—) starting from the
previous position. Afterwards, the algorithm draws a line with length d*n + (1 - 1)*20 upwards
(1) starting from the previous position. Next, the program draws a horizontal line to the left
(+) starting from the previous position to reach the point with x coordinates TOP[Newl|i]][0] .
Finally, the program draws a horizontal line downwards () starting from the previous position
to reach the point ( TOP[Newl[i]|[0] , TOP[Newl|i][1] ).

All added lines in this step are on the right side. On the left side, the cores will be
placed. In this case, accessing the cores does not cause additional waveguide crossings with

the waveguide of the topology.

Figure 4.13.: An example of connecting the added columns to the main columns

4.2.6.5. Drawing the Default Paths and the Cores

The list default paths contains pairs, where the first element represents the sender (the
index of the vertical line) and the second element represents the receiver. The algorithm iterates
over the default paths list. For each default path [i, j|, the program connects the end of the
horizontal line i ( End[i] ) to the vertical line j or j + 7. If the added columns j exists (if the
number j is in the list New ), the program connects the end of the horizontal line i ( End[i] )
to the top of the added column j. Here, the list New_connect is used to identify the top of
this vertical line. If the added columns j does not exist the program connects the end of the
horizontal line i ((End[i] ) to the top of the vertical line j (TOP[j] ). The algorithm connects

the default paths so that the waveguide crossing is minimized, as can be seen in Figure 4.14.
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For each iteration, the program compares the x; coordinate (End[i][0] ) and y; coordinate
( End[i][1] ) of the end of the horizontal line i with the z; coordinate ( TOPj][0] or
New_connectTop[j][0] ) and y; coordinate ( TOP[j|[1] or New-_connectTopl[j][1] ) of the vertical
line connected to receiver j, respectively. If j in the list New , New_connectTopl[j][0] and
New_connectToplj|[1] are used. Otherwise, TOP[j][0] and TOP[jJ[1] are used. Table 4.1
represents the steps that the program performs to draw the default paths depending on the
position of the start point (z;, y;) and the target point (z;, y;), where | z |=|x; - z;|,| v |=|yi
-yjland 1 = (i + 1)*5. u = (n + w - j)*5, if j not in the list New , otherwise, u = (w - j)*5
(w is the length of the list New). The end point of a movement (step) is the starting point of
the next movement. The arrow represents the direction in which the program draws the line.

The value next to the arrow indicates the length of the line.

For example, if x; < z; and y; > y;, the program draws a line to the right (—) from the
point (z;, y;) with the length | x | to reach the position (z; + | = |, y;). Then, the program
draws a line with the length | y | downwards ({) starting from the previous position (z; + | z |,
y;) to reach the point (z;, y;). The default path from core at position 0 to the core at position

4 in Figure 4.14 represents this case.

Case First move | Second move | Third move | Fourth move
1) z; > x; and y; > y; —1 117 —| x|+l Hy| —17
2) z; < zj and y; > y; =z | Hyl
3) x; > x; and y; < yj — 1 Myl +u —| x|+l lu
4)z; <zjandy; <y; | —=| x| —-17 Ty|+5 — 17 15

Table 4.1.: Drawing the default paths for all cases.

Finally, the program connects each master to the corresponding slave (The slave with the
same id). The program uses the lists [Slaves and Masters for the connection. In addition, the
algorithm uses the list rank_s to write the id of each core. Figure 4.14 presents an example

of drawing the default paths and the cores.

The values 1 = (i+1)*5, and u = (n +w -j)*5 depend on i and j, respectively, in order to
reduce the waveguide crossings. In the example in Figure 4.14, the default path [4, 2] from the
core at position 4 to the core at position 2 (from core id 1 to core id 3) represents the case 3. In
this default path, uj 9 = 25. The default path [1, 3] from the core at position 1 to the core at
position 3 represents the case 3. In this default path, uj; 3y = 20. The default path [4,2] (u[o,4]
= 25) does not intersect with default path [1.3] (up 3 = 20) because (u[3) < up,9). Figure
4.15(a) represent the proposed topology if (u[; 3 > ). As can be seen, in this case there
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are two additional waveguide crossings.

Figure 4.14.: An example of drawing the default paths and the cores

(a) (b)

Figure 4.15.: Drawing the default path [4, 2]: (a) ujy 3 > uj9 (b) up g < ug
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4.3. Software Environment

4.3.1. The svg-turtle Library

The python library Turtle graphics is used in order to automatically draw the topology.
The svg-turtle Library, which supports the Python Turtle interface, is used to draw the topology
and then to save the resulting image as an SVG file. The following command is used to install
the package (SaVaGe Turtle, 2023):

pip install svg_turtle

The size of the SVG file depends on the number of cores in the topology. The more cores
there are in the topology, the larger the SVG file is.

4.3.2. PyQt5

PyQt5 is Developed by Riverbank Computing Limited in 04.2016 (Fitzpatrick, 2023).
PyQt5 is a python 3 framework (v3.6 or later). PyQt5 allows the designer to create a graphical
user interface (GUI) application. The main elements of user interface creation in PyQt5 are
Widgets (buttons and checkboxes input fields) (Fitzpatrick, 2023). The following command is
used to install the framework PyQt5 (PyQt5, 2023):

pip install PyQt5

4.4. Running the Program

The user can execute the proposed program with a graphical user interface. In this case,
the framework PyQt5 must be downloaded. The user needs to install gurobipy (GUROBI,
2020). To design a topology, the user should run MA_GUI_FARES.py. Then, the first
window will be opened, as can be seen in Figure 4.16. The user should input the number of
cores and the other parameter (the safe distance, beta, alpha, etc.). If one of the inputs is not
correct, the program will display an error message. Afterwards, the user should click on the
button Enter the communication matriz. Next, a second window is opened, as can be
seen in Figure 4.17. Then, the user should enter the communication matrix and click on the

button Generate the topology. The program designs the topology and outputs an SVG file
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which contains an image of the topology and a text file which contains the radius of each MRR

and the wavelengths assigned to each signal path in the topology.

To input the radius options and the corresponding wavelengths, these variables should be
written in the file mrr_complete.txt. If this file is in the same folder as the program file, the
program will read this file. Otherwise, the program will use the values presented in (Tala &
Bertozzi, 2018).

Each line in the file mrr_complete.txt should contain one radius option and its corresponding
wavelengths as can be seen in the following example, Where the resonant wavelengths of radii
5, 5.25 and 5.5 are presented (The resonant wavelengths of radius 5 are 1496.4 and 1551.3):

1 5.0 0.0 0.0 2 1499.1:0.0 1559.3:0.0

2 5.25 0.0 0.0 3 1497.9:0.0 1521.2:0.0 1575.2:0.0
3 5.5 0.0 0.0 3 1511.3:0.0 1578.9:0.0 1583.8:0.0

It is possible to run the program without GUI. In this case, the user should run the python
file MA_Topology_ABID.py. Then, the user should write the number of cores. Afterwards,
the user should enter the rows row by row. In addition, the user should enter the other

parameters.
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Master Thesis Fares Abid — O *

Bandwidth-Aware Topology Synthesis
for Wavelength-Routed Optical Networks-on-Chips

Number of cores: |3

The time limit for topology generation (in seconds): | 3800

Maximize only worst-case parallelism: |Me

MRR-Radius selection

The safe distance: 0.8

Beta 0

Alpha |1

The time limit for radius selection (in seconds): 3600

Wavelength band (in nm): between 1300 |gngd | 1600

Enter the comunication matrix

Figure 4.16.: GUI (First window)

Master Thesis Fares Abid - [m] X

Design the Topology

1 2 3 4 5

1 1 1 1
0 1 1 1
31 1 0 1 1
1 1 0 1
1 1 1 0

Figure 4.17.: GUI (Second window)



5. Comparison Results and Discussion

This chapter presents and discusses the experimental results for comparing the performance
of the proposed topology with the performance of other topologies, such as, Light (Zheng et al.,
2021), Snake (Ramini et al., 2013a), and the state-of-the-art parallelism-aware topology (Chen
et al., 2023) in terms of improving the aggregate parallelism, the worst case parallelism, the
SNR, and in terms of minimizing the power loss and the number of used MRRs. The proposed
topology is the first to present an approach that maximizes the aggregate parallelism at the
topology generation. Previous research in topology generation includes the topology in (Chen
et al., 2023) which aim to maximize the worst case parallelism. Light and Snake topologies are
designed for purposes such as reducing the power loss, the number of MRRs and improving the
SNR. The first section introduces the terms used to compare the performance of the topologies.
The second section presents the parameters used in these experiments. Then, the comparison
results are presented and discussed. Different network sizes and communication matrices are

used in these comparisons.

5.1. Comparing the Parallelism Performance

The lower the number of OFF MRR types in the path, the more wavelengths can be
assigned to this path. In order to compare the performance of two topologies in terms of
improving the aggregate parallelism, the average number of OFF MRR types of all paths is
calculated using formula 5.1, where P is the set of paths that contain one ON MRR and C

represents the set of all connections (C contains the default paths and the set P).

NOFF_MRR_in_
Paverage = Z |C’ 2l d (51)
peP

In order to improve the aggregate parallelism, the proposed topology aims to minimize the
number of OFF MRR types in each path, while satisfying Property 3.1. In these comparisons,
Pyverage is calculated to indicate whether the proposed topology reduces the number of OFF
MRR types in the paths of the topology compared to the other topologies.
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5.2. The Parameters

This section presents the parameters used in these experiments. The parameters include
the MRR-radius options, the available wavelengths, the transmission losses and the safety
distance. In these experiments, the suggested parameters in (Tala & Bertozzi, 2018) are used to
compare the performance among these topologies. This include 101 MRR-radius options from
5um to 30um with a 0.25um increment step (Tala & Bertozzi, 2018), the available wavelengths
between 1500 nm and 1600 nm, and the safety distance is set to 0.8 nm. This is because 0.8
nm is the lowest possible value for receiving crosstalk (quality factor of 10000) less than -20 dB
(Preston, Sherwood-Droz, Levy, & Lipson, 2011). The transmission losses values are presented
in Table 5.1. The total insertion loss of a path p can be calculated by multiplying the insertion

loss of all optical elements in the path p, as mentioned in Section 2.4.

The Parameter Value Reference

Ly, -0.005 dB/90° (Yan et al., 2020)

L, -0.04 dB (Ding, Tang, Liu, Chen, & Sun, 2010)
Lpse.on -0.5 dB (Chan, Hendry, Bergman, & Carloni, 2011)
Lpseoff -0.005 dB (Chan et al., 2011)

Lese,on -0.5 dB (Xie et al., 2012)

Leseoff -0.04 dB (Xie et al., 2012)
Cpoff -25 dB (Zheng et al., 2021)
Cp,on -25 dB (Zheng et al., 2021)
Cen 40 dB (Ding et al., 2010)

Table 5.1.: The loss values.

5.3. The Light Topology

The Light topology is an N x (N-1) WRONoC topology which uses parallel switch
elements. For a full N x (N-1) communication matrix, the number of used MRRs is reduced
by approximately 50 % compared to state-of-the-art topologies, such as the GWOR topology.
Figure 5.2 presents the 8*7 Light topology. As can be seen, 24 MRRs are used. The light
topology performs better than the A-route topology and the GWOR topology in terms of
reducing the average insertion loss value as well as improving the average SNR value. The Light
topology is designed mainly for a full connectivity N x (N-1) communication matrix, but it can

also support customized connectivity by removing the redundant MRRs and waveguides.
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5. Comparison Results and Discussion

The Light topology is compared with the proposed topology in terms of reducing the
number of MRR types, reducing the average insertion loss (average IL), reducing the worst
case insertion loss (Max IL), and improving the aggregate parallelism. The comparison is done
for the full connectivity 8 x 7 communication matrix 5.1, where the Light topology performs

very well in all aspects.

o 1 T2 T3 T4 Ts Te T7
sf0 1 1 1 1 1 1 1
st|1 0 1 1 1 1 1 1
ss1 1 0 1 1 1 1 1

c_ sl 1 1 0 1 1 1 1 (5.1)

se|1 1 1 1 0 1 1 1
ss[1 1 1 1 1 0 1 1
ss[1 1 1 1 1 1 0 1
s\l 1 1 1 1 1 1 0

The proposed topology for this communication matrix is presented in Figure 5.2. As can
be seen, the number of MRRs used in Light topology is less than that of the proposed topology.
However, the proposed topology uses only 6 different MRR types, where the Light topology
uses 8 different MRR types. The worst case insertion loss in the Light topology happens
when data is sent from m; to se. In this path, the optical signal is transmitted through 12
crossing waveguides and 10 OFF PSEs and one ON PSE. Therefore, when the optical signal
is transmitted from mj to sg, the total insertion loss is L,,s, = 0.5 + 12 * 0.04 +10* 0.005 =
1.03 dB. The worst case insertion loss in the proposed topology happens when the data is sent
from msa to sg. In this path, the optical signal is transmitted through 10 OFF CSEs and one
ON CSE. Therefore, when the optical signal is transmitted from ms to sg, the total insertion
loss iS Lyn,ss = 0.5 + 10 * 0.04 = 0.9 dB. Thus, the proposed topology performs better than

the Light topology in terms of reducing the worst case insertion loss.

Since the paths from each sender in the proposed topology presented in 5.2 are similar,

the average insertion loss is calculated in Equation 5.4

Laverage = 8 * (Lm251 + Lm257 + Lmzso + Lm284 + Lmzsg + Lm251 + Lm286 + Lmzss)/7/8
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= ((1 ON CSE) + (1 ON CSE + 2 OFF CSE) + (1 ON CSE + 4 OFF CSE) + (1 ON CSE
+ 6 OFF CSE) + (1 ON CSE + 8 OFF CSE) + (1 ON CSE + 10 OFF CSE) + (12 OFF
CSE))/7 =

(0.5 + (0.5 4 2%0.04) + (0.5 + 4%0.04) + (0.5 + 6%0.04) + (0.5 + 8*0.04) + (0.5 + 10%0.04) +
(12%0.04) )/7 = 0.668 dB (5.4)

The total insertion loss in the proposed topology is 37.4 dB. For the Light topology, Table
5.2 presents the number of ON PSE | the number of OFF PSEs and the number of crossing
waveguides for each path (presented as #0N PSE, #0FF PSE, #crossing waveguides in each
cell). As can be seen, the total insertion loss is 38.64 dB and the average insertion loss is 0.69
dB, which is higher than that of the proposed topology. Therefore, the proposed topology
performs better than the Light topology in terms of minimizing the average insertion loss and
the total insertion loss. Note that the Light topology has more waveguide bends than the
proposed topology. Therefore, if the waveguide bends were considered in the calculation of the

power loss, the difference in total insertion loss between the two topologies would be larger.

T T2 r3 T4 5 e 7 rg Average IL
s1 X 1,10,12 | 1,8,10 | 1,6,8 | 0,6,6 1,44 | 1,22 | 1,00 0.69 dB
s9 | 1,8,8 X 168 | 146 | 1,68 | 06,6 | 1,44 | 1,272 0.69 dB

s3] 1,66 | 1,44 x | 124 1,810 | 1,68 | 06,6 | 1,44 | 0.69dB
si| 144 122 | 1,00 | x |1,10,12 | 18,10 | 1,6,8| 06,6 | 0.69dB
s5 | 06,6 | 1,44 | 1,66 | 188 X 124 | 146 | 1,68 | 0.69dB
s¢ | 1,6,8| 06,6 | 144 | 1,66 | 1,00 x | 1,68 1,810 | 0.69 dB
s7 | 146 | 168 | 066 | 1,44 | 122 | 144 | x |[1,10,12| 0.69dB
ss | 1,24 | 146 | 1,68 | 066 | 1,44 | 1,66 | 1,88 x 0.69 dB

Table 5.2.: The optical elements in each path in the Light topology.

Table 5.3 represents a comparison between the Light topology and the proposed topology.
As can be seen, for the Light topology Puyerage = 186/56 = 3.32 OFF MRR types/Path. After
running the method proposed in (Li et al., 2020) (alpha=1 and beta=0), vyorst = 4. The
proposed topology is presented in Figure 5.2. For the proposed topology Puyerage = 120/40 =
2.14 OFF MRR types/Path. After running the method proposed in (Li et al., 2020) (alpha=1
and beta=0), the radii 12.25, 10.75, 29, 28, 15.25, 27.5, 8.5 and 28.25 are assigned to r1, ra, 3,
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Figure 5.1.: The Light topology for 8x7 Network (Zheng et al., 2021).

r4, 76, 77 and rg, respectively. Therefore, vyorse = 10. Thus, the proposed topology achieved

a 150% improvement on the worst case parallelism compared to the Light topology.

In conclusion, the proposed topology performs better than the Light topology in terms
of maximizing the worst case parallelism and the aggregate parallelism and minimizing the

insertion loss.
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Number of path with x Different The Light | The Proposed
OFF MRR types Topology Topology

1 ON MRR and 7 Different OFF MRR types 3 0
1 ON MRR and 6 Different OFF MRR types 3 0
1 ON MRR and 5 Different OFF MRR types 14 8
1 ON MRR and 4 Different OFF MRR types 12 8
1 ON MRR and 3 Different OFF MRR types 6 8
1 ON MRR and 2 Different OFF MRR types 4 8
1 ON MRR and 1 Different OFF MRR type 3 8
1 ON MRR and 0 Different OFF MRRs 3 8
Default paths 8 8

Table 5.3.: Comparison between the Light topology and the proposed topology.

o« «—s
O

Figure 5.2.: The proposed topology for 8x7 network.
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5.4. CustomTopo

CustomTopo is an approach for generating WRONoC topology for application-specific
designs. This approach aims to reduce the source usage by minimizing the number of wavelengths
and add-drop filters (ADFs). In fact, CustomTopo reduces wavelength and ADF usage by
approximately 40% compared to the state-of-the-art method. It additionally aims to reduce
power loss. It can be applied not only for symmetric networks but also for asymmetric networks.
In this section, CustomTopo is compared to the proposed topology. The communication matrix

(5.1) is used for the comparison:

ro (&} 9 rs3 T4 Trs Te r7
so /0 1 1 1 1 1 1 1
ss|1 0 1 1 1 1 1 1
|1 1 0 1 1 1 1 1

c_ sl 1 1 0 1 1 1 1 (5.1)

ss]1 1 1 1 0 0 0 0
ss|1 1 1 1 0 0 0 0
ss]1 1 1 1 0 0 0 0
ss\1 1 1 1 0 0 0 0

Based on the communication matrix, CustomTopo generates the matrix 5.2. Each point
in the communication matrix with value 0 is transformed into an x. Each point in the
communication matrix with value 1 is transformed into an integer value, which represents
a wavelength. Default paths between receivers and senders are assigned a value of 0. Then,

CustomTopo generates the optimized logic topology as can be seen in Figure 5.3.
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To (&) 9 r3 T4 Ts Te r7
so /x 4 5 6 1 3 2 0
s1l4 x 1 5 3 6 0 2
s2|l 5 2 x 1 4 0 6 3

C = s316 5 2 x 0 4 3 1 (5.2)

s4l2 3 4 0 x x x X
ss 13 6 0 4 x X X X
ssl 1 0 6 3 x X Xx X
s7\0 1 3 2 x X X X

o
=

ar
N

E EE B [E

P

EH
o)

] [E]

Figure 5.3.: CustomTopo for matrix 5.1.

Figure 5.4 represents the proposed topology when communication matrix 5.1 is the input.

As can be seen, the CustomTopo topology uses 48 MRRs while the proposed topology uses only
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36 MRRs. This indicates that the proposed topology performs better in terms of minimizing
the number of used MRRs.

A drawback of the CustomTopo topology is that the position of each sender is not close
to the position of the receiver with the same id, which makes the physical implementation on a
chip difficult. Bringing each sender close to its corresponding receiver causes many additional
crossing waveguides. Therefore, designers prefer the physical-aware topologies, in which the
sender and the receiver of a node are set close to each other, such as in the proposed topology

and the Light topology.

The proposed topology is compared with CustomTopo topology in terms of maximizing

the parallelism:

e The worst case parallelism: The method presented in (Li et al., 2020) is used for the
comparison (alpha=1 and beta=0): For CustomTopo, the aggregate parallelism is v¢ytq;
= 244 and the worst case parallelism is vyorst = 6 (Li et al., 2020). For the proposed
topology, the radii 12, 23, 20, 16.5, 21.5 and 28 are assigned to ri, ro, 13, 74, 75 and 7g,
respectively. The aggregate parallelism is vy1q; = 367 and the worst case parallelism is
Vworst = 10. In conclusion, the proposed topology improves the worst case parallelism by

66.66% and the aggregate parallelism by 50.4% compared to Customtopo.

e The aggregate parallelism: Table 5.4 presents a comparison between the CustomTopo
topology and the proposed topology. As can be seen, for CustomTopo, Pyyerage = 123/40
= 2.79 OFF MRR types/Path. For the proposed topology, Puyerage = 123/40 = 2.07 OFF
MRR types/Path. After running the method proposed in (Li et al., 2020) (alpha=0 and
beta=1), the worst case parallelism in the proposed topology is 5 and the aggregate
parallelism is 452. The worst case parallelism in CustomTopo is 2 and the aggregate
parallelism is 288 (Li et al., 2020). Therefore, the proposed topology improves the
worst case parallelism by 150% and the aggregate parallelism by 56.94% compared
to Customtopo, when the target of the method in (Li et al., 2020) is to maximize the

aggregate parallelism.
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Figure 5.4.: The proposed topology for matrix 5.1.

Number of path with x Different OFF MRR types | CustomTopo | The Proposed Topology

1 ON MRR and 5 Different OFF MRR types 8 4

1 ON MRR and 4 Different OFF MRR types 13 8

1 ON MRR and 3 Different OFF MRR types 7 4

1 ON MRR and 2 Different OFF MRR types 4 8

1 ON MRR and 1 Different OFF MRR type 2 3

1 ON MRR and 0 Different OFF MRRs 2 8
Default paths 8 8

Table 5.4.: Comparison between the Light topology and the proposed topology.

5.5. Snake, \-router and GWOR Topologies

This section presents the comparison between the proposed topology and Snake, A-router

and GWOR topologies. Different communication matrices and network sizes are used in these

comparisons. For each communication matrix, the unused MRRs are removed from the A-router

and GWOR topologies. Table 5.5 presents the comparison results. The method presented in (Li
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Matrix Method a, B | Vworst | Vtotal

0 1 1 1 1,0 18 148
101 1 The proposed topology 0.1 13 148
1101 1,0 16 139
1110 GWOR 0,1 14 148
1,0 15 180

111 1 The proposed topology 0.1 11 504
1111 Snak ,o| 11 | 134
1111 ke 0,1 10 | 172
11 11 \_ ; 1,0 10 120
router 0,1 | 10 | 160

01 1111 1,0 13 266
1011 11 The proposed topology 0.1 9 314
1 101 11 1,0 8* 240*
111011 GWOR 0,1 8%* 253*
111000 \ rout Lo [ 5 [171*
111000 router 0,1 | 4% | 180%
1,0 10 367

The proposed topology 0.1 5 152

. 1,0 5* 292%*
Matrix 5.1 GWOR 0.1 3% 3357
5\ ; 1,0 2% 213%*

router 0,1 | 0% | 279

Table 5.5.: Comparison results.

et al., 2020) is used to compare the performance of the topologies. For the last communication
matrix, the time limit was set to 8 hours. For all other experiments, the time limit was set to 6
hours. If the method presented in (Li et al., 2020) could not terminate within the given time,
the provided results are intermediate results (These results are marked with *). As can be seen,
the proposed topology outperforms the other topologies in all cases in terms of maximizing the

worst-case parallelism and the aggregate parallelism.

5.6. The State-of-the-art Parallelism-Aware Topology

The state-of-the-art parallelism-aware topology (Chen et al., 2023) is compared with the
proposed topology in terms of reducing the number of MRR types, improving the aggregate
parallelism and the worst case parallelism. Since both topologies satisfy Property 3.1, the
path with the highest number of OFF MRR types represents the worst case parallelism.
Equation 5.2 is used to determine the number of OFF MRR types in the path that contains
the highest number of OFF MRRs, where P is the set of all paths that contain one ON MRR
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and Norr_mRR.in_p Tepresents the number of OFF MRR types in the path p. To compare the
worst case parallelism between two topologies 77 and 1%, the values of Pyorst.7, and Pyorst.1y
should be compared. The topology with lower P, performs better in terms of maximizing

the worst case parallelism.

Pyorst = mEan{ NorF_MRR_inp (5.2)
p

In addition, to determine which of the two topologies 77 and 15 is better in terms
of maximizing the aggregate parallelism, the values of P,yerage. 7, and Pyyerage; should be

compared. The topology with the lower FPjyerqge performs better.

For a fair comparison between the two topologies, the approach presented in (Chen et
al., 2023) is re-implemented. For the comparison between the two topologies, the variation of
the laser’s operating wavelength x is considered. This variation is created by the variation in
driving current and temperature (Chen et al., 2023). As in the experiments results presented
in (Chen et al., 2023), a wavelengths x conflicts with another wavelength y when the absolute
difference between the two wavelengths (x and y) is smaller than § + x. In these comparisons,
x= 0.5nm (Peano et al., 2016).

The communication matrix 5.1 is used for the first comparison. The communication
matrices C7 and C5y presented in 5.3 are used for the second and third comparisons. The
method in (Li et al., 2020) is used for the comparisons. In these comparisons, the aim of the
method in (Li et al., 2020) is to maximize the worst case parallelism (alpha is set to 1 and beta

is set to 0). In these comparisons, the parallelism of a default path is 20.

S0

o 1 1 1 0 1 1
so/0 1 1 0 0 1
ssl1 0 1 1 1 0 1 o111 o
5|1 1 0 0 1 1 1 51 Ul o o0 1o
_ _ S
Ci= |1 1 0 0 1 1 1| Co= 2 Do o0 o0 11 (5.3)
S
ssl1 0 11 0 1 1 3 Lo 110 o
S
ss|lo 1 1 1 1 0 o 4 1010 o
ss\1 1 1 1 0 1 0 %

Table 5.6 presents the comparison results between the proposed topology and the topology
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in (Chen et al., 2023). As can be seen, for the first communication matrix, the two topologies
perform similarly in terms of maximizing the worst case parallelism. However, the proposed
topology improves the aggregate case parallelism by 11.959% compared to the topology in
(Chen et al., 2023). For the second communication matrix, the proposed topology improves
the worst case parallelism by 25% and the aggregate parallelism by 23.337% compared to the
topology in (Chen et al., 2023). For the third communication matrix, the proposed topology
improves the worst case parallelism by 41.66% and the aggregate parallelism by 23.29%
compared to the topology in (Chen et al., 2023). In all these experiments, the target of
the approach in (Li et al., 2020) was to maximize the worst case parallelism. In conclusion,
although the topology in (Chen et al., 2023) is designed mainly to maximize the worst case
parallelism, there are several cases, where the proposed topology performs better than the
topology in (Chen et al., 2023) in terms of maximizing the worst case parallelism. Thus, the
proposed topology outperforms the topology in (Chen et al., 2023) in terms of maximizing
the worst case parallelism. In all these cases, the proposed topology maximizes the worst case
parallelism (The results are optimal in terms of maximizing the worst case parallelism because

the number of MRR types is minimized).

The proposed topology reduced the number of used MRRs and the number of MRR
types used in the topology. In the second and the third comparisons, the proposed topology
reduced the number of used MRR types by 1 compared to the state-of-the-art parallelism-aware
topology (Chen et al., 2023). However, the state-of-art topology reduces the insertion loss by
0.08 dB compared to the proposed topology. For the first communication matrix, the number
of MRR types used in the two topologies is 5. In addition, the maximum insertion loss is 0.9
dB in the tow topologies. The average insertion loss in the proposed topology is 0.649 dB,
while the average insertion loss in the state-of-the-art topology is 0.6831 dB. Thus, for the
first communication matrix, the proposed topology performs better in terms of minimizing the

average insertion loss.

Both methods terminate in less than a minute in all cases. For example, for the second
communication matrix, the proposed topology terminates in 19.79 s, while the state-of-the-art
topology terminates in 11,94 s (Note that the proposed topology aims to maximize the worst

case parallelism and the aggregate parallelism at the same time unlike the state-of-the-art

topology).

The ILP formulation of the topology in (Chen et al., 2023) aims only to reduce the
upper bound of the number of different OFF MRR types in all paths. It does not aim to
maximize the number of default paths or the number of paths with one ON MRR and zero

OFF MRRs. Therefore, the proposed topology performs better in terms of maximizing the
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Matrix ‘ Topology ‘ Figure | Max IL | Payerage ‘ Pworst ‘ Vaworst ‘ Viotal ‘
S a3 B
C, in 53 rljhe proposed topology 5.5 0.9 dB 1.147 3 10 417

in (Chen et al., 2023) 5.6 0.82 dB 1.705 4 8 338
Co in 53 The proposed topology 5.8 0.82 dB 0.238 1 17 307
in (Chen et al., 2023) 5.7 0.74 dB | 0.588 2 12 249

Table 5.6.: The comparison results between the proposed topology and the topology in (Chen
et al., 2023)

aggregate parallelism.

In conclusion, the proposed topology outperforms the topology in (Chen et al., 2023) in

terms of improving the worst case parallelism and the aggregate parallelism.
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Figure 5.5.: The proposed topology for the first matrix in 5.3.
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Figure 5.6.: The topology in (Chen et al., 2023) for the first matrix in 5.3.
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Figure 5.7.: The topology in (Chen et al., 2023) for the second matrix in 5.3.
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Figure 5.8.: The proposed topology for the second matrix in 5.3.
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Figure 5.9.: The topology in (Chen et al., 2023) for matrix 5.1.
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5.7. SNR

In this section, the SNR of the proposed topology is calculated. In addition, the SNR
of the proposed topology is compared with the SNR of the other topologies. As mentioned
in Section 2.4, the SNR can be calculated using the Equation 5.3 (Zheng et al., 2021). For
simplification, the calculation takes into account only the first-order noise introduced by the
optical signals. The noise signals of value less than -41 dB F;,, are ignored.

Pt (%)

SNR(z) = 10log—2puti™” 5.3
() = 10009 s, ) (53)

Figure 5.10 represents the proposed topology for a 4x4 full connectivity matrix. First,
the output power of the signal (1, 2) at the receiver 2 is calculated. The output power signal
(1, 2) is represented by Pj‘j{;;;‘(l, 2). The optical signal (1, 2) is transmitted through one ON

CSE (my2) and two OFF CSEs. Therefore, ij{;;?(l, 2) = L§567Ofchse70n]3m =-0.58 dB FP;,.
The power of all crosstalk signals that reach the receiver 2 and have the wavelength Ajycen is

represented by P)‘g”e”(l, 2) (Zheng et al., 2021).

noise

The dashed lines represent the crosstalk signals reaching core 2 and having wavelength
Agreen- As can be seen, there are two crosstalk signals N1 and N2. The crosstalk signal N1 is
introduced when optical signals are transmitted from core 3 to core 0. The crosstalk signal N1
(the dashed line) is transmitted along the default path and reaches the core id 2, as can be
seen in Figure 5.10. The CSEs in the topology support only 90-degree rotation. Therefore, the
crosstalk signal does not change direction by 270-degree when it enters the second green MRR
(m1,2) from port A (from above) (see Figure 5.10). When the optical signal enters the CSE via
Port A, the CSE behaves like a waveguide crossing and the optical signal continues to transmit
along the original waveguide without changing the direction (independent of the wavelength

of the signal). Therefore, Py can be calculated as follows: Pyi = Cp,onLgs eof me.

The crosstalk signal N2 is introduced when optical signals are transmitted from core 2
to core 3. The crosstalk signal N2 (the dashed line) is generated when the optical signals
ignores the violet MRR (see Figure 5.10). P2 can be calculated as follows: Pya = (Cpoff +
L3055 Cer) P

>\ reen
P (1,2) = Pna +Pn2 = Cp,oanse,ofme + (Cp,off“‘LIQ),ofchr)Pin. Therefore, SN R oreen (1,

noise

. P;xput(x) .

noise
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In summary, the SNR of the signals (0, 0), (1, 1), (2, 2) and (3, 3) is 24.605. The SNR of the
signals (0, 1), (1, 2), (2, 3) and (3, 0) is 21.22. The SNR of the signals (0, 2), (1, 3), (2, 0) and
(3, 1) is 19.37. The SNR of the default paths is 19.8.

N1

I
==

e o e e e e e e e e o =

— —> Crosstalk noise E - &

——> Opticalsignal l

Figure 5.10.: An example of the crosstalk noise in the proposed topology

Table 5.7 represents the SNR in different routers for different network sizes (Zheng et al.,
2021). As can be seen, the average SNR and the worst case SNR of the proposed topology is
always higher than these values of the other topologies. In conclusion, the proposed topology
outperforms A-router and Light in terms of improving the average SNR and the worst case

SNR.

Size SNR A—router | Light | The proposed topology
13 The average SNR/dB 20.11 22.11 22.49
The worst case SNR/dB 17.14 19.9 21.41
g7 The average SNR/dB 14.672 | 18.875 19.16
The worst case SNR/dB | 13.443 | 14.218 16.41
L6415 The average SNR/dB 10.749 14.48 16.4
The worst case SNR/dB 10.12 10.1 12.38

Table 5.7.: SNR in Light, A—router and the proposed topology.

83



6. Conclusions

This work considers the communication parallelism in the topology design stage. More
specifically, the proposed approach aims to design a topology that maximizes the worst case
parallelism as well as the aggregate parallelism for a given communication matrix. The
proposed topology improves the parallelism for full connectivity and for customized connectivity.
In addition, this work aims to reduce the insertion loss. The proposed topology is the first
to present an approach that aims to maximize the aggregate parallelism during topology

generation.

To achieve these results, an algorithm was implemented. The algorithm consists of three
main steps. In the first step, a network template is proposed. The design of the network
template matches the physical layout constraints. Therefore, the proposed topology can avoid
unnecessary waveguide crossings during physical implementation, resulting in a reduction
in insertion loss. In the second step, an integer linear programming model is proposed to
determine the position of the cores and the MRRs in the template network, to select the
default paths and to assign a type to each MRR in the topology. In the third step, the
algorithm uses the results of the previous step to design and draw the topology automatically
and save it in an image format. In this step, the number of waveguide crossings is reduced in

order to minimize the insertion loss.

Finally, in order to evaluate the performance of the proposed topology, multiple tests
were performed to compare the proposed topology with other topologies such as CustomTopo,
Light, Snake and the state-of-the-art parallelism-aware topology (Chen et al., 2023) in terms
of improving the parallelism and reducing the insertion loss. Several random communication
matrices are used throughout these comparisons. Experimental results show that the proposed
topology outperforms the state-of-the-art parallelism-aware topology (Chen et al., 2023) in
terms of maximizing the worst case parallelism. The selection of default paths in the proposed
topology is very flexible and does not depend on the position of the cores unlike the selection
of default paths in the state-of-the-art work (Chen et al., 2023). The selection of the default
paths in the proposed topology aims to reduce the number of MRR types, leading to improving
the worst case parallelism. Furthermore, the proposed topology performs better than the

state-of-the-art topologies in terms of improving the aggregate parallelism. In addition, the
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topology is compared with the Light typology in terms of reducing the power loss, improving the
SNR and the parallelism. Although the Light topology is implemented to reduce the insertion
loss, the proposed topology performs better not only in terms of improving the parallelism but

also in terms of reducing the insertion loss and improving the SNR.
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