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ABSTRACT

As the number of Processing Elements (PEs) present in Systems-on-Chip (SoC) increases, the complexity
of the applications running in these systems increases as well. A Network-on-Chip (NoC) provides the
communication channels between the PEs, and its proper design is a decisive factor in meeting the
performance requirements of an SoC application. However, NoC design is a complex task that involves the
exploration of a wide design space involving subjects as NoC topology and application mapping. During
the design process, a system architect explores several NoC configurations, trying to find a system prototype
that meets the performance requirements of an application. This is done using detailed simulations of the
hardware and software of the system (known as cycle-accurate simulations), and in general, they are very
time-consuming to run. On the other side of the spectrum, high-level simulations of a system are faster to
run, but due to the simplicity of their models, their estimations can be inaccurate. Thus, a tool capable of
fast execution and accurate NoC performance estimations is of interest. In this thesis, an NoC performance
estimation tool based on a formal model is proposed. This tool uses a recently released state-of-the-art
traffic suite to model traffic patterns of several scientific applications running in an NoC. This differentiates
the tool proposed in this thesis from similar tools reported in the literature, that can only model synthetic
traffic patterns and thus, their performance estimations are of limited use. With the ability of modeling
traffic patterns of real applications, the NoC performance estimations made by the proposed tool are similar
to the ones obtained from a cycle-accurate simulation. Additionally, it will be shown that the tool proposed
in this thesis runs faster than a cycle-accurate simulator, which makes it ideal for design space exploration
at the early stages of system development.
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I.  INTRODUCTION AND MOTIVATION

A. Problem Description

The design of Multi-Processor System-on-Chip (MPSoC) consists of an increasingly complex task, due to
the demanding requirements in terms of performance (latency and traffic rate) of the communication
network (Network-on-Chip, NoC), common in this type of systems [1], [2]. Figure I-1 shows how this
design complexity has increased through the years, and how system designers had tackled this complexity.
With a wide design space, system architects have almost infinite possibilities for system definition (ISA
selection, topology selection, network size, application mapping, etc.), and, therefore, it is important to
estimate the performance metrics of the NoC from early design stages, since systems that do not meet the
performance specifications of the application should be discarded quickly, to avoid wasting resources and
time [3], [4]. Nonetheless, the estimation of these metrics is done through exhaustive simulations of the
hardware and software of the system [5]-[7], simulations that for complex applications can take up several
days to deliver results, making the design space exploration a cumbersome task. For example, Figure 1-2
shows the average simulation time of four cycle-accurate simulators (gem5 [8], Sniper [9], PTLsim [10],
and Multi2Sim [11]) running the MiBench [12] and SPEC2006 [13] benchmarks. From the figure it can be
seen that for the SPEC2006 benchmarks, the average simulation time can be as high as 70000 seconds (19.4
hours), this, even though the simulators are using speed-up mechanisms like fast-forwarding and only
executing a reduced number of instructions [14].
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Also, cycle-accurate simulators like Noxim [16], BookSim [17], and gem5’s garnet [18] offer limited
flexibility in terms of NoC topologies that can be studied, thus, limiting the search space during the design
process. As an alternative for cycle-accurate simulation, system architects have several options for system
modeling, these include formal methods, static profiling and trace-based analysis, each of them with varying
levels of abstraction of the system. However, these options imply trade-offs between estimation time and
accuracy of the estimations as can be seen in Figure 1-3 [19]. From this figure, cycle-accurate simulation
offers the most accurate results, both its estimation time can be measured in days in the worst case. Also,
from Figure I-3, as the level of abstraction increases, the estimation time is reduced greatly being measured
in seconds in the best case, but the accuracy of the results decreases notably.
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Figure I-3. Estimation time vs accuracy of the estimation. Taken from [20].

Examples of trace-based analysis tools can be found in [21]-[23], An example of an instruction set
simulation tool is [19], and an examples of a static profiling tool is [24]. From Figure 1-3, formal models
(depicted as calculus in the figure) offer the greatest gains in estimation time but their inaccuracy can be
rather high. The source of this inaccuracy is the high level of abstraction of these models, that includes the
use of synthetic traffic patterns (e.g., uniform, tornado, hot spot, etc.) to model the traffic patterns of an
application. Examples of Formal models used for performance estimation are Queueing Theory [25],
Dataflow graphs [26], and Network Calculus [27]. However, recent developments in the modeling of traffic
patterns of real applications, like the MCSL NoC traffic suite [28], makes possible the use of more realistic



traffic patterns with formal models, improving the insight that can be obtained, while preserving their fast
estimation time. Additionally, the inherent inaccuracy of formal models can be acceptable during early
stages of the Design Space Exploration process, where it is desirable to investigate multiple versions of a
system rapidly to find suitable candidates that meet the design constraints. Later, these candidates can be
further analyzed using cycle-accurate simulation to obtain more refined results, continuing this way with
the design space exploration process [3].

1) Research Motivation

From the above, the necessity for a tool that permits the estimation of the performance (latency and
throughput) of an NoC, in a reasonable time and with results as close as possible to those given by cycle-
accurate simulation seems evident. Understanding this need, this thesis presents a tool based on Queueing
Theory for estimating the performance of an NoC.

2) Objectives
a) General Objective

Develop a software tool based on formal models, for the estimation of latency and throughput in an NoC
with a specific topology oriented to scientific applications.

b) Specific Objectives

a. Identify scientific applications whose implementation can benefit from a multi-processor
architecture (MPSoC).

b. Evaluate the advantages and disadvantages of the formal models available in the literature, to
identify the most suitable models for the characterization of latency and traffic rate on an NoC.

c. Implement in a software tool, the formal model identified as the best suited for estimating latency
and traffic rate in an NoC.

d. Extend the functionality of a state-of-the-art cycle-accurate simulator, to validate the results
obtained with the formal modeling of the estimation of latency and traffic rate in an NoC.

e. Validate the results obtained using the tool based on formal models, comparing them with the
results obtained with the previously modified cycle-accurate simulation tool.

f. Identify through formal modeling of latency and traffic rate, the most suitable network topology
for the implementation of various scientific applications.

B. Thesis Overview

In this thesis, an alternative to cycle-accurate simulation is proposed: a tool based on Queueing Theory and
estimate the performance metrics of an NoC. This tool can implement various NoC topologies and
reproduce the stochastic traffic properties of various scientific applications, retrieving performance metrics
of interest of the NoC (latency and throughput),without considering the implementation details observed in
a cycle-accurate simulation of the hardware and software of the system, thus, making this tool "lightweight"
from a computational point of view. This implies that the time needed to obtain results using the proposed
tool can be less than the time required using a cycle-accurate simulation, which in turn, would reduce the
time spent doing design space exploration at the early stages of system development.



C. Thesis contributions

This thesis presents NoCSimulator, a tool based in Queueing Theory for the estimation of the performance
of a NoC. The following are the contributions of this thesis:

e To the best of our knowledge, NoCSimulator is the only Queueing Theory based tool capable of
estimate the performance of a NoC using traffic patterns based in real applications, thus, improving
the quality of the results obtained when using a tool based in formal models.

e Also, to the best of our knowledge NoCSimulator is the only Queueing Theory based tool capable
of model multiple NoC topologies as Mesh, Ring, Flattened Butterfly and Fat-tree. This widens the
design space available to the system architect.

e Finally, NoCSimulator runs considerable faster than the state-of-the-art cycle-accurate simulator
gemb, this, makes NoCSimulator suitable to be used at early stages of the design space exploration
process.

D. Thesis Outline
The thesis is organized into the following chapters:

e |l -SoC and NoC Concepts.

e |lI - Review of formal models for Performance Estimation in Networks.

o |V - MCLS Traffic Suite and Selection of a Cycle-Accurate Simulator as Validation Tool.
e VV —NoCSimulator overview.

e VI - Validation Tests for NoCSimulator.

e VII - Design Space Exploration Exercise.

e VIII - Conclusions



II. SOC AND NOC CONCEPTS
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A. Introduction

The main bottleneck of modern computer systems performance is the movement of data between the
different components of the system (CPUs, memory, GPUs, etc.), and it influences other design objectives
as well, for example, cost, occupied area, power consumption and reliability. Bus-based networks in
Systems-on-Chip (SoC) have been used traditionally when the number of nodes is low, however, as the
number of nodes increases the performance of bus-based networks suffers due to arbitration issues [2].
Thus, to keep up with the paradigm of SoC, system architects must explore new topologies for
interconnection networks (in this context, Networks-on-chip, NoC), looking for desirable features as high
throughput, low latency, low cost, less occupied area, low power consumption, etc. These topologies are
characterized by the routing of data packets, rather than dedicated physical wires which connect the nodes
directly, this because packet routing enables an efficient sharing of the available bandwidth of the network
between the nodes. Then, a proper understanding of the design implications when selecting an NoC is
essential for system success.

In the remainder of this chapter the main concepts necessary to give context to this thesis are presented. In
section B, the main features of Systems-on-Chip are presented. In section C Network-on-Chip are discussed
thoroughly, including concepts as topology, routing protocols, deadlock, and flow control. Section D is
dedicated to the definition of the performance metrics of a NoC. Then, in section E Design Space
Exploration (DSE) is defined. Also, in this section it is explained where in the DSE workflow, the tool
presented in this thesis fits. Finally, some examples of DSE tools and techniques are discussed in section
F.



B. Systems-on-Chip (SoC)

Moore’s law states that the number of transistors in an integrated circuit (IC) is roughly doubled every two
years [29]. Until the early 2000s, this meant that CPU manufacturers could improve CPU performance by
building processors of increasing complexity that could run at higher and higher clock rates. However,
smaller transistors working at lower voltages and high frequencies started to compromise CPU reliability.
This drawback shifted the computer design paradigm from a single fast (and complex) processor on a chip
to multiple slower (and simple) processors on a chip [30]. Nowadays, advancements in chip manufacturing
technology allow the integration of several hardware components (processors, memory controllers,
hardware accelerators, etc.) into a single integrated circuit known as System-on-Chip (SoC) reducing both
manufacturing costs and system dimensions. As core counts increase, there is a corresponding increase in
bandwidth demand to facilitate high core utilization. The processing power of cores is of no use unless data
can be fed to them at the appropriate rates [31]. Figure 1I-1 shows an example of an SoC, where different
hardware components like a CPU, a GPU, a camera controller, WiFi, and Bluetooth hardware, etc. are
integrated into a single chip.
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Figure II-1. Example of an SoC. Taken from [32].

Traditionally, Systems-on-Chip (SoC) designs utilize topologies based on shared buses. However, this type
of interconnection usually scales efficiently only up to a few cores. For a larger number of processing
elements, a more scalable and flexible solution is needed [31]. The solution consists of an on-chip data
routing network consisting of communication links and routing nodes generally known as Network-on-
Chip (NoC) [33], [34]. A generic NoC design divides a chip into a set of tiles, with each tile containing a
processing element and a router. Each processing element is connected to the local router and each router
is connected to other routers forming a packet-based on-chip network (see Figure 11-2) [31].
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Figure II-2. A 3-by-3 mesh NoC. Taken from [35].

Multi-core architectures are now common in a variety of computing domains. For example, these
architectures enable increased levels of server performance in data centers [36], [37]. Also, desktop
applications, particularly graphics are already exploiting multi-core features [38], [39]. High-bandwidth
communication is required for these throughput-oriented applications because communication latency can
have a significant impact on the performance of multi-threaded workloads. Additionally, synchronization
between threads will require low-overhead communication to scale to a large number of cores [1].

C. Networks-on-Chip (NoC)

NoCs are replacing buses and crossbars in many-core chips systems. Such on-chip networks have routers
at every node, connected to neighbors via short local on-chip links. Multiple communication flows are
multiplexed over these links to provide scalability and high bandwidth. In multiprocessor systems-on-chip
(MPSoCs) using an on-chip network promotes design isolation: MPSoCs utilize heterogeneous Intellectual
Property (IP) blocks from a variety of vendors; with standard interfaces, these blocks can communicate
through an on-chip network in a plug-and-play fashion [1].

When using an NoC, IP cores are attached to routers via dedicated network interfaces (see Figure I1-3).
Network interfaces are generally available for any core, thus, computation and communication concerns
are decoupled at the network interface level, enabling a modular and plug-and-play oriented approach to
system design [31].
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Generally, NoCs can be designed, optimized, and verified by automated means [41], [42], leading to large
savings in design time. Moreover, NoCs can be tuned in a variety of parameters (topology, buffering, data
widths, arbitrations, routing choices, etc.), leading to higher chances of optimally matching design
requirements [31].

1) NoC Topology

NoCs are composed of a set of router nodes and channels, and the topology of the network refers to the
arrangement of these nodes and channels. The topology of an NoC can be compared to a roadmap. The
channels (like roads) carry packets (like cars) from one router node (intersection) to another [2]. For
example, the network in Figure 11-3 consists of 16 nodes (routers), where each node has bidirectional
channels that connect it to its neighbors. This particular network is a mesh topology.

The effect of topology on overall network cost-performance is profound. Topology determines the number
of hops (or routers) a message must traverse as well as the interconnect lengths between hops, thus
influencing network latency significantly [43]. As traversing routers and links incur energy, a topology’s
effect on hop count also directly affects network energy consumption. Furthermore, the topology dictates
the total number of alternate paths between nodes, affecting how well the network can spread out traffic
and hence support bandwidth requirements. The implementation complexity cost of a topology depends on
two factors: the number of links at each node (node degree) and the ease of laying out a topology on a chip
(wire lengths and the number of metal layers required) [43].

Figure 11-4 shows how topologies can be classified. Bus-based topologies are used in applications where
only a few PEs are present, due to its poor latency and throughput scaling with an increasing number of
PEs [44]. Specifically, in this thesis, the following topologies are studied: Ring [45], Fat-tree [46], Butterfly
(flattened) [47], and Mesh [48]. Each of these topologies has its advantages and disadvantages in terms of
performance and they will be described in Chapter 6 of this thesis.

On Chip Interconnect
Categories

Specific/irregular
Topologies

Based Regular Topologies

—>| Single Bus [ Packet Switched
Hierarchical .
Bus { ' l l
- Star-Ring Tree-like Mesh Based Fractal Based
Segmented
Bus

Topologies Topologies Topologies Topologies

Circuit Switched

“Pipetined | [>{_Star
Bus Bmary Tres } T FracNoC

Butterfly FT

Figure II-4. Classification of topologies. Taken from [49].

A topology that provides multiple shortest paths between a given source and a destination node has greater
path diversity than a topology where there is only a single path between a source and a destination node
(path diversity can be measured for a given topology, for example, using a modified version of the Dijkstra
algorithm [50]). Path diversity within the topology gives the routing algorithm more flexibility to load-
balance traffic, which reduces channel load and thus increases throughput. Also, it enables packets to



potentially route around faults in the network [43]. For example, the Ring topology in Figure 11-5 provides
no path diversity, because there is only one shortest path between any pairs of nodes. On the other hand,
the Mesh topology in Figure 11-5 provides multiple shortest paths between source and destination nodes.
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Figure II-5. Path diversity in Ring and Mesh topologies.

2) NoC Routing Protocols

While numerous routing algorithms have been proposed [51]-[54], the most commonly used routing
algorithm in on-chip networks is Dimension-Ordered Routing (DOR) due to its simplicity. Dimension-
ordered routing is an example of a deterministic routing algorithm, in which all messages from node A to
node B will always traverse the same path. With DOR, a message traverses the network dimension-by-
dimension, reaching the ordinate matching its destination before switching to the next dimension [55]. For
example, in the Mesh topology of Figure 11-6, if X-Y routing is used, packets are sent along the X-dimension
first, and then in the Y-dimension. Thus, a packet traveling from (0,0) to (2,2) will first traverse 2 hops
along the X dimension, arriving at (2,0), before traversing 2 hops along the Y-dimension to its destination.

Routing algorithms can be classified as minimal and non-minimal. Minimal routing algorithms select only
paths that require the smallest number of hops between the source and the destination. Non-minimal routing
algorithms [56], [57] allow paths to be selected that may increase the number of hops between the source
and destination. In the absence of congestion, non-minimal routing increases latency and power
consumption as additional routers and links are traversed by a message. With congestion, the selection of a
non-minimal route that avoids congested links may result in lower latency for packets [55].
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3) Deadlock avoidance

When selecting a routing algorithm, not only its effect on latency, power consumption, and throughput must
be considered, it also must guarantee deadlock freedom. A deadlock occurs when a cycle exists among the
paths of multiple packets [55]. Figure I1-7 shows four deadlocked packets waiting for links that are currently
held by other packets, preventing any packet from making forward progress. In the figure, the packet
entering router A from the South input port is waiting to leave through the East output port, but another
packet is holding onto that exact link while waiting at router B to leave via the South output port, which is
again held by another packet that is waiting at router C to leave via the West output port and so on [55].

Figure II-7. Deadlock mechanism in routing protocols.

Deadlock is catastrophic to a network. After a few buffers are occupied by deadlocked packets, other
packets are blocked on these buffers, paralyzing network operation. To prevent this situation, networks
must either use deadlock avoidance methods (that guarantee that a network cannot deadlock, for example
[58], [59]) or deadlock recovery (in which deadlock is detected and corrected, for example [60], [61]) [62].



4) Flow Control

Flow control governs the allocation of router buffers and links. It determines when buffers
and links are assigned to packets, the granularity at which they are allocated, and how these
resources are shared among the many packets in transit on the network. A good flow control protocol lowers
the latency experienced by packets at low loads by not imposing high overhead in
resource allocation, and drives up network throughput by enabling effective sharing of buffers
and links between packets [63].

a) Packets and Flits

When a message is injected into the network, it is first segmented into packets, which are then divided into
fixed-length flits (short for flow control units). For instance, a 128-byte cache line sent from a processing
element (processor, memory controller, etc.) to another processing element will be injected into the network
as a packet by the sender’s network interface. The packet consists of a head flit that contains the destination
address and another control information, body flits (that carry the cache line data), and a tail flit that signals
the end of the packet [63]. Figure 11-8 depicts a packet and its respective flits.
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Figure II-8. A packet and its Flits.

b) Wormhole Flow Control

Wormhole flow control allows flits to move on to the next router before the entire packet is received at the
current router. In wormhole flow control, a flit can depart the current router as soon as there is sufficient
buffering for this flit in the next router. However, unlike other types of flow control protocols like store-
and-forward and virtual cut-through [63], wormhole flow control allocates storage and bandwidth to flits
rather than entire packets. This allows relatively small flit buffers to be used in each router, even for large
packet sizes. While wormhole flow control uses buffers effectively, it makes inefficient use of link
bandwidth. Tough it allocates storage and bandwidth in flit-sized units, a link is held for the duration of a
packet’s lifetime in the router. As a result, when a packet is blocked, all of the physical links held by that
packet are left idle. Since wormhole flow control allocates buffers on a flit granularity, a packet composed
of many flits can potentially span several routers, which will result in many idle physical links. Throughput
suffers because other packets queued behind the blocked packet are unable to use the idle physical links
[63].

Wormhole flow control can be implemented with fewer buffers than packet-based techniques (for example,
store-and-forward and virtual cut-through), and due to the tight area and power constraints of NoCs,
wormhole flow control is the common choice of systems architects [63].



c) Virtual Channels

A virtual channel (VC) is a separate queue in the router; multiple VCs share the physical link between two
routers. By associating multiple separate queues with each input port, head-of-line blocking! can be
reduced. Virtual channels arbitrate for physical link bandwidth on a cycle-by-cycle basis. When a packet
holding a virtual channel becomes blocked, other packets can still traverse the physical link through other
virtual channels. Thus, VCs increase the utilization of the physical links and extend overall network
throughput [63]. Figure 11-9 depicts a router with two virtual channels per input port. Thus, up to two
different packets can pass through the same input port without blocking.
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D. NoC Performance metrics

The performance of an NoC is evaluated mainly by two metrics: latency and throughput. The latency of a
network is defined as the time required for a packet to traverse the network from a source node to a
destination node, and it includes delays due to waiting and processing of the packet on each router on its
way. Latency depends not only on the topology of the NoC but also on the routing protocol and the flow
control method implemented in the routers. The throughput of a network is the number of data units per
unit of time that the network accepts at its input ports. Throughput is a property of the network and as with
latency it also depends on the topology of the NoC, the routing protocol, and the flow control method used
in the routers [1], [2]. The throughput per PE is a measure of the amount of traffic a PE adds to the total
throughput of the network. Also, it can be used as an indication of the amount of processing work a PE
does (for example, if a PE has a low throughput, it can be assumed that it is underutilized).

Figure 11-10 shows the relationship between latency and traffic rate. As the throughput increases an increase
in latency is observed due to the contention of packets in the network. The term zero load latency describes
the minimum latency of the network and is defined as the time required to send a packet from a source node
to a destination node when no other node in the network is sending packets. Saturation throughput indicates
the maximum packet rate before experiencing a considerable latency in packets transiting the NoC [1].

1 Head-of-line blocking: When upstream packets are blocked because a buffer is acquired by other packet.



Ideally, the system architect tries to design an NoC that offers minimum latency and high throughput for a
given application under power, area, and cost constraints [33].
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Figure 1I-10. Latency vs Throughput. Taken from [1].

E. Design Space Exploration

Design Space Exploration (DSE) is defined as the characterization of various versions of a system in terms
of previously defined metrics, to identify which of these versions meets design specifications [64]. One of
the main challenges in SoC design is to estimate the essential characteristics of the system from the early
design stages. This is because market pressures do not allow too much time (and money) to be spent on
detailed implementations of the system that in the end might not meet the design specifications. Some of
the questions to be answered while doing DSE are: What tasks should be implemented in hardware and
which in software? What hardware components should be chosen and how should they be merged
(architecture, topology)? How the tasks of the application should be mapped to the chosen hardware? What
are the performance metrics of the communication network? Among others [64].

In general, DSE consist of a multi-objective optimization problem. The given constraints restrict the design
space to feasible implementation options, whereas each possible design represents a System-on-Chip (SoC)
solution. The key components of the decision vector are the software space (including algorithmic decisions
and task-level partitioning aspects), the hardware architecture, and the temporal and spatial task mapping
as shown in Figure 11-11[3]. The complexity and size of the design space along with the time for evaluating
a single design point prevents an exhaustive search to find the optimal solution. Consequently, only part of
the complete design space can be elaborated, which naturally results in suboptimal solutions [3].

However, the number of investigated design points (system versions) closely relates to the time required
for the individual evaluation process. This process consists of two major parts, given by the time spent in
developing and describing the intended design point, as well as the time for finally evaluating the
anticipated design. The first defines the modeling efficiency, whereas the latter depends upon the analysis
and/or simulation time for the pure design evaluation [3].
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NoC Performance analysis is part of the activities of DSE, where different alternatives of the used topology
should be evaluated to determine the most appropriate, to meet design specifications under certain
restrictions such as costs, occupied area, energy consumption, etc.; restrictions that often come into conflict
[64]. Figure 11-12 presents the design flow used for the evaluation of different versions of an SoC, where
for each version of the system (hardware + application), an estimate is made of the performance metrics
(latency and throughput). These metrics are then analyzed to verify if they meet the system design
specifications. If they do not comply, new versions of the system are proposed, for example, different

topologies or application mappings, and the process starts again.

Application
(software)

Design Flow for
SoC

Hardware
Architecture

application to

Mapping

Hardware

This research project
focus in this activity

'/

Estimation of NoC
Performance (latency
and throughput)

Power Efficiency

Reliability

\

Design Space
Exploration

Figure 11-12. DSE flow diagram for SoC design. Adapted from [64].

As indicated in Figure 11-12, this research thesis is focused on NoC performance estimation, and it starts
from an application that has been mapped to a specific hardware architecture (topology) where the tool
proposed in this research thesis is used to estimate the performance of the NoC (latency and throughput).




Ideally, the tools used for DSE should be characterized by [64]:

e Simple configurability of hardware architecture and application mapping. That is, the task of obtaining
different versions of the system should be simple.

o Asfaraspossible, short analysis time, to test various alternative versions of the system, in a reasonable
period of time.

o Robustness in the presence of incomplete design information, since generally, the low-level details
of the system have not yet been defined.

F. Survey of some DSE Tools and Techniques

In [4] was proposed a four-step methodology for efficient design space exploration and tunable parameters
optimization for multicore/many-core architectures. In the first step, an initial optimization algorithm based
on one-shot searching was used to determine initial settings for each tunable parameter to within 51.26%
of the final best setting for that parameter. The second step consisted of an intelligent set partitioning
algorithm that separated the parameters into different ordered sets based on the significance of the
parameters to the objective function and the exhaustive search threshold factor supplied by the system
designer. The third and fourth steps consisted of exploring the subsets obtained from the second step by
exhaustive search and greedy search, respectively, which improve on the initial settings obtained by the
first step of the methodology, to find best settings to within 1.35% - 3.69% of the best settings obtained
from a fully exhaustive search of the design space. The authors used the ESESC simulator [65] to run the
different system configurations during the DSE process. [66] proposes a DSE methodology for NoCs
composed of buffered and bufferless routers. Several router placement plans with a different number of
buffered routers and positions were evaluated. Simulation results showed that intelligent router placement
can achieve significant gains in performance under the same resource budget. Also, two techniques that
take advantage of the NoC’s heterogeneous nature (buffered and bufferless routers) for further performance
improvement were proposed. BRAM? is an application mapping technique that can map applications close
to buffered routers to improve performance, and BRAR? is a routing algorithm that sends data packets along
the buffered routers to reduce the chances of lost packets. Simulations showed that applying such techniques
can reduce data latencies by an average of 15%. [67] presents a framework to enable hardware acceleration
of performance-critical parts of an application, by addressing the problem of automated hardware/software
partitioning under power and area constraints to minimize the overall program latency. It implemented a
flow in the LLVM compiler [68] to automate the detection and refactoring of hot regions (loops) of the
application’s code and making them candidates for acceleration on custom logic (hardware
implementation). Then, a scalable hybrid approach based on an iterative search on Pareto frontiers in the
design space, combined with an ILP* formulation was used to select a hardware/software mapping
considering communication cost within and across processing elements and resource reuse among the
hardware components. Experimental results on five benchmarks demonstrated that the proposed framework
finds optimal solutions for a set of benchmarks whose optimal solutions were known while producing such
solutions in less time. [49] introduced an approach for customizing on-chip interconnect (OCI) for SoC
applications. The objective of this work is to build a framework for OCI (more specifically, custom
topologies) evaluation without considering application traffic patterns, only available resources, for
example, the number of routers available, or the number of links. To this end, the cycle-accurate simulator

2 BRAM: Buffered Router Aware Mapping.
3 BRAR: Buffered Router Aware Routing.
41LP: Integer Linear Programming.



NIRGAM [69] was modified. Simulation results show that customizing OCls, based on available resources,
achieves better performance compared to the basic OCI architectures. Simulation results showed that the
customization approach gives better performances for almost all application traffic patterns (Transpose,
Uniform, Shuffle, and Bit-Reversal). These results show that WK and FracNoC (Fractal NoC) topologies
perform well almost in all traffic patterns because of their properties, such as high degree of regularity,
symmetry, scalability, and ease of extendibility. Another interesting property is their fractal structure, i.e.,
the network can be constructed hierarchically by grouping basic modules.

From above, the DSE process can be summarized as the use of optimization techniques to find the most

suitable system configuration that satisfies a set of given constraints. In this process, cycle-accurate
simulation is used to obtain performance data of each iteration of the system’s candidates. This process is

depicted in Figure 11-13.
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Figure 1I-13. Summary of the DSE process.

Figure 11-13 can be thought of as a detailed view of Figure 11-12, where the term “system configuration” in
Figure 11-13 corresponds to the mapping of an application in a given architecture, and the performance
metrics in Figure 11-12 are obtained using cycle-accurate simulation. Additionally, the optimization
techniques shown in Figure 11-13 enable the iteration loops shown in Figure 11-12.

The tool developed and presented in this thesis can replace the cycle-accurate simulators used in DSE
providing the following advantages:

1. Flexibility in system configuration: different topologies can be evaluated, not just Mesh topology.
This is very important to widen the search space.



2. Capability to reproduce traffic patterns based on real applications, not just synthetic patterns. This
is important to obtain more relevant results during the design process.

3. The performance of the NoC is estimated using formal models in contrast to cycle-accurate
simulation. This can reduce the time spend doing DSE.

G. CONCLUSION

In this chapter, important concepts to give context to this thesis were presented. These concepts included a
description of the paradigm of System-on-chip (SoC) computer design. Also, NoC properties, like topology,
routing protocols, performance metrics, etc. were exposed. Finally, the Design Space Exploration (DSE)
process was described, and how of the tool developed in this thesis (NoCSimulator) fits in the DSE
workflow was indicated.
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A. Introduction

In section 1) it was shown that formal models offer an alternative to cycle-accurate simulation. The main
feature of formal models in general, is its faster execution time when compared with cycle-accurate
simulators. However, this comes with a trade-off in the accuracy of the results obtained using these models,
due to their high level of abstraction and limited flexibility [20]. Nonetheless, this trade-off can be
acceptable during the early stages of the design exploration process, where hundreds of configurations of a
system must be explored to find suitable ones that meet design constraints like execution time, power
consumption, throughput, latency, etc. Using a tool based in formal models can speedup this process, and
once some suitable system prototypes have been filtered out, these ones can be further studied using a cycle-
accurate simulator, to obtain more refined results. In this thesis, a tool based in formal models is proposed
for this purpose, and in this chapter, a review of three formal models used for performance estimation of
networks in general (not only NoCs) is presented. These formal models are Synchronous Dataflow Graphs
(SDFGs), Queueing Theory, and Network Calculus. This review will expose the discussion and analysis
that were carried out to select Queueing Theory as the formal model to be used in the tool proposed in this
thesis. This chapter is intended to meet specific objective b (see section b)).

The remainder of this chapter is divided as follows: section B is devoted to Dataflow graphs, and includes
its main concepts and a review of the state of the art. Then, Queuing Theory is discussed in section C, also
including a review of the state of the art. Later, section D is about Network Calculus and a review of its
state of the art. Finally in section E, an analysis of the advantages and disadvantages of each of these three
formal models is done, and from this analysis Queueing Theory is selected as the most suitable to be used
in this thesis.



B. Dataflow Graphs

A dataflow graph is a directed graph, where the vertices (actors) represent computation, and edges (arcs)
represent FIFO (first-in-first-out) queues that take data values from the output of one computation to the
input of another. Thus, edges represent data precedence between computations. Actors consume data (or
tokens) from their inputs, perform computations on them (fire), and produce certain numbers of tokens on
their outputs [70]. Several models based on dataflow with restricted semantics have been proposed (Petri
Nets [71], Kahn Process Networks [72], Synchronous Dataflow Graph [73], etc.); these models lose the
descriptive power of general dataflow in exchange for properties that facilitate formal reasoning about
programs specified in these models, and are useful in practice, leading to simpler implementations of the
specified computation in hardware or software.

1) Synchronous Dataflow Graphs [74]

The Synchronous Data Flow (SDF) model of computation was proposed in [75]. The SDF model poses
restrictions on the firing of actors: the number of tokens produced (consumed) by an actor on each output
(input) edge is a fixed number that is known at compile time. The number of tokens produced and consumed
by each SDF actor on each of its edges is annotated in illustrations of an SDF graph by numbers at the arc
source and sink respectively. In an actual implementation, arcs represent buffers in physical memory. The
arcs in an SDF graph may contain initial tokens, which are referred to as delays. Arcs with delays can be
interpreted as data dependencies across iterations of the graph. Delays are represent using bullets (+) on the
edges of the SDF graph; more than one delay on an edge is indicated by a number alongside the bullet [76].
An example of an SDF graph is illustrated in Figure 111-1.

Figure IlI-1. Example of an SDF graph. Taken from [76].

Unbounded buffers imply a sample rate inconsistency, and deadlock implies that all actors in the graph
cannot be iterated indefinitely. Thus, correctly constructed SDF graphs are those that can be scheduled
periodically using a finite amount of memory. The main advantage of imposing restrictions on the SDF
model (over a general dataflow model) lies precisely in the ability to determine whether or not an arbitrary
SDF graph has a periodic schedule that neither deadlocks nor requires unbounded buffer sizes [76].

a) Properties of SDFGs
An SDF graph is compactly represented by its topology matrix. The topology matrix, known as I', represents

the SDF graph structure; this matrix contains one column for each vertex and one row for each edge in the
SDF graph. The (i, j)th entry in the matrix corresponds to the number of tokens produced by the actor j



onto the edge i. If the jth actor consumes tokens from the ith edge, i.e., the ith edge is incident into the
jth actor, then the (i, j)th entry is negative. Also, if the jth actor neither produces nor consumes any tokens
from the ith edge, then the (i, j)th entry is set to zero [76].

For example, the topology matrix for the SDF graph in Figure I11-1 is:

2 -3 0 Equation
] -1

Where the actors A, B, and C are numbered 1, 2, and 3 respectively; the edges (A, B) and (B, A) numbered
1 and 2 respectively. The repetitions vector q for an SDF graph with actors humbered 1 to s is a column
vector of length s, with the property that if each actor i is invoked a number of times equal to the ith entry
of g, then the number of tokens on each edge of the SDF graph remains unchanged. Furthermore, q is the
smallest integer vector for which this property holds [76].

The repetitions vector for an SDF graph with consistent sample rates is the smallest integer vector in the
null space of its topology matrix. That is, is the smallest integer vector such that I'q = 0 holds. q can be
obtained by solving a set of linear equations; these are also called balance equations since they represent
the constraint that the number of tokens produced and consumed on each edge of the SDF graph be the
same after each actor fires a number of times equal to its corresponding entry in
the repetitions vector [76]. For the example for Figure I11-1 and Equation I11-1:

3 Equation
q=|2 -2

3

Then, if actors A, B, and C are invoked 3, 2, and 3 times respectively, the number of tokens on the edges
remains unaltered (no token on (A, B) and one token on (A, C)). Thus, the repetitions vector in Equation
I11-2 brings the SDF graph back to its “initial state.”

b) Homogenous SDFG

An SDF graph in which every actor consumes and produces only one token from each of its inputs and
outputs is called a Homogeneous SDF Graph (HSDFG). An HSDFG actor fires when it has one or more
tokens on all its input edges; it consumes one token from each input edge when it fires, and produces one
token on all its output edges when it completes execution [76].

The repetitions vector defined in the previous section can be used to convert any general SDF graph to an
equivalent HSDFG (for brevity the procedure won’t be shown here, but it can be found in [76]). The
resulting HSDFG has a larger number of actors than the original SDF graph. In fact, it has a number of
actors equal to the sum of the entries in the repetition vector. In the worst case, the SDF to HSDFG
transformation may result in an exponential increase in the number of actors [76], [77]. However, this
transformation is necessary when constructing periodic multiprocessor schedules from multi-rate SDF
graphs in a way that takes into account the available parallelism among different actor invocations [76].



c) Inter-processor Communication Graph (IPC) and Maximum Cycle Mean (MCM)

A self-timed schedule specifies actors assigned to each processor and specifies the order in which these
actors must be executed. At run-time, each processor executes the actors assigned to it in the prescribed
order. A self-timed schedule is modeled using an HSDFG, this graph known as the inter-processor
communication graph (IPC) models the fact that actors assigned to the same processor execute sequentially,
and it models constraints due to inter-processor communication. The IPC graph has a number of vertexes
equal to the number of actors whereas the self-timed schedule specifies the actors assigned to each processor
and the order in which they execute. The IPC graph has the same semantics as an HSDFG, and its execution
models the execution of the corresponding self-timed schedule [78].

The iteration period for an IPC graph is given by:
T = max Yvinct(®) Equation
“cycleCinG Delay(C) -3

With C representing a cycle of the IPC, v a vertex (actor) in the cycle, and t(v) the execution time of the
actor. The quotient in Equation I11-3 is called the Cycle Mean of the cycle C. T in Equation 111-3 is called
the maximum cycle mean (MCM) of the IPC graph. If the IPC graph contains more than one cycle, then
different cycles may have different asymptotic iteration periods, depending on their maximum cycle means.
In such a case, the iteration period of the overall graph (and hence the self-timed schedule) is the maximum
over the maximum cycle means of all the cycles, because the execution of the schedule is constrained by
the slowest component in the system [78]. The throughput of the IPC is calculated as:

1 Equation
Throughput = T -4

From the last paragraph, it can be inferred that the IPC is necessary to model dataflow graphs where its
actors are mapped to different processors in an NoC. Specifically, the concept of maximum Cycle Mean
(MCM) is important for performance estimation and buffer sizing in an NoC as will be seen in the state-of-
the-art review section.

d) Latency Estimation

According to [79], latency is the least studied performance metric for applications modeled with SDFGs
compared to other performance indicators such as throughput and  resource
consumption (buffer sizing), with main results found mainly in research papers. In [74] the latency of an
SDFG is calculated by first converting it into an equivalent HSDFG and then scheduling the HSDFG to
determine the optimal latency metrics. However, as stated earlier, converting an SDFG into an HSDFG can
lead to an exponential size graph and can increase the worst-case complexity of scheduling algorithms for
HSDFG. Therefore, to analyze the latency of SDFGs it is more preferable to develop techniques working
directly on SDFG instead of HSDFG. For example, [79] proposes a two-steps method for latency
estimation. In the first step, An SDFG is transformed into a normalized graph [80], and then using periodic
schedules the latency reachable by the normalized graph is computed. [81] presents a technique to compute



the minimum latency that can be achieved between firings of a designated pair of actors of an SDFG with
throughput constraints. The technique is based on a new concept called throughput-constrained latency
graph. The present static-order schedules for single-processor platforms, and for a multi-processor to exploit
the available parallelism in an SDFG. In [82], a transformation of strongly connected HSDF graphs into
timed automata is presented. These timed automata allow for the computation of exact end-to-end latencies
because the correlation between the firing durations of different firings is taken into account. The
transformation of HSDF graphs into an equivalent timed automata is possible because the number of tokens
on edges in a strongly connected HSDF model is bounded. Therefore, buffers can be modeled using an
extended timed automata which by definition have a finite number of states. This also guarantees that there
is a maximum number of replicas of the same actor that can fire concurrently. This guarantees that there is
a finite number of concurrent state machines, and thus states, required to model each HSDF actor.

This has been just an overview of SDFG theory and how throughput and latency in an SDFG are calculated.
A more in deep treatment of the subject can be found in [74], [79], [81], [82].

2) Review of the state of the art of SDFGs

In [26] SDFGs are used to estimate the performance of an MIJPEG application when some of its tasks are
migrated from software to hardware. The communications interfaces between tasks implemented in
hardware (i.e., an ASIC) and tasks implemented in software (i.e. task running in a processor) are modeled
using additional actors that model the data transfer and latency in the communication interfaces (IPC
actors). However, to obtain good estimations results, it is necessary to simulate the system in a cycle-
accurate simulator, to obtain data about latency (the execution time of actors) and throughput (tokens
produced/consumed) in the communication interfaces. The authors used the software SDF3 to simulate the
SDFGs and estimate the throughput of the MJPEG application (frames/sec), obtaining close results to those
of a cycle-accurate simulation. One possible drawback of this approach is the longer simulation time due
to the increase of actors (IPC actors) that multiple tasks implemented in hardware would imply when an
application with hundreds of tasks is modeled this way. In [83] SDFGs are used to dimension buffers of
Networks Interfaces (the link between a processing element and a router) in an NoC. Similar to [26], an NI
is modeled using actors that mimic the data transfer and latency of the NI. The NoC is modeled as actors
whose execution time represents the latency between processing elements. The authors use a cell phone
system as the case of study, and compare their results (buffer sizes in NIs) to those obtained using Network
Calculus and cycle-accurate simulation. Their results show an improvement of over 40% to results obtained
using Network Calculus and a 12% discrepancy to results using cycle-accurate simulation. As in [26], one
possible drawback of this approach is the actor explosion problem when analyzing a system with hundreds
of nodes and tasks. As stated in section c), the throughput of an SDFG is calculated using the MCM. This
implies the transformation of the SDFG to an HSDFG which in general results in an exponential increase
of actors, and the algorithms to calculate MCM can take a long time to execute. In [77], a new methodology
for the estimation of throughput in SDFGs is presented. It consists of keeping track of the execution of the
SDFG (the authors called the state-space) until a cycle in the execution of the SDFG is detected. Then, from
the period of execution, the throughput of the SDFG can be calculated. At first, this approach would imply
the extensive use of memory to store the state-space of the SDFG, but the authors apply various mechanisms
to avoid this issue. The authors compare their methodology with the standard MCM methodology, obtaining
throughput estimations of SDFGs of various orders of magnitude faster than the MCM methodology. In
[84] a methodology for throughput estimation in hierarchical SDFGs is presented. Generally, when dealing
with hierarchical SDFGs, flattening of the SDFGs was necessary to calculate their throughput (using the
aforementioned MCM technique). For complex SDFGs, this flattening derives in the actor explosion



problem already mentioned and the execution time of algorithms for MCM is prohibitively high. The
authors proposed a methodology based in a bottom-up simulation of each subgraph in the hierarchy, to
obtain is state-space representation. Then, using (max,+) algebra and the state-space of each subgraph they
obtain the data necessary to calculate the state-space of the subgraph at the next level of the hierarchy. This
process continues until the graph at the last level of the hierarchy is reach, and the MCM of this SDFG is
calculated to finally obtain the throughput of the hierarchical SDFG. The authors show that their
methodology offers speed-ups of several orders of magnitude when compared with the standard technique
of flattening the hierarchical SDFG. In [85], a scheduling methodology oriented to maximize the throughput
of SDFGs in multi-core systems is presented. This methodology is based in Constrained Programming
(CP), and differs of the standard technique for scheduling of SDFGs in that the mapping and ordering of
actors is not done in separated design stages. Here, starting from an HSDFG during the search process
(based in CP) with the optimization target of improving throughput, whenever mapping and ordering
decision are taken, the graph is modified accordingly. During the throughput calculations, actors and edges
that do not contribute data are ignored, something that improves significatively the execution time of the
algorithm. The authors report that their methodology can calculate throughput results for SDFGs that using
the standard methodology are time prohibitively.

C. Queueing Theory

Queueing theory refers to the mathematical study of waiting lines or queues. In general, a queueing system
is composed of something that needs to be served (a customer, a job, or in the case of this thesis, a data
packet traveling in an NoC) and an entity that provides that service (a cashier, a server, or in the case of this
thesis, a router in an NoC). To understand queueing theory, it is important to state some foundations of
probability theory. In particular, the Exponential and Poisson distributions will be reviewed.

1) Exponential and Poisson Distributions

The exponential distribution with parameter with packet rate 1 is given by Ae =t fort > 0. If T isarandom
variable that represents inter-arrival times with the exponential distribution, then the probability that the
time gap between packets T be less or equal thantis P(T < t) = 1 — e~*t . Also, the probability that the
time between packets T be greater than t is P (T > t) = e~*t. This distribution adjusts well to modeling
packet inter-arrival times or service times as explain next. First, the exponential function is a strictly
decreasing function of t. This means that after arrival has occurred, the amount of waiting time until the
next arrival is more likely to be small than large. Another important property of the exponential distribution
is what is known as the no-memory property. The no-memory property suggests that the time until the next
arrival will never depend on how much time has already passed. This makes intuitive sense for a model
where packet arrivals are independent of one another (see Equation 111-6) [86].

The Poisson distribution is used to determine the probability of a certain number of arrivals k occurring in
a given time period. The Poisson distribution with parameter 4 is given by:

(At)re M Equation
Plk=n) = "——— -5

Where n is the number of arrivals. In this equation, it can be seen that if n = 0, the Poisson distribution
becomes et which is equal to P (T > t) from the exponential distribution. This relation between these



distributions connects the probability that zero arrivals will occur in a given time period, with the probability
that an inter-arrival time will be of a certain length. The inter-arrival time here, as explained earlier, is the
time between packet arrivals, and thus is a period of time with zero arrivals [86].

2) The Input Process

In queueing theory, the input process is defined as the statistical characteristics that model the traffic
arriving at a server. To begin modeling an input process, define t; as the time when the it" packet arrives.
Foralli > 1, define T; = t;,; — t; to be the i*" inter-arrival time (time elapsed between packet i and
packet i + 1). It is also assumed that all T;’s are independent, continuous random variables, and represented
by the random variable A with probability density a(t). Typically, A is chosen to have an exponential
probability distribution with parameter 1 defined as the arrival rate, then, a(t) = Ae~*f. If A has an
exponential distribution, then for all nonnegative values of t and h, the probability that the inter-arrival time
A be greater than t + h given that A is already greater than ¢t is:

PAA>t+h|A=t)=P(A>h) Equation
111-6

This is an important result because it reflects the no-memory property of the exponential distribution (the
arrival time of a packet does not depend on the arrival time of past packets). [86].

3) The Output Process

In queueing theory, the output process is defined as the statistical characteristics that model the traffic
departing a server. Similar to the input process, the analysis of the output process begins by assuming that
service times of different packets are independent random variables represented by the random variable S
with probability density s(t) = pe ™. p is defined as the service rate, with units of packets per unit of
time. Generally, the output process is modeled as an exponential random variable, as it makes calculation
much simpler [86].

4) Queueing disciplines

Generally, queues operate like a grocery checkout line. That is to say when an arrival occurs, it is added to
the end of the queue and it is not served until all of the arrivals that came before it are served in the order
they arrived. Although this is a very common method for queues to be handled, it is not the only one. The
method in which arrivals in a queue get processed is known as the queuing discipline. This particular
example outlines a first-come-first-serve (also known as First-in-First-out) discipline or an FCFS (FIFO)
discipline. Other possible disciplines include last-come-first-served (also known as Last-in-First-out) or
LCFS (LIFO), and service in random order, or SIRO. While the particular discipline chosen affects waiting
times for particular customers, the discipline generally doesn’t affect important outcomes of the queue
itself, since arrivals are constantly receiving service regardless of the discipline [86]. In general, routers in
an NoC serve packets using a FIFO discipline.



5) Kendall-Lee Notation

Kendall-Lee notation is used to describe queueing systems. This notation consists of six abbreviations for
gueue characteristics separated by slashes. The first and second characteristics describe the arrival and
service processes based on their respective probability distributions. For the first and second characteristics,
M represents an exponential distribution, E represents an Erlang distribution, and G represents a general
distribution. The third characteristic gives the number of servers working together at the same time, also
known as the number of parallel servers. The fourth describes the queue discipline. The fifth gives the
maximum number of customers allowed in the system. The sixth gives the size of the pool of customers
that the system can draw from. For example, M/M/1/FIFO/inf/inf represents a queue with 1 server,
exponential arrival times, exponential service times, a FIFO queue discipline, an infinite capacity, and an
infinite population pool to draw from [86]. Figure 111-2 is a representation of this type of queue.
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Figure IlI-2. An M/M/1/FIFOQ/inf/inf queue.

6) Little’s Law

In queueing systems, it is useful to determine various waiting times and queue sizes for particular
components of the system to analyze how the system will behave. Define E[N] to be the average number
of customers in the queue at any given moment assuming that the steady-state has been reached. E[N] can
be broken down into E[Nq], the average number of customers waiting in the queue, and E[Ny], the average
number of customers in service. Since customers in the system can only be waiting in the queue or being
served, E[N] = E[Nq] + E[Ng]. Similarly, define E[T] as the average time a customer spends in the
queuing system. E[T;] is the average amount of time spent in the queue itself and E[T] is the average
amount of time spent on the server. Then, E[T] = E[T,] + E[T]. Defining A as the arrival rate into the
system, that is, the number of customers arriving the system per unit of time, it can be shown that [86]:

E[N] = A% E[T] quulft;on
E[Ng] = A% E[T,] Equation
A Equation

E[T,] = A*E[Ts]=;=l) -9

Equation I11-7 to Equation I11-9 are known as the Little’s Law formulas.



In Equation 111-9 p as the utilization factor of the server, or fraction of time that the server is busy. Then
using p, Little’s Law formulas can be rewritten as [87], [88]:

_ P Equation

EIN] = 1—p 111-10
E[N;]=E[N]—- p Fquation
E[T]—-p Equation

E[T,] = — M-12

Complex applications include networks of queues with different inter-arrival and service time distributions,
and generally, analytic solutions do not exist for this type of systems. An example of these type of systems
are the NoCs studied in this thesis. These kinds of systems are usually studied with the help of discrete-
event simulation [89].

7) Review of the state of the art of Queueing Theory

[25] presents an analytical model for the study of the performance of an NoC based on the queueing theory
of finite capacity and constant service time (model called M/ D/ 1/ B process). In contrast to similar works
that focus on the estimation of latency and traffic rate, the probability of "flow-control feedback" or filling
of buffers is the main contribution of this article, since it is an important factor in the latency and traffic
rate behavior of an NoC. The derived model was used to calculate the probabilities of filling the routers'
buffers for given traffic rates and service times, obtaining results very similar to those obtained using a
cycle-accurate simulation. In [35] an analytical model based on queuing theory is derived for an NoC with
routers with constant service time. Here, each router is modeled as a server that has a fixed service time T.
In this paper, the hypothesis that the traffic on intermediate routers of the NoC can be described as Poisson
traffic is rejected, and empirical equations are derived to estimate the packet delays in router buffers. [90]
presents a delay and link utilization analysis methodology for wormhole-based NoCs with a different
number of virtual channels per link and different link capacities. The average latency per flow is analyzed
by calculating its three components: (1) The time it takes the head-flit to leave the source queue (queuing
time at the source); (2) The time it takes the head-flit to reach its destination (path acquisition time) and (3)
The time it takes the rest of the packet to reach its destination (transfer time). The link utilization is estimated
based on the path acquisition time and transfer time. The authors show that their methodology can do
estimations in agreement with those obtained using cycle-accurate simulation. In [91] a method for the
analytical modeling of the performance of the state-of-the-art single-cycle multi-hop synchronous repeated
traversal (SMART) NoC [92] is presented. The main feature of this type of NoC is that packets can bypass
intermediate routers. The authors propose an analytical model for calculating the “stopping probability” of
a packet at intermediate routers using the M/G/1/k and G/G/1/k queuing models. For latency prediction,
the model has an average error between 2.5 and 8.4 percent. The authors report that their model is two
orders of magnitude faster than the cycle-accurate GARNET network simulator [18]. [93] proposes a model
for the mesh-inspired de Bruijn topology for NoCs. The authors designed a deadlock-free routing algorithm
for the proposed topology. Additionally, this paper introduces an analytical model to predict the average
latency of the de Bruijn topology based on an M/G/1 model. The authors show that this topology can



outperform its equivalent mesh topology in terms of network performance and energy dissipation. The
proposed analytical model provides a speedup of 400% in comparison with a cycle-accurate simulation.

D. Network Calculus

Network Calculus consists of the study of networks (originally Internet) based on enveloping functions that
bound traffic rate and processing power of nodes in the network. The main performance metrics studied in
Network Calculus are latency and buffer occupation. In Network Calculus, worst-case estimations about
the performance of a network are obtained, the opposite of Queueing theory where mean performance
values are obtained. Thus, Network Calculus is used when network designs need to meet Quality of Service
(QoS) constraints [94], [95].

1) Input and Output Functions

Data flow traffic (not related to dataflow in SDFG) is described using the cumulative function R(t), defined
as the number of data units (bits, flits, packets) seen in the time interval [0, t]. By convention, R(0) = 0,
unless otherwise specified. Function R is always increasing, that is, R(t) = 0; t = 0. In real systems,
there is always a minimum granularity (bit, flit, or packet), therefore discrete time with a finite set of values
for R(t) could always be assumed. However, it is often computationally simpler to consider continuous
time, with a function R that may be continuous or not. If R(t) is a continuous function, it is called a fluid
model. Otherwise, the convention is that the function is either right or left-continuous [94].

To illustrate the terminology and convention previously presented, Figure I11-3 shows examples of input
and output functions arriving and departing from a given system (e.g., a router in an NoC). R1 and R1* are
continuous function in continuous time (fluid model); it is assumed that packets arrive bit by bit, for a
duration of one time unit per packet arrival. R2 and R2* show continuous time with discontinuities at packet
arrival times (times 1, 4, 8, 8.6, and 14); here it is assumed that packet arrivals are observed only when the
packet has been fully received; the dots represent the value at the point of discontinuity; by convention, the
function is left- or right-continuous. R3 and R3x* show a discrete-time model; the system is observed only
attimes 0, 1, 2...[94].
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Figure IlI-3. Examples of cumulative functions. Taken from [94].



Consider a system S, which is viewed as a black-box; S receives input data, described by its cumulative
function R(t), and delivers the data after a variable delay. Call R*(t) the output function, namely, the
cumulative function at the output of system S. System S might be, for example, a single buffer served at a
constant rate, a complex communication node, or even a complete network. Figure 111-3 shows input and
output functions for S, where every packet takes exactly three time units to be served. With output function
R7 (fluid model) the assumption is that a packet can be served as soon as a first bit has arrived and that a
packet departure can be observed bit by bit, at a constant rate. For example, the first packet arrives between
times 1 and 2 and leaves between times 1 and 4. With output function R the assumption is that a packet is
served as soon as it has been fully received and is considered out of the system only when it is fully
transmitted. Here, the first packet arrives immediately after time 1 and leaves immediately after time 4.
With output function R3 (discrete time model), the first packet arrives at time 2 and leaves at time 5 [94].

2) Backlog and Virtual Delay
From the input and output functions, the following quantities are derived:

o The backlog at time tis R(t) — R*(t).
e Thevirtual delay attimetisd(t) = inf{t = 0: R(t) < R*(t + 1)}

The backlog is the amount of data units (bits, flits, packets) that are held inside the system; if the system is
a single buffer, it is the queue length. In contrast, if the system is more complex, then the backlog is the
number of data units “in transit”, assuming that we can observe input and output simultaneously. The virtual
delay at time t is the delay that would be experienced by a data unit arriving at time t if all data units received
before it, are served before it [94]. In Figure 111-3, the backlog, called x(t), is shown as the vertical deviation
between input and output functions. The virtual delay is the horizontal deviation. If the input and output
function are continuous (fluid model), then R* (t + d(t)) = R(t), and d(t) is the smallest value
satisfying this equation.

From Figure 111-3, it can be seen that the values of backlog and virtual delay differ for the three models.
Thus the delay experienced by the last bit of the first packet is d(2) = 2 time units for the first subfigure;
in contrast, it is equal to d(1) = 3 time units on the second subfigure. Similarly, the delay for the fourth
packet on subfigure 2 is d(8.6) = 5.4 time units. In contrast, on the third subfigure, it is equal to d(9) =
6 units; the difference is the loss of accuracy resulting from discretization.

3) Arrival Curves and Service Curves

Generally, the exact behavior of a system is unknown at the design stage, or too complex to be handled. In
Network Calculus, this is approached by abstracting the flow and server behavior by contracts, called arrival
curves and service curves. For a given data flow R(t), the arrival curve bounds the amount of data during
any interval of time. « is an arrival curve for R(t) if R(t +s) — R(t) < a(s) for all s and t, which
translates into “the amount of data that arrived between time t and t + s is less than a(s). Similarly, a
guarantee on the server is to bound the minimum amount of data that can be processed during any interval
of time by the server. If 8(s) is the minimum amount of data that the server can process in any time interval
of length s, then B is a service curve [95].



the (min, plus) convolution (* operator, defined in [94], [95]) relates the cumulative processes with the
arrival and service curves:

R(t) <R(t) * a(t) and R*(t) = R(t) * B(t) Equation
I-13

From this modeling, it is now possible to compute bounds from the curves. The maximum delay is bounded
by the horizontal distance between a and S, and the maximum backlog is by the vertical distance of the
curves. Moreover, a @ £ is an arrival curve for R*(t), where @ is the (min, plus) deconvolution which is
defined in [94], [95].

4) Review of the State of the Art of Network Calculus

In [96], Network Calculus is used to estimate backlog (number of packets queued) and delay (latency) in
an NoC. The authors derive the arriving curves and departure curves of the routers in the NoC using traffic
rate information (synthetic) of the PEs and the service time of the routers. The authors compare their results
with those obtained using a cycle-accurate simulator showing good accuracy. In [97] a formal model of an
NoC is built using a theorem prover language called Isabelle [98], and Network Calculus is used to estimate
the worst-case latency in the NoC. The authors present an approach that is based on the simulation of formal
models of the elements of the NoC (PEs and routers). An important contribution of this article is the high-
level modeling of the coherence protocol of the NoC, which permits the estimation of worst-case latency
using more realistic traffic patterns, and not just synthetic traffic. In [99] a branch of the Network Calculus
theory known as Stochastic Network Calculus is used to estimate the worst-case latency in soft real-time
applications, that is, in applications where the loss of packets within the NoC is not critical to the operation
of the application. Thus, the worst-case latency estimates are less conservative compared to the estimates
obtained using standard Network Calculus, which allows the routers' buffers to be better sized. [100]
introduces a Buffer-aware delay methodology for NoCs based on Network Calculus, to better estimate the
worst-case end-to-end delay (latency) of the NoC. An important result of this paper was its capability to
estimate the worst-case latency of an application implemented in real MPSoC hardware (TILE-Gx8036
[101)).

E. Comparison of formal models for the Estimation of NoC Performance

After the review of different methods for performance estimation of an NoC is time to select the one that is
going to be used in this thesis.

From the discussion of SDFGs and its respective review of the state of the art, is evident that to model an
application running in an MPSoC is necessary to have good estimations of the latency of packets traversing
the NoC. The reason for this is that an SDFG is not a one-to-one representation of an application mapped
to an MPSoC but a higher level of abstraction of the scheduling and data dependencies of the application’s
tasks, which is independent of the topology of the MPSoC where the application is running. For this reason,
as stated in section c) is necessary to create an Inter-processor Communication graph (IPC) to model the
transmission of data between actors that are mapped to different processors on the MPSoC. To construct an
IPC graph, the SDFG or HSDFG (depending on the throughput estimation methodology used) is augmented
by adding “communication actors” between actors mapped to different processors. The execution time of
the “communication actors” serves to model the packet latency between the processors. This is illustrated
in Figure 111-4.



critical
cycle

@ send
@ receive

Figure IlI-4. a) An SDFG mapped to a 5-processors SoC. b) Its equivalent IPC graph. Taken from [78].

Figure 1l1-4a shows how the SDFG is mapped to a 5-processor SoC, however, it says nothing about the
communication network between the processors. It could be a bus, a mesh, a ring, etc. In Figure I11-4b, its
equivalent IPC graph is shown. Here, the “communication actors” are named “s” (send) and “r” (receive).
The critical cycle shown in the figure is responsible for the MCM calculation in Equation 111-3. As stated
earlier, assigning proper execution times to these actors is necessary to model the communication network
properly. Generally, this is done using a cycle-accurate simulator to obtain packet latency data between the
actors mapped to different processors [26], [83], something that could take much time. Also, latency is
dependent on the underlying topology, so, if several topologies must be investigated (as in DSE), multiple
cycle-accurate simulations must be done, something that could be time-prohibitively. Additionally, SDFG
analysis is more oriented to the performance of the application as a whole, for example, throughput is
measured as the number of executions of actors per unit of time, and latency is measure as the time
necessary to execute all actors of the SDFG. Then, a direct estimation of the NoC performance is not readily
available (maybe a state-space technique as the one reported in [77] can be used).

Network Calculus is a design methodology oriented to offer Quality-of-Service (QoS) guarantees for
network performance. As reported in the review of the state of the art (section 4)), for NoCs its principal
use case is the estimation of worst-case latency of packets traveling the NoC and worst-case buffer
occupancy in routers of the NoC. The estimation of these parameters can be done using closed formulas
and information of traffic injection rate of the PEs (data flows) and data about the service rate of the routers.
This, reduce greatly the computation time when compared with a cycle-accurate simulation as reported in
[96], [100]. Worst-case performance estimations are of great interest for real-time applications, where strict
performance specifications must be met for successful application execution. However, as reported in [99]
these worst-case estimations are in general very conservative and can lead to an over dimensioning of the
buffers of the NoC, leading to an increase of costs, area, and energy consumption of the NoC. Additionally,
for applications with no real-time constraints (as those used in this thesis), the designer is interested mainly
in the average-case performance of NoC (mean latency and mean throughput) because it is the most
common mode of operation of the application.



Queueing theory is used to estimate mean performance metrics in queueing systems. Specifically, for NoCs,
based on the many papers published in the last 20 years, it is maybe the most used methodology for formal
estimation performance metrics. With Queueing Theory, important performance metrics of the NoC like
mean latency, mean throughput, mean number of flits in routers’ buffers, etc. are readily available.
However, most of the state of the art consists in the use of synthetic traffic patterns for example [25], [35],
[93] something that limits its applicability when designing an NoC for a real application. Also, most of the
state of the art is focused on the mesh topology, something that limits the design space available to the
designer. For basic networks, closed formulas for performance estimation exists, but for complex networks
and traffic patterns, the help of discrete-event simulation is necessary [89]. However, this method is in
general much faster than a cycle-accurate simulation as reported for example in [102].

Table I11-1 presents a summary of the key points presented in this section. Having in mind that the objective
of this thesis is the development of an NoC performance estimation tool that can handle traffics patterns
based on real applications and multiple topologies, from the analysis done in this section and summarized
in Table 111-1, Queueing Theory was chosen as the formal model used in the development of this thesis to
estimate NoC performance under several topologies and requirements, which were implemented in the tool
proposed and described on V.

Table lll-1. Comparison of formal models (key points).

Formal model Throughput Latency Comments

SDFG Focused mainly on actor ~ Focused mainly on the Limited to applications that can be
execution per unit of time. execution time of an  represented by an SDFG. Cycle-accurate
Requires simulation SDFG. Requires simulation is necessary to estimate the
methods. simulation methods.  latency of inter-processor

communications. The exponential actor
explosion when modeling inter-processor
communications could be a problem.

Queueing Requires simulations for Requires simulation forOther metrics of a queue can be estimated.
Theory networks of queues with networks of queues withFor example, the mean number of flits in
complex traffic patterns. complex traffic patterns.the buffer, utilization factor of routers, etc.
Network Focused on QoS in netwoks, Focused on QoS in Used mainly for real-time applications.
Calculus i.e., offering throughput netwoks, i.e., offering  Specifically, for estimations of worst-case
guarantees for a given latency guarantees for a latency and buffer sizing.
application. given application.

F. CONCLUSION

In this chapter, a review of formal models for performance estimation of networks was done. The formal
models studied were Synchronous Dataflow Graphs (SDFGs), Network Calculus and Queueing Theory.
For each formal model a description of its main concepts and results along with a review of the state of the
art was presented. After analyzing the advantages and disadvantages of each formal model, Queueing
Theory was selected as the formal model used in the tool developed in this thesis (NoCSimulator). The
main reason because, Queueing Theory is readily oriented to the estimation of NoC performance metrics
like throughput and latency. From the review of the state of the art of NoC Performance estimations based
on Queueing Theory it was found that it consists mainly in the use of synthetic traffic patterns (which have
little relation to the traffic patterns of real applications) and the use of Mesh topologies. This, offers new



research opportunities (e.g., estimation of NoC Perfomance using traffic patterns of real applications and
for other topologies, not only Mesh) that are explored in this thesis. With this chapter, specific objective b
(see section b)) is considered fulfilled.
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A. Introduction

When studying NoC performance using a cycle-accurate simulator, generally, the benchmarks used are
based on synthetic traffic patterns like uniform traffic, tornado, or hot-spot. These traffic patterns are
relatively simple to generate, but offer limited insight into NoC performance, due to the lack of resemblance
of these traffic patterns to the ones obtained from a real application. Another option is to use trace-based
data obtained from full-system cycle-accurate simulations. These traces record every transaction at memory
level (mainly, cache memory messages like loads, stores and cache coherence messages), and can be used
to reproduce the traffic patterns of a real application, thus, offering better insight into NoC performance.
However, the low-level nature of traced-based data makes it unsuitable to be used in a simulation tool based
in Queueing Theory. Then, until recently only synthetic traffic patterns were available to be used with
Queueing Theory based tools.

In this chapter, an NoC traffic suite called Multi-constraint System Level Suite (MCSL) is presented [28].
This suite was developed at the Big Data Systems Laboratory of the University of Hong Kong of Science
and Technology [103], and includes stochastic representations of traffic patterns of several scientific
applications running on multiple NoC topologies. The MCSL was originally conceived to speedup cycle-
accurate simulations, but the stochastic representations of its applications are high-level enough to be used
in a tool based in Queueing Theory like NoCSimulator. This makes NoCSimulator, to the best of our
knowledge, the first Queueing Theory based tool capable of estimating the performance of a NoC with
traffic patterns based on real applications.



The topics discussed in this chapter are described next. Section B presents the features of interest of the
MCSL NoC traffic suite. Additionally, to validate the results obtained using NoCSimulator, it is necessary
to use a cycle-accurate simulator, thus, a brief review of popular NoC cycle-accurate simulators is provided.
Specifically, section C is dedicated to the Booksim simulator, section D is dedicated to the Noxim simulator,
and section E is about the gem5 simulator. In section F, after an analysis of the features of each of the cycle
accurate simulators, gemb5 is selected as the cycle-accurate simulator to be used as validation tool. However,
gemb by default is not compatible with the MCSL traffic suite, thus, it is necessary to analyze its source
code to see where changes are necessary, this is discussed in section G. Finally, in section H the
modifications made to gem5 (specifically, the Garnet module) to make it compatible with the MCSL traffic
suite are presented. With the work presented in this chapter, specific objectives a and d (see section b)) are
fulfilled.



B. Multi-constraint System Level Suite (MCSL)

Realistic traffic patterns are very important for reliable NoC performance estimations. As shown in section
7) most of the traffic patterns used for NoC studies are synthetic (e.g., uniform, tornado, hot-spot, etc.).
These patterns do not reflect the traffic characteristics of real applications running on the MPSoC, thus, the
performance estimations done using these synthetic traffic patterns are of limited use for the system
designer. In this section, the Multi-constraint System Level Suite (MCSL) is presented. This suite is a state-
of-art tool capable of modeling the traffic patterns of real scientific applications, and it is used in this thesis
to test the accuracy of the estimations done by the tool proposed here.

The MCSL [28] is an NoC traffic pattern suite for NoC performance estimation, which can be downloaded
from [103]. MCSL includes a set of realistic traffic patterns and covers popular NoC topologies that capture
both the communication behaviors and the temporal dependencies of applications running in an NoC. Each
traffic pattern in MCSL has two versions, a recorded traffic pattern (RTP) and a statistical traffic pattern
(STP). RTP provides detailed communication traces for comprehensive NoC studies, while STP helps to
accelerate NoC design exploration at early design stages. MCSL uses Synchronous Dataflow Graphs
(SDFGs) to capture both communication and computation requirements of applications. It optimizes
application memory requirements, mapping, and scheduling to maximize overall system performance®,
before extracting traffic patterns through cycle-accurate simulations [28].

MCSL uses a Task Communication Graph (TCG) model as the input of the traffic modeling and generation
flow to faithfully capture the computation and communication requirements of real applications. A TCG is
a directed graph G; = (V,E), where V is the set of vertices representing computation tasks, and E is the
set of edges representing communication links between tasks. A task v has a normalized execution time t.
A directed edge e = (v, v4, W) has a source task vg, a destination task v, and the amount of data w that
is sent from v, to v, [28]. For example, Figure IV-1 shows part of the TCG for an H.264 decoder application.

Figure IV-1. Example of a Task Communication Graph (TCG). Taken from [28] .

The MSCL tool includes the following applications:

5 By using optimization techniques based in genetic algorithms [28].



Number of

Application Description Number of Tasks Communication
Links

. Reed-Solomon code encoder with codeword format

- ol -
R5-32_28_8_enc RS(32.28.8) 262 348

- . Reed-Solomon code decoder with codeword format

-32 - 5
RS-32_28_8_dec RS(32.25.8) 182 39
H264-720p_dec H.264 video decoder with a resolution of 720p 2311 3461
H264-1080p_dec H.264 video decoder with a resolution of 1080p 5191 7781

ROBOT Newton-Euler dynamic control calculation for the 88 131

6-degrees-of-freedom Stanford manipulator

FPPPP SPECY9S Fpppp is a chemical program performing

multi-electron integral derivatives 334 1145
FFT-1024_complex Fast Fourier transform with 1024 inputs of complex 16384 25600
numbers
SPARSE Random sparse marn.x sol'».'cr for electronic circuit 9% 67
simulations

Figure IV-2. Applications included in the MSCL tool. Taken from [28].

And supports the following NoC topologies:

Topology | Code Size (number of processors)

2x2, 2x4, I3, 4xd, 5x5, 4x8, ax6, Tx7,
Mesh 0 Bx%, Ox0, 10x10, 11x11, 8x16, 12x12,
13x13, 14x14, 15x15, 16x16

2x2, 2x4, 3x3, 4x4, 5x5, 4x8, 6x6, Tx7T,
Torus 1 Ex&, Ox0, 10x10, 11x11, 8x16, 12x12,
13x13, 14x14, 15x15, 16x16

Fat tree 2 4, 8, 16, 32, 64, 128, 256

Figure IV-3. NoC topologies supported in the MSCL tool. Taken from [28].

1) Statistical Traffic Patterns (STP)

STP is a mathematical model of the traffic patterns of an application running on an MPSoC. It can be used
for system-level statistical NoC performance estimation. An STPisgivenby Ts = {V;(p) |p € P}, where
Vs(p) represents the statistical behaviors of the set of tasks scheduled and executed on the Processing
Element (PE) p. The task set V; = {(s(v), D;(v),IS(v),0S(v)) | v € V}, where the schedule of task v is
given by a unique sequence number s(v) = 0, and the execution time of the task follows the Gaussian

distribution with mean p, and standard deviation o;, e.0., D;(v) = (u;(v), g:(v)), with y;(v) =
0,0:(v) = 0[28].

The execution condition of task v is given by its input set of information IS(v) =
{(vi(e),n;(e),m;(e)) e € E;(v),v;(e) € V}, where E;(v) S E is the set of incoming edges of v, the
data on every incoming edge n;(e) must be ready for v, and the data are obtained from the corresponding
predecessor task v;(e) and read from the memory space started at m;(e). The result of the task execution
is given by the output set of information 0S(v) = {(v,(e), p,(e),my(e),Dy(e), D;(e)) |e €



E,(v),v,(e) € V, p,(e) € P}, where E,(v) S E is the set of outgoing edges of v, and that is to
generate some amount of data to each edge e € E,(v), the destination is the successor task v, (e) on PE
po(e), and the data are written to the memory space started at m, (e), respectively. Each data is written to
and read from the same virtual memory address regardless of the memory architecture, i.e., m;(e) = m,(e).
The data size generated on an edge can be described by the Gaussian distribution D;(e) =

(Mg (e), aq(e)), with ug(e) = 0, gq(e) = 0[28].

The file format that describes a TCG for a given application is shown in Figure 1V-4.

Header block (5 line) '

trace type
topology number of PBs number of rows number of columns
number of tasks number of edges
number of starting tasks list of starting tasks
number of finishing tasks list of finishing tasks

Task execution block (number of tasks lines, each of which is as follows) **
task id mapped PB id / coordinate  schedule sequence number

i o

Task communication block (number of edges lines, each of which is as follows) *

edge id source task id destination task id
memory starting address memory size
e [eFt] A

Figure IV-4. File format of an STP TCG application. Taken from [104].

The header block section in Figure IV-4 describes general information about the TCG. For example, the
topology of the NoC, the number of PEs (called PBs in the file), the number of tasks (nodes) of the TCG,
the number of edges of the TCG, etc. The task execution block describes how the application’s tasks must
be mapped to the PEs and their execution time information (u;(v), o, (v)). The task communication block
describes how the edges connect the tasks (e.g., edge 1 connects task b and task c), how much data to send
between the tasks (p4(e), o4(e)), and the rate at which that data must be transmitted (4;).

The data structures necessary to implement an STP application are shown in Figure 1\VV-5. The StatEdge
class models the edges of the TCG, the StatTask class models the tasks (nodes) of the TCG, the StatProc
class models the PEs, and the StatNOCTraffic class models the NoC.



class StatEdge {

int id; // the id of the edge

src_task; [/ the source task

dst_taak; // the destination task
int mem_start_addr; // the starting addrees of the memory
int // the size of the memory
double £/ the mean of the message size
double : a_msg_size; ff the sd of the message size
double lambda_pkt_interval; // the rate parameter, the inverse of

J// the average packet generation interval

class StatTask |

int id; // the id of the task

StatProcs proc; // the PB the task is assigned

int schedule; {/ the task schedule seguence number
double mu_Eime; S/ the mean of the task execution time
double sigma_time; J/ the sd of the task execution time

vector=StatEdgews incoming_edge list; S/ each entry is an incoming edge
vector<5StatBdge+>  outgeing_edge_list; J// each entry is an outgoing edge

class StatProc {

int id; Jf the id of the BB
int row_index; // the row index in mesh/torus
int col_index; // the column index in mesh/torus

vector<StatTasks= task_list; J/ the list of scheduled tasks

class StatWocTraffic {

int capology; ff the topeology code

int num_row ; S/ the number of rows in mesh/torus
int mum_cel; S/ the numker of celumns in mesh/torus
vector<StatProcs proc_list; /f the list of EBs

vector=StatTasks= task_listc; // the list of tasks

vector<StatEdges edge_liat; // the liat of =dges

[/ the list of astarting tasks
Sf the list of finishing tasks

vector<StatTask+:=
vector<StatTasks:>

Figure IV-5. Data Structures of an STP application. Taken from [104].

This is all the information needed to use the MCSL suite. How the MCSL suite is used by the cycle-accurate
simulator selected for validation tests is explained in section H. Additionally, implementation details of the
MCSL suite by the tool presented in this thesis are discussed in section D.

Given that a suitable cycle-accurate simulator should be found to validate the results obtained with the new
tool developed in this thesis, the following sections will be dedicated to explore several NoC cycle-accurate
simulators, to select one of them as the validation tool in this project.

C. BookSim

BookSim [17] is a flexible and highly modular NoC simulator. It is composed of a hierarchy of modules
that implements different functionalities of the network and simulation environment. A hierarchical view
of the major simulator modules is shown in Figure 1V-6. The top-level modules of the simulator are the
trafficmanager and network. The trafficmanager is the wrapper around the network being evaluated and
models the source and destination endpoints. It injects packets into the network according to the user-
specified configuration, including the traffic pattern, packet size, injection rate, etc. The trafficmanager is
also responsible for ejecting packets from the destination endpoints, collecting appropriate statistics, and
terminating the simulation. The network top-level module (also shown in Figure 1V-6) comprises a
collection of routers and channels, with the topology defining how these modules are interconnected. All
communication between neighboring routers occurs through explicit send and receive operations across
connecting channels, rather than by updating global variables or data structures. The simulator assumes that
credit-based flow control is used for buffer management between adjacent routers and uses a separate,



dedicated channel to communicate credit information. At the lowest level, BookSim simulates the network
on the granularity of flits and clock cycles. A packet consists of one or more flits or flow control digits, the
smallest unit of channel and buffer allocation [17].

I BookSim : Single implementation
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Figure IV-6. Module Hierarchy of BookSim. Taken from [17].

1) Router Microarchitecture Modeling

The router model used in BookSim is based on an Open-Source NoC Router RTL model [105], [106]. It
uses a two-phase protocol to update the router’s state. In the evaluation phase (phase 1), which loosely
corresponds to combinational logic in a hardware implementation, access to the routers’ internal state is
permitted. The result of the evaluation phase is a set of state updates, each of which is tagged with the time
at which it takes effect. Once the evaluation phase is completed for all pipeline stages of all routers, the
simulator enters the update phase (phase 2), in which the routers’ internal state is modified to reflect any
such updates that are due in the current cycle. This evaluate-update protocol enforces clean clock cycle
boundaries and avoids cases in which unintentional serialization is introduced where a parallel
implementation was intended [17].

2) Synthetic Traffic Simulation and Topologies supported

Earlier versions of BookSim supported a variety of synthetic traffic patterns (uniform, tornado, permutation,
etc.). In BookSim2, the flexibility of synthetic traffic simulations has been expanded by allowing arbitrary
combinations of synthetic traffic patterns. A combined traffic pattern is created by specifying a list of
individual synthetic traffic patterns, each with separately configurable injection rates and packet sizes. At
runtime, packets are injected into the network by randomly choosing one of the specified sub-patterns for
each packet based on the relative injection rates. This feature allows BookSim2 to simulate an arbitrarily
diverse set of synthetic traffic patterns and can help reveal interactions between different patterns.
Currently, BookSim supports mesh, torus, and fat-tree topologies [17].

3) Support, Documentation, and modification possibilities

BookSim can be downloaded from [107] and a user guide is available [108]. However, detailed source code
documentation is unavailable. Thus, modifications of the source code to fit particular needs can be
cumbersome.

D. Noxim

Noxim [16] allows the simulation of mesh-based NoC architectures featuring several architectural and
microarchitectural parameters, including network size, routing algorithms, buffers size, traffic generators,



and so on. The Noxim simulator is developed using SystemC [109], a system description library developed
using C++. As depicted in Figure IV-7, from a top-level perspective, the configuration of a specific NoC
architecture instantiates two main conceptual elements: a set of nodes and a communication infrastructure.
Each node represents a Processing Element (PE) that exchanges data with other nodes employing the
communication infrastructure (the NoC). The actual instance of the architecture is entirely determined by
the NoC configuration, allowing the customization of several parameters of an NoC [16].

NoC
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Figure IV-7. Simulation flow of Noxim Simulator. Taken from [16].

The NoC instance is then simulated in the Noxim Runtime Engine (RE), which contains the SystemC code
for supporting the different NoC architectural elements and models. The Noxim RE allows several topology
configurations, buffer and packet sizes, traffic distributions, routing algorithms, and so on. From the user’s
perspective, an important aspect of the Noxim simulation flow is that the NoC instance is completely
determined by the NoC configuration, and there is no need to modify and recompile the source code of
Noxim. In other words, the Noxim RE takes the NoC configuration file as input and generates the
corresponding SystemC instance before the actual simulation is started [16].

At the end of the simulation, several execution statistics are generated, both in terms of performance (delay,
throughput) and energy-related metrics. This information is delivered to the user both in terms of average
and per-communication results [16].

Another important feature that further expands the capabilities of Noxim is the inclusion of wireless
communication mechanisms in Hub-Hub interconnections, modeled using channels. A channel abstracts
the main features of wireless communication on a given frequency, allowing Noxim to model Wireless
Networks-on-Chip, which is gaining a lot of interest in recent years in the NoC research community [110],
[111], [16].



1) Router Modeling

The router entity in Noxim consists of the components required for implementing a routing algorithm.
When a header flit of a packet is received from a given input channel, the router applies the routing function
and selects an appropriate output channel. If the chosen output channel has not yet been reserved by another
input, the router configures the internal crossbar so that all the subsequent flits (until the tail flit) will follow
the same path accordingly to the wormhole switching policy [16].

2) Synthetic Traffic Simulation and Topologies supported

Noxim provides several commonly used data traffic models including uniform, transpose, bit-reversal, and
hot-spot, which abstract typical communication patterns. In addition, it is possible to simulate a real
application by mapping its communication graph into customized table-based traffic. Such table-based
traffic allows specifying the source and destination pairs along with their communication parameters,
including the packet injection rate, its statistical distribution, the amount of traffic to be injected, and the
time instants in which such traffic volume must be injected [16]. In Noxim, three different categories of
interconnections can be instantiated:

—Tile-Tile: a wired point-to-point connection between two tile nodes.
—Tile-Hub: a wired point-to-point connection between a tile and a radio-hub element.

—Hub-Hub: a connection between two radio-hub elements. these connections can be either wired or
wireless.

These three categories provide high flexibility to Noxim, allowing NoC configurations that go far beyond
the traditional mesh topology. By mixing different Tile-Hub and Hub-Hub interconnections Wireless NoC
topologies can be implemented.

3) Support, documentation, and modification possibilities

Noxim can be downloaded from [112] and the source code includes a user’s guide. However, detailed
source code documentation is unavailable. Thus, modifications of the source code to fit particular needs
can be cumbersome.

E. gem5

The gemb5 simulator [8], is maybe the most popular full system cycle-accurate simulator in the computer
architecture community [14], [113]. gem5 provides a highly configurable simulation framework, which
includes multiple ISAs; CPU models; and a flexible memory system that includes support for multiple
cache coherence protocols and interconnect models. Currently, gem5 supports most commercial ISAs
(ARM, ALPHA, MIPS, Power, SPARC, and x86), including booting Linux on three of them (ARM,
ALPHA, and x86) [8].

All major simulation components in gem5 are modeled using SimObjects classes that share common
behaviors for configuration, initialization, statistics, and serialization (checkpointing). SimObjects include
models of concrete hardware components such as processor cores, caches, interconnect elements (buses
and routers), as well as more abstract entities such as a workload (an executable program) and its associated
process context for system-call emulation. Every SimObject is represented by two classes, one in Python



and one in C++ which derive from SimObject base classes present in each language. The Python class
definition specifies the SimObject’s parameters and is used in script-based configuration. The common
Python base class provides uniform mechanisms for instantiation, naming, and setting parameter values.
The C++ class encompasses the SimObject’s state and remaining behavior, including the performance-
critical simulation model [8].

1) NoC Modeling

In gemb, the NoC is modeled inside the Ruby memory subsystem. The Ruby module is in charge of
modeling cache hierarchies, coherence protocol implementations, interconnection networks (in our case,
the NoC), DMA, and memory controllers [114]. In Figure 1\VV-8 an overview of the Ruby memory subsystem
is presented.
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Figure IV-8. Overview of the Ruby memory subsystem. Taken from [114].

The interconnection network model in Ruby provides connectivity between the components of the memory
system (caches, memory controllers, dma controllers). The interconnection network can be as simple as a
bus system ranging to a custom topology NoC.

2) Garnet

To model an NoC, Ruby (and therefore gem5) uses the Garnet module [18], [115]. Garnet provides a cycle-
accurate micro-architectural implementation of an on-chip network router. The default router is a state-of-
the-art 1-cycle pipeline. In Garnet, any heterogeneous topology can be modeled and each router in the
topology can be given an independent latency, which overrides the default. The default routing algorithm
is a deterministic table-based routing algorithm with shortest paths. Additionally, Garnet can be run in a
stand-alone manner and fed with synthetic traffic [116].

In a Garnet topology, the connection between the various elements (caches, memory controllers, and
routers) is specified via python files. By default, garnet offers the following topologies: Crossbar, Mesh,
and Point-to-Point (Pt2Pt). However, the definition of custom topologies is possible, as stated earlier. These
topologies are shown in Figure 1V-9, where the Cache Controllers (in blue) are the injectors of traffic, and
the Directory Controllers (in green) are the sinks of traffic. Due to this design decision, to model a node
where transmission and reception of traffic are possible (e.g., a CPU) is necessary that a Cache Controller
and a Directory Controller be attached to a router, as shown in the Pt2Pt and Mesh topologies in Figure
IV-9.
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Figure IV-9. Topologies available in Garnet by default. Taken from [117].

Also, in Figure 1V-9 all external links (between Caches/Directories and routers) are bi-directional. All
internal links (between routers) are uni-directional, which allows a per-direction weight on each link (the
numbers shown in links between routers) to implement multiple routing protocols [117].

Garnet offers a framework for NoC-only simulations (i.e., simulations that do not involve detailed models
of other components of the system, like CPUs or memory controllers) called Garnet_standalone. This
framework is useful for testing and debugging the NoC, and has several similarities to BookSim and Noxim.

3) Support, documentation, and modification possibilities

gemb can be downloaded from [118] and extensive support is provided in [119], which includes: user’s
guide and tutorials, design philosophy and source code documentation, a blog, and an active mailing list.
Thus, although gemS5 is a more complex simulator than BookSim and Noxim, it seems that modifications
of its source code are feasible.

F. Selection of a cycle-accurate simulator

In this thesis, the main selection criteria for a cycle-accurate simulator is its modification feasibility. This,
because the MCSL tool must be implemented on top of it. From the review of cycle-accurate simulators
done in the past sections is evident that gem5 is the one that offers better chances of success, and for this
reason, it was selected as the validation tool in this thesis. In the following sections, a more detailed study
of gem5 and its subsystems are presented, and the modifications and additions to its source code are
explained.



G. Details of gem5’s Garnet Module

The Garnet module is in charge of controlling all communications at the NoC level in gem5, including the
implementation of cache coherence protocols. Thus, to understand how the Garnet module works, it is
necessary to have an understanding about cache coherence protocols. A brief introduction to them is given
next.

1) Brief Introduction to Coherence Protocols

Coherence protocols are used in multicore systems to ensure the integrity of the data stored in the cache
memory of the processors. A coherence protocol is a messaging system that a cache use to notify other
cache memories when it needs to read/write data stored in several cache memories. This, to prevent a CPU
from processing stale data. Several coherence protocols exist, from simple ones like MI or MSI to more
complex ones like MOESI and Token-based [120]. There are two types of coherence protocols: scooping
and directory-based. In Scooping protocols, all caches in the system receive the same protocol messages.
This protocol is used mainly in bus interconnections, where the number of CPUs in the system is low.
Directory-based protocols are used in NoC interconnections. In this type of protocol, the messages are
exchanged only between cache memories that share the same data, and also between a cache and a directory
(memory) controller when data must be stored or read from main memory. Thus, in this type of protocol,
the amount of traffic traversing the NoC is less than in Scooping protocols. The names of the coherence
protocols come from the states a cache block (line) can have. For example, for the MI coherence protocol:

¢ M stands for Modified. In this state, a cache block has valid data and can be processed safely by the
CPU.

o | stands for Invalid. In this state, a cache block has stale data and it can’t be used by other CPUs. In this
state, the cache memory that issued the Invalid notification can modify the cache block safely, because
no race conditions can occur. After the cache block has been updated with new data, its state changes
to Modified.

A cache block transitions between its different states according to the coherence protocol state machine.
For example, in the MI coherence protocol, a cache block in state M transitions to state | when the cache
controller receives an invalidation message for that cache block. Similarly, a cache block in the | state
transitions to the M state when the cache controller receives valid data for that cache block.

A more detailed study of coherence protocols can be found in [120].

2) Garnet_standalone Coherence Protocol

The Garnet_standalone coherence protocol is a basic coherence protocol used primary for NoC tests with
synthetic traffic in gem5. This protocol is modified in this thesis to integrate the MCLS traffic suite with
gemb, thus, a throughout review of it is given next.

The Garnet_standalone coherence protocol uses a 1-level cache hierarchy. The role of the cache is to simply
send messages from the CPU to the appropriate directory (based on the address), in the appropriate virtual
network (based on the message type). It does not track any state unlike other coherence protocols (Ml,



MSI®, etc.). The directory controller receives the messages from the caches but discards them immediately.
The goal of this protocol is to enable simulation/testing of just the interconnection network [121], and in
this regard, it enables the study of an NoC using synthetic traffic in a similar way to BookSim and Noxim.
Figure 1V-10 shows the hardware layout for this coherence protocol. The CPUs connect to their respective
cache controller through a Ruby interface; the caches and directory controllers are connected to the NoC.
Thus, when a CPU sends a packet the cache controller puts it in the NoC, and after traversing the NoC it
arrives at the destination directory, where it is discarded.
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Figure IV-10. Hardware layout for Garnet_standalone coherence protocol.

a) Cache Controller

In the Garnet_standalone coherence protocol, the goal of the caches is only to act as a source node in the
underlying interconnection network. It does not track any cache block states (M, I, S, etc.)[121].

e Onaload (LD) request from the CPU:
It returns a hit to the CPU, mapping the destination address to a directory controller. After that, it issues
a message of type MSG in the request virtual network 0 (vnet0).

e On an instruction-fetch (IFETCH) request from the CPU:
It returns a hit to the CPU and maps the address to a directory controller. After that, it issues a message
for it of type MSG in the forward virtual network 1 (vnetl).

e Onastore (ST) request from the CPU:
It returns a hit to the CPU and maps the address to a directory controller. After that, it issues a message
for it of type DATA in the response virtual network 2 (vnet2).

5 The possible states that a cache block can take under this coherence protocol. M stands for Modified, S stands for
Shared and | stands for Invalid.



b) Directory Controller

The goal of the directory is only to act as a destination node in the underlying interconnection network. It
does not track cache block states (M, I, S, etc.). As stated earlier, the directory simply discards the incoming
packet [121].

c) Garnet_standalone Coherence State Machine

The Garnet_standalone coherence state machine is rather simple. It only contains one state: Invalid (1) (i.e.,
it marks all cache blocks as Invalid). It reacts to three types of inputs (events) from the CPU: LD, I-FETCH,
and ST (already presented in section a)). Figure 1VV-11 shows the state machine, with its only state and three
events. Depending on the event, the state machine commands the Cache to send a dummy packet to the
destination directory using one of the three available virtual networks, and a hit response with a dummy
cache line (for LD and I-FETCH events) or an ACK (for ST event) to the CPU to end the transaction.

on LD

on ST

STATE: Invalid

on I-FETCH

Figure IV-11. Garnet_standalone coherence state machine.

The Directories operate under the same state machine, the only difference is that in the event of packet
arrival, the packet is discarded immediately.

d) Specification Language for Implementing Cache Coherence (SLICC)

To implement or modify a coherence protocol in gemb, it is necessary to use the SLICC language. A review
of the SLICC language is given next.

SLICC is a domain-specific language for specifying cache coherence protocols. The SLICC compiler
generates C++ code for different controllers (Caches, Directories), which can work in tandem with other
parts of Ruby. SLICC is used for specifying the behavior of the state machine. Apart from a protocol
specification, SLICC also combines some of the components in the memory model. The SLICC compiler
takes, as input, files that specify the controllers involved in the protocol. The files necessary for specifying
a protocol include the definitions of the state machines for different controllers (Caches, Directories), and
of the network messages that are passed on between these controllers. The files have a syntax similar to
that of C++. The compiler, written using PLY (Python Lex-Yacc), parses these files to create an Abstract
Syntax Tree (AST). Finally, the compiler outputs the C++ code by traversing the AST, which represents
the hierarchy of different structures present within a state machine [122]. Some of these structures are
described next using as an example the MI coherence protocol [122]:



e State Machine: A machine is described using SLICC’s machine datatype. Each machine has several
different types of members. Machines for cache and directory controllers include cache memory and
directory memory data members respectively (see Figure 1V-12).

machine({MachineType:L1Cache, "MI Example L1 Cache")

Sequencer * sequencer,
CacheMemory * cacheMemory,
int cache_response_latency = 12,
int issue latency = 2 {

/f Add rest of the stuff

Figure IV-12. machine declaration in SLICC. Taken from [122].

e Message Buffers: For the state machine to receive messages from different entities in the system, the
machine has several Message Buffers. These act as input and output ports for the state machine (see
Figure 1V-13).

MessageBuffer requestFromCache, network="To", virtual network="2", ordered="true";
MessageBuffer responseFromCache, network="To", virtual network="4", ordered="true";

Figure IV-13. Message buffers declaration in SLICC. Taken from [122].

e States: the machine includes a declaration of the states that such machine can reach. In coherence
protocols, states can be of two types — stable and transient. A cache block is said to be in a stable state
if, in the absence of any activity (incoming request for the block from another controller, for example),
the cache block would remain in that state forever. Transient states are required for transitioning
between stable states. They are needed whenever the transition between two stable states cannot be
done in an atomic fashion (see Figure 1\VV-14).

Not Present/Invalid, issued PUT";
desc="Modified";
Modified, ued PUT";

sued PUTX, received nack”;

sued request for LOAD/IFE ;
ued request for STORE/ATOMIC™;

Figure IV-14. State declarations in SLICC. Taken from [122].

e Events: The state machine needs to specify the events it can handle to transition from one state to
another. SLICC provides the keyword enumeration which can be used for specifying the set of possible
events (see Figure IV-15).



enumeration(Event, desc="Cache events") {
/{ From proce
Load, d "Load request from processor
Ifetch, d "Ifetch request from p
Store, d tore request from process
Data, desc="Data from network™;
Fwd_GETX, desc="Forward from network";
Inv, desc="Invalidate request from dir";
Replacement, desc="Replace a block";
Writeback_Ack, from the directory for a writeback”;

Writeback_Mack, sc="Nack from the directory for a writeback”;

Figure IV-15. Events declaration in SLICC. Taken from [122].

For detailed information about how to use SLICC to implement a coherence protocol, the reader is remitted
to [122], [123] and a theoretical foundation about coherence protocols can be found in [120].

Regarding the project developed in this thesis, SLICC was used to modify the Garnet_standalone coherence
protocol to enable the use of the MCSL suite in Garnet. This is discussed in the next section.

H. Garnet_STP

After having an understanding about the Garnet_standalone coherence protocol works, and how it can be
modified using the SLICC language, in this section, the modifications done to the Garnet_standalone
coherence protocol are explained.

To implement the TCGs from the MCSL suite in Garnet, modifications to its coherence protocol were
necessary. To model the data dependencies of the TCGs, the CPUs must be notified when a packet arrives
at the Directory Controllers (and more importantly this packet must be available to the CPUs). To
accomplish this, it is necessary to implement a new coherence protocol based on Garnet_standalone. The
most important feature of this new coherence protocol, which was called Garnet STP (STP stands for
Stochastic Traffic Pattern) is that it provides a communication mechanism between the Directory
Controllers and the CPUs, to make available to the CPUs a packet when it arrives at the Directory
Controllers. Figure 1V-16 shows the hardware configuration for this coherence protocol. As in
Garnet_standalone, the CPUs connect to their respective cache controller through a Ruby interface, the
cache and directory controllers are connected to the NoC. But unlike Garnet_standalone, in Garnet_STP
the Directory Controllers have a communication path to their corresponding CPU, and thus, they can pass
an incoming packet to the CPUs for its processing.
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Figure IV-16. Hardware Configuration for Garnet_STP coherence protocol.

In Figure 1V-17 the definition of the state machine of the cache controller is shown. Here, the message
buffers, states (only one, the state I), and events of the state machine are depicted.

machlne{MachlneType L1Cache, "Garnet_STP L1 Cache")
: Sequencer * sequencer;
Cycles issue_latency := 2;

// NETWORK BUFFERS

MessageBuffer * requestFromCache, network="To", virtual_network="0",
vnet_type = "request";

MessageBuffer * forwardFromCache, network="To", virtual_network="1",
vnet_type = "forward";

MessageBuffer * responseFromCache, network="To", wvirtual_network="2",
vnet_type = "response”;

MessageBuffer * mandatoryQueue;
/f STATES

state_declaration(State, desc="Cache states", default="LlCache State_I") {
I, AccessPermission:Invalid, desc="Not Present/Invalid";

// EVENTS
enume ratLon{Event desc="Cache events") {
// From processor
Request, desc='Request from Garnet_STP";
Forward, desc="Forward from Garnet_STP";

Response, desc="Response from Garnet STP";|

Figure IV-17. Description of the state machine for cache controller (using SLICC) in Garnet_STP protocol.

In Figure 1VV-18 the definition of the state machine for the Directory Controllers is shown. Here, the message
buffers, states (only one, the state I), and events of the state machine are depicted. More importantly, a
reference to the CPU (an instance of GarnetSyntheticTraffic class) is made available to the directory as
marked by the brown rectangle. With this new coherence protocol, modeling of the MCSL traffic patterns
is possible in gem>.



machine(MachineType:Directory, "Garnet STP Directory”)
: [GarnetSyntheticTraffic * neighboringCPU; // Reference to the CPU]

MessageBuffer * requestTeDir, network="From", wirtual_network="0",
vnet_type = "request";

MessageBuffer * forwardTeDir, network="From", wirtual_network="1",
vnet_type = "forward";

MessageBuffer * responseToDir, network="From", virtual_network="2",
vnet_type = "response”;

// STATES
state_declarationlState, desc="Directory states”, default="Directory State_I") {
// Base states

I , AccessPermission:Invalid, desc="Invalid";

/{ Events
enumeration(Event, desc="Directory events") {

// processor requests
Receive_Request, desc="Receive Message";
Receive_Forward, desc="Receive Message";
Receive_Response, desc="Receive Message";

Figure IV-18. Description of the state machine for Directory Controller (using SLICC) in Garnet_STP protocol.

1) MCSL suite in Garnet_STP

In Garnet_standalone a CPU is described by the GarnetSyntheticTraffic class. As the name implies this
class generates patterns of synthetic traffic (uniform, shuffle, etc.). To use the MCSL suite in Garnet_ STP
is necessary that the GarnetSyntheticTraffic class be able to generate packets according to the Tasks
Communication Graphs (TCGs) of the MCSL suite. This is accomplished by the addition of a new attribute
to the GarnetSyntheticTraffic class, TasksManager (see Figure 1V-19). TasksManager class is in charge of
modeling the execution of the tasks assigned to a PE according to the information of the TCGs.

GamnetSyntheticTraffic

TasksManager

-tasksList: array
-scheduleCounter: int
‘tokenQueue: Queus
‘taskCounter: int

+runScheduledTask()

Figure IV-19. UML class diagram describing the addition of TasksManager class to GarnetSyntheticTraffic class.

From Figure 1V-19, tasksList is an array containing the tasks mapped to a PE, scheduleCounter keeps track
of the next tasks to be executed (modeled); tokenQueue is a Queue object (not related with queues in
Queueing Theory) that stores the tokens that arrive at a PE; taskCounter keeps track of the tasks already
executed; and the runScheduledTask method models the execution of the tasks. This method schedules the
tasks mapped to a given PE under the condition that the task has received all the tokens necessary to execute,
and it is the next task to execute (see flow diagram of Figure 1V-20).



In Figure 1\VV-20, the process block called Execute task models the execution time of a task using the mean
execution time and standard deviation information that the TCG supplies for the task. Also, it generates the
tokens that must be sent to other tasks according to the information in the TCG. On the other hand, the
process block called process tokens analyzes the tokens that arrive from other tasks and assign them to the
tasks mapped to the PE.

Get first task from
taskList

—

Do all tasks have been

checked? YES

Get next task from NO
taskList J

T

NO
L is task scheduled to run?
YES

+

Have task received all its
tokens?

|
YES
)

—NO

Execute task

v

Have all tasks
executed?

YES-

I
NO
¥
Schedule next task

|
Wait for tokens
@ process tokens

Figure IV-20. Flow diagram of runScheduledTasks method.

Thus, in Garnet_STP when a directory receives a packet, it passes it to its neighboring CPU (PE). The CPU
processes the packet to extract token information and puts it in the token queue of the tasks manager. The
tasks manager schedules and execute the tasks generating tokens according to the TCG of a given
application. Tokens for tasks mapped in the same PE are appended to the token queue, and tokens for tasks



mapped in other PEs are sent to the L1 _Cache, and from there they’re encapsulated in packets and send
into the NoC. This is depicted in Figure 1V-21.
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I. Implementation of Ring, Flattened Butterfly and Fat-tree topologies

As stated in section 2), gem5 supports Mesh, Cross-bar and Point-to-point topologies by default. However,
NoCSimulator can work with Ring, Flattened Butterfly and Fat-tree topologies. Thus, to validate results
from NoCSimulator, these topologies must be implemented in gem5. The procedure is described next.

To make it visible to gem5, each new NoC topology must be described in a Python file located in the
gemb/configs/topologies/ folder. In this Python file, a class modeling a given topology is created. This class
must implement the SimpleTopology interface class of gem5, specifically, the makeTopology method. This
method describes how the PEs and routers must connect to create the given topology. This is illustrated in
the UML class diagram of Figure IV-22.

<<Interface=> Al Tlasses that
SimpleTo implement
] SimpleTopology interface
must specify

FELE TR IR makeTopology method

Ring Fat-tree
Butterfly

+makeTopology() +makeTopology()

+makeTopology()

Figure IV-22. UML class diagram of SimpleTopology interface.

J.  CONCLUSION

In this chapter, the MCSL suite that models traffic patterns of real applications was presented. MCSL is
very important in this thesis, because its high-level, yet, accurate representation of the traffics patterns of
several real applications enables its use for NoC performance estimation with tools based in formal models
like the one presented in this thesis, NoCSimulator. Also in this chapter, the gem5 cycle-accurate simulator
was selected as the validation tool for NoCSimulator. This, after a review of other cycle-accurate simulators
like Booksim and Noxim. The criteria for this selection was the ease of modification of the source code of
these cycle-accurate simulators, because the MCSL suite must be integrated with the chosen simulator for
the validations tests of NoCSimulator. Thus, gem5 was selected because it has better software
documentation, and an active community of users, giving better chances for a successful integration with
the MCSL traffic suite. Finally, the modifications to gem5’s source code (specifically, the Garnet module)
to integrate the MCSL traffic suite were explained, including modifications to the Garnet standalone
coherence protocol and the implementation of the Ring, Flattened Butterfly and Fat-tree NoC topologies,
not included by default in gem5. With the work presented in this chapter specific objectives a and d (see
section b)) are met.
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A. Introduction

In this chapter, NoCSimulator, the NoC performance estimation tool developed in this thesis is presented.
NoCSimulator sets apart from the other Queuing Theory based tools discussed in section 7), in that, to the
best of our knowledge, it is the only one capable of processing traffic patterns of real applications. This is
achieved thanks to the use of the MCSL NoC traffic suite [28] presented in section B. Thus, more accurate
insights about NoC performance can be obtained from the early design stages of a system. Additionally,
the tools reported in section 7), only support one topology (most commonly Mesh), while NoCSimulator
supports by default four common NoC topologies: Mesh, Ring, Flattened Butterfly and Fat-tree. This,
widens the design space available to the system architect, giving better opportunities to find a NoC
configuration that meets the design specification of a system.

In the remainder of this chapter NoCSimulator is discussed thoroughly. Section B gives a general overview
of NoCSimulator. Next, section C covers implementation details of NoCSimulator, including topics such
as how NoC topologies are constructed, how Processing Elements (PEs) and Routers are modeled, and how
Queueing Theory is used in NoCSimulator. Later, section D explains how the MCSL NoC traffic suite (see
section B) is used in NoCSimulator. Finally, section E explains the runtime behavior of NoCSimulator.
This chapter is intended to fulfill specific objective c (see section b)).



B. NoCSimulator Description

NoCSimulator was developed using the Python programming language [124] (version 3.7) and its discrete-
event-simulation framework Simpy (version 3.0.1) [125]. NoCSimulator models the routers of an NoC as
M/M/L/FIFO/c queues (see section 5)) that are interconnected to form an NoC topology. Figure V-1 is a
representation of a network of queues in NoCSimulator for a Mesh NoC.

Figure V-1. Network of queues representing a Mesh NoC.

NoCSimulator allows the modeling of the main elements that make up an NoC, such as the Processing
Elements (PEs) that are the source and receivers of NoC traffic, and the routers that are responsible for
moving traffic from its origin to its destination. This simulation tool is flexible enough to implement several
topologies like Mesh, Ring, Flattened Butterfly, and Fat-tree.

In addition, several performance metrics can be estimated using NoCSimulator, e.g., the performance of
the routers (average number of flits in buffers, utilization factor of routers, latency of flits in routers, and
flit throughput). Besides, overall NoC performance metrics like average latency and throughput can also be
estimated. Additionally, NoCSimulator can handle synthetic traffic and traffic based on real applications
(the last one, using the MCSL suite discussed in section B). The latter differentiates NoCSimulator from
others tools currently used, like BookSim [17] and Noxim [16] which, by default, can only handle synthetic
traffic patterns. The possibility to work with traffic patterns based on real applications enables the user to
do design space exploration, as will be shown in Chapter 7.

C. NoCSimulator implementation details

In this section, an in-depth description of how NoCSimulator was developed is presented. Topics such as
how an NoC is modeled and how performance estimation is calculated are discussed. But first, a brief
explication of why it was necessary to use event-driven simulation is given next.

1) Why use Simpy?
As stated in section C, discrete-event simulation is necessary when studying complex networks of queues

due to the lack of closed analytical solutions. Simpy [125] provides mechanisms to model the passing of
time and the access to shared resources by different actors of a system. For example, planes (actors) arriving



at a busy airport (shared resource of limited capacity) or packet deliveries (actors) done by a mailman
(shared resource). Specifically, in NoCSimulator, Simpy is used to model the passing of time and packet
contention at the routers of an NoC. Thus, Simpy is used to provide the input data to the Queueing Theory
formulas presented in 6) to estimate the performance of an NoC.

2) Topology modeling

In NoCSimulator, the general entity that models an NoC is called a Topology. In turn, a Topology is
composed of Routers and PEs. Figure V-2 presents a UML class diagram describing this relationship. From
this figure, a topology can have one or more routers associated with it (as indicated by the multiplicity value
of “1...*”); the same applies to the PEs. Additionally, any given router or PE can be associated with only
one topology (as indicated by the multiplicity value of “17).

Router

Figure V-2. Class Diagram of a Topology in NoCSimulator.

Topology is an interface, and classes that model specific topologies must describe how they are constructed
implementing the setupTopology method, as shown in the UML class diagram of Figure V-3. Thus, the
Topology interface contains common data to all topologies e.g., it contains a reference to the Simpy
simulation environment, the PEs, and routers. Also, the Topology interface models common behavior to all
topologies like the start of a simulation run (start method), uniform traffic initialization (uniformTraffic
method), and calculation and presentation of results (calculateStatistics and printStatistics methods).

<<interface >

Topology

+env: simpy environment [1]
+PEs: PE [1...7]
+routers: Router [1...%]

All classes that
+start() implement Topology
+uniformTraffic() interface must specify
+printStatistics() setupTopology method
+calculateStatistics()
+setupTopology()

T N S
[
_______________ [ B
! |
[
|

_ FlattenedButterfly
+setupTopologyi() +setupTopology() +setupTopology() +setupTopology()

Figure V-3. UML class diagram of Topology interface.




3) uniformTraffic method (synthetic traffic in NoCSimulator)

In this method, uniform traffic for the NoC is implemented. In uniform traffic, each PE in the NoC has the
same probability of sending a packet to every other PE in the NoC. This traffic pattern is a common
synthetic pattern found in many NoC simulation tools like BookSim [17], Noxim [16], and Garnet [18]. It
was implemented in NoCSimulator to compare results with BookSim (as shown in Chapter 6). The
probability of sending a packet to a PE is calculated as shown in Equation I11-1:

1 Equation
N—-1 V-1

Where P is the probability of a PE of sending a packet to any other PE in the NoC, and N is the number of
PEs in the NoC. N — 1 is used in the formula because a PE doesn’t send packets to itself.

a) setupTopology method

When modeling a specific topology e.g., a Mesh, the setupTopology method must be defined. In this
method, the topology class must describe how the PEs and routers must be connected to realize the
topology. This design choice permits the generalization of common features to all topologies and the
description of unique features of a given topology.

b) calculateStatistics method

In this method, the average latency and throughput of the NoC are calculated. It takes as input data the
latency and throughput calculated at each PE of the NoC, averaging these values to calculate the overall
performance of the NoC. These formulas are shown in Equation V-2 and Equation V-3.

YN, Lp, Equation V-2
bavg ==

2%\I=1 Tpg; Equation V-3
Tavg = N

Where Lg,,4 and Ty, are the average latency and throughput of the NoC, Lpg, and Tp, are the latency and
throughput of PE;, and N is the number of PEs in the NoC.

4) Processing Element (PE) modeling

In NoCSimulator, a PE is modeled as a source and sink of packets. Each PE is composed of a Source and
a Sink object, as shown in the UML class diagram of Figure V-4.



PE

+id: int
+address:

+start()
+printStatistics()

+id- int +id: int

+destinations: list +packetStatistics: dict
+start() +serve()
+connéctOthpL|t[} +calculateStatistics()
+calculateStatistics() +printStatistics()
-printStatistics() -processincomingPacket()
-selectDestination() -processincomingFlit()
-send()

Figure V-4. UML class diagram for PE class.

A given PE can have only one source and one sink. Additionally, a source and a sink must be associated
with only one PE. These restrictions are indicated with the multiplicity values of “1” in Figure V-4. The
Source class is defined to implement the transmission of data packets. For this task, it specifies behaviors
such as initialization (start method), connect to a router (connectOutput method), select the destination of
a packet (selectDestination method), send a packet (send method), and performance estimation
(calculateStatistics method). The Sink class is defined to implement the reception of data packets. For this
task, it implements behaviors such as initialization (start method), servicing an incoming packet (serve,
processincomingPacket and processincomingFlit methods), and performance estimation calculateStatistics
method).

a) Source object’s selectDestination method

This method is called when the simulation is running. In this method, one of the PEs in the NoC is selected
randomly to be the destination of the next data packet. The next PE to receive a packet is chosen using the
exponential distribution (this distribution calculates time between packets, see section 1)) and the routing
probabilities calculated with the uniformTraffic method (section 3)). The PE with the minimum time
between packets is selected as the destination of the next packet. This is shown in Equation V-4.

next PE = min(Fexp(Psi) ) 1=1,2,...,N Equation
V-4

Where next_PE is the PE to send the next packet, F,,,, is the exponential distribution, Py; is the probability
to send a packet to PE; (calculated in Equation I11-1) and N is the number of PEs in the NoC.

b) Source object’s calculateStatistics method

This method is called at the end of a simulation. In this method, the packet generation rate (throughput) of
the PEs is calculated. Generally, under no saturation conditions of NoC traffic, this throughput equals the
nominal throughput selected for the simulation (1), but under saturation conditions, the throughput at the



PEs is lower than nominal due to packet contention in the NoC. This parameter is calculated by counting
the number of packets that were generated during the simulation, dividing this value by the simulation time.
This is shown in Equation V-5, where A,..4; is the actual packet generation rate of the PEs:

number_of_packets Equation

real = imulation_time V-5

c) Sink object’s serve method

This method is called while the simulation is running. In this method, partial statistics are kept about the
packets that arrive at a given PE. This method uses two helper methods (private): processincomingPacket
and processincomingFlit. Some of the statistics that are measured are packet latency (i.e., the time necessary
to reach a destination), the number of hops (i.e., how many routers were traversed to reach a destination),
and the route taken (i.e., which routers were traversed to reach a destination). These measurements are
gathered during a simulation run and are used by the Sink object’s calculateStatistics method at the end of
a simulation.

d) Sink object’s calculateStatistics method

This method is called at the end of a simulation. In this method, the average latency and hop count of the
packets that arrived at a given PE are calculated. This is shown in Equation V-6 and Equation V-7.

Y& Lp, Equation
LPE = T V-6
kK H Equation
i=11'Pj
Havg = =5— V-7

For Equation V-6, Ly is the average packet latency for a PE, Lp, is the latency of packet i and k is the
number of packets that arrived at the PE. For Equation V-7, Hy,,, is the average hop count of the packets
for that arrived at the PE, Hp, is the hop count of packet i and k in the number of packets that arrived at the
PE.

5) Router modeling

A router is responsible for moving packets from their source to their destination. For each topology to be
modeled, the routers must implement the Router interface. This interface contains all common data and
behavior to all routers (see UML class diagram of Figure V-5). e.g., initialization (start method), connection
setup (addBuffer and connect methods), and packet processing (serve method). Additionally, the Router
interface enables the description of behavior that is unique to a router used in a specific topology: the routing



protocol. For example, the routing protocol used in a Mesh topology (XY routing) differs from the one used
in a Ring topology (shortest path routing). The routers describe their routing protocol when they specify
the calculateRoute method. As in the case of the Topology interface, this design decision enables the
generalization of common behavior to all routers and the specification of unique behavior to a router used
in a given topology (the routing protocol).

<<interface>>
Router

+id: int

+address All classes that
+buffers: Buffer [2...%] implement Router
interface must specify
+start() calculateRoute() method
+addBuffer()

+connect()

+senve()

-calculateRoute()

Router_Mesh Router_Ring Router_FB Router_FatTree
-calculateRoute() -calculateRoute() -calculateRoute() -calculateRoute()

Figure V-5. UML class diagram for Router interface.
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a) Router object’s serve method

This method is called during a simulation. In this method the router processes the incoming packets, keeping
records of variables such as waiting time at the buffers (1#;), service time (T), and packet latency (W).
Also, in this method, the next hop to the destination of the packet is determined using the routing protocol
of the given topology.

e Service time

The service time at the routers is determined randomly using the exponential distribution (see Chapter 3,
section 3.2.1), using as parameter the processing rate (i) assigned to the router as shown in Equation V-8.

T = Fexp(W) Equation
V-8

Where T is the service time, F,,, is the exponential distribution and u is the processing rate of the router.

e Waiting time in the buffers

Waiting time at the buffers is calculated as the elapsed time from the moment at which the packet arrives
at the buffer until the packet is processed by the router, as shown in Equation V-9.

Wy=1ts—t, Equation V-9



Where W, is the waiting time in the buffer, ¢ is the time at which the router starts to process the packet,
and t, is the time of arrival of the packet at the buffer.

e Packet latency
The latency of packets is calculated as the service time plus the waiting time in the buffers along the path
of the packet, from source to destination, as shown in Equation V-10.

L= i(Ti + W) Equation V-10
i=1
Where L is the latency of the packet, T; is the service time at router i in the path of the packet, W,; is the
waiting time at the buffer of router i, and H is the number of routers (hops) in the path of the packet.

b) Router object’s calculateStatistics method

This method is called at the end of the simulation. In this method, statistics about the performance of the
router are calculated. These statistics include: average service time (E[T]), the average number of packets
in the router E[N], and the utilization factor of the router (p).

e Average service time of a router

The average service time of a router is a measure of the time a given packet spends at a router and is
calculated using Equation V-11.

b pi
22T Equation V-11

Where E[T] is the average (or expected) time of a packet in the router, T; is the service time of packet i in
buffer j, and p; is the number of packets that were received in buffer ;.

e Average waiting time in a buffer

The average waiting time in a buffer is a measure of how long a packet must wait before being serviced by
the router and is calculated using Equation V-12.

P ,
. Wgi Equation V-12
Elw, ] = 2=l d

Where E[W,] is the average (or expected) waiting time of a packet at a buffer, W,; is the waiting time of
packet i, and p is the number of packets that were received at the buffer.

e Average number of packets in a router

The average number of packets in a router is calculated using Little’s Law (chapter 3, section 3.2.6) as
shown in Equation V-13.

E[N] = A« E[T] Equation V-13



Where E[N] is the average (or expected) number of packets in a router, A is the rate at which packets arrive
at arouter, and E[T] is the average service time.

e Utilization factor of a router

The utilization factor of a router measures how busy a given router is under a given packet rate condition.
It is calculated using a formula derived from Little’s law (chapter 3, section 3.2.6) as shown in Equation
V-14.

o= & Equation V-14
11
Where p is the utilization factor of a router, 4 is the packet arrival rate, and u is the service rate of the router.

e Average number of packets in a buffer

The average number of packets in a buffer is calculated using one of the forms of Little’s Law (chapter 3,
section 3.2.6) as shown in Equation V-15.

E[Ngq] = A% E[W,] Equation V-15

Where E [Nq] is the average (or expected) number of packets in a buffer, A is the packet arrival rate, and
E[W,] is the average waiting time in the buffer.

C) Router object’s calculateRoute method

This method is called during a simulation. Depending on the topology of the NoC, the routers must run a
routing protocol suitable to that topology. This method is defined to implement details of the routing
protocols used in NoCSimulator (Mesh, Ring, Flattened Butterfly, and Fat Tree).

e Mesh topology

For Mesh topologies the XY routing protocol was implemented. In this routing protocol packets, are first
routed in the x direction (horizontal) and then in the y direction (vertical). This is shown in Figure V-6,
where a packet from node (0,0) must first travel to node (2,0) in the horizontal direction, and then the
packet must travel in the vertical direction to reach its destination at node (2,2).
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Figure V-6. XY routing in Mesh topology.



Figure V-7 shows the flow diagram of the XY routing protocol as it was implemented in the Router_Mesh
class. Here, x address and y address correspond to the (x,y) coordinates assigned to the router. Additionally,
packet x address and packet y address correspond to the (x, y) coordinates assigned to the destination PE.
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packet reached Send packet to
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v
x address < packet x address > packet Send packet in the
X address? NO— X address? YES west direction
|
NO
YES !
Send packet in the
T y address < packet
east direction y address? N
\
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!
Send packet in the Send packet in the
north direction south direction

Figure V-7. Flow diagram of XY routing algorithm.

e Ring topology, Flattened Butterfly and Fat-tree topologies

For Ring, Flattened Butterfly, and Fat-tree topologies, the shortest path between each PE is identified using
Dijkstra’s shortest-path algorithm [126]. During topology construction, a one-to-one graph representation
of the topology is constructed alongside. Dijkstra’s algorithm is run over this graph, and the shortest path
between each node is stored in a routing table to be used by the routers when directing traffic. A brief
description of Dijkstra’s shortest-path algorithm is given next.

» Dijkstra’s shortest-path algorithm

Shortest-path identification is a common application in graph theory, an example is a navigation system
where the graph vertices represent cities in a map and the edges correspond to roads that communicate those
cities. Edges have an assigned weight that represents the cost of traversing that edge (it can represent time,
distance, fuel consumption, wear level, etc.). The objective is to find the path with the lowest-cost (shortest-
path) from a source vertex to a destination vertex. Dijkstra’s shortest-path algorithm traverses the graph
from a source vertex keeping track of the shortest path (lowest sum of edge weights) between the source
vertex and the vertices it finds in the graph. When a vertex is not reachable from the source vertex by
convention the path has an infinite cost. Also, when multiple shortest paths between a source vertex and a



destination vertex exist (i.e., paths with the same cost), the algorithm only selects one of them. A flow
diagram representation of Dijkstra’s algorithm is shown in Figure V-8.
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|
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l
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[
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|
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Calculate distance to vertex i using:

distTo[i] = min(disti[v]+weight_to_i, distT[i])
edgeTo[i] = edge_v_to_i

|

add vertex i to working list if
not already there

Figure V-8. Flow diagram of Dijkstra's shortest-path algorithm.

Where working list is an array that stores the vertices not processed yet by the algorithm. distTo is an array
that stores the cost of the path to vertex i, and it is calculated by selecting the minimum value between the
sum of the cost to reach vertex v and the weight of the edge from v to i (distTo[v] + weight_to_i), and
the current cost to reach vertex i (distTo[i]). Thus,distTo[i] = min(distTo[v]+
weight_to_i, distTo[i]) . edgeTo[i] is an array that keeps track of the edges that must be traversed to reach
vertex i. A more in-depth treatment of Dijkstra’s shortest-path algorithm and graph theory can be found in
[126].

For the Ring, Flattened Butterfly, and Fat-tree graph representations, the weight assigned to their edges was
1 (one), since the objective of the routing protocol is to direct traffic minimizing the number of hops
(routers) that a packet must traverse to reach its destination. this is shown in Figure V-9 for the Ring
topology. This figure shows the NoC topology (on the left) and its graph representation (on the right).
weight 1 (one) is assigned to all edges in the graph and Dijkstra’s algorithm is run over the graph. The
information about the shortest paths in the graph is made available to the routers of the NoC, thus, they can
direct traffic between the PEs correctly. For example, in Figure V-9 R4 needs to send a packet to R2, after
consulting the routing table, R4 finds out that the shortest path to reach R2 is through R3.
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D. MCSL suite in NoCSimulator

NoCSimulator uses the MCSL tool discussed in section B to model traffic patterns of scientific applications.

To do so, new classes were added to NoCSimulator and are discussed next.

1) Mesh_STP, Ring_STP, FlattenedButterfly STP and FatTree_STP Classes

To use the Tasks Communication Graphs (TCGs) of the MCSL tool in NoCSimulator, new topology classes
must be defined. These classes are Mesh_STP, Ring_STP, FlattenedButterFly_STP, and FatTree _STP
classes, where STP stands for Statistical Traffic Patterns. These classes are subclasses of the Mesh, Ring,
FlattenedButterfly, and FatTree classes discussed in section 2) and are shown in the UML class diagram of

Figure V-10.

+PEs: PE_STP

setupTopology method is
overriden in by the * STP

classes

FlattenedButterfly

Ring_STP

FlattenedButterfly STP

+PEs: PE_STP +PEs: PE_STP

FatTree

FatTree_STP

+PEs: PE_STP

+setupTopology()

+setupTopology() +setupTopology()

+setupTopology()

Figure V-10. STP classes UML class diagram.

These classes differ from their parent classes in that they use a new kind of PE called PE_STP, and override
the setupTopology method (section a)). The new functionality added to the setupTopology method is that
during topology construction tasks are mapped to the PEs following the TCG of a given application.



2) PE_STP class

The PE_STP class is a subclass of the PE class discussed in section 4) and differs from its superclass in that
it uses new Source_STP, Sink_STP, and TaskManager objects as shown in the UML class diagram of
Figure V-11.

‘tasksManager: TasksManager
-source: Source STF
-sink: Sink_STP

Figure V-11. PE_STP class diagram.

a) tasksManager Class

This class is responsible for modeling the tasks that are mapped to a PE according to the Task
Communication Graphs (TCGs) of the MCSL suite (see section B). This class uses the information
contained in the TCGs (for example, the mean execution time of the tasks, mean number of packets
generated, schedule number, etc.) to model the execution of the tasks. A UML class diagram of this class

is shown in Figure V-12.
TasksManager

taskslList: list
-scheduleCounter: int
‘tokenQueue: Queue
taskCounter: int

+runScheduledTask()

Figure V-12. UML class diagram of TasksManager class.

In Figure V-12, the tasksList attribute contains the tasks mapped to a given PE, scheduleCounter keeps
track of the next tasks to be executed (modeled), tokenQueue is a Queue object (not related to queues in
Queueing Theory) to store the tokens received, and taskCounter keeps track of the number of tasks executed
(modeled). The runScheduledTask method is discussed next.

e runScheduledTask method

This method schedules the tasks mapped to a given PE under the condition that the task has received all the
tokens necessary to execute, and it is the next task to execute. This is shown in the flow diagram of Figure
V-13.
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Figure V-13. Flow diagram of runScheduledTask method.

The process block called Execute task in Figure V-13 is defined to model the execution time of a task using
the mean execution time and standard deviation information that the TCG supplies for the task. Also, it
generates the tokens that must be sent to other tasks according to the information in the TCG. On the other
hand, the process block called process tokens analyzes the tokens that arrive from other tasks and assign
them to the tasks mapped to the PE.

b) Source_STP class

This is a subclass of the Source class discussed in section 4). It is responsible for converting tokens
generated in TasksManager class to packets that can travel in the NoC. Also, Source_STP puts tokens



generated by TasksManager directed to tasks mapped in the same PE, in the tokenQueue of TasksManager
class (see Figure VV-16). To accomplish this, Source_STP overrides the send method of the Source class as
shown in the UML class diagram of Figure V-14.

Source_STP overrides
send method of Source
class

Source_STP

Figure V-14. Source_STP UML class diagram.

c) Sink_STP class

Sink_STP is a subclass of the Sink class discussed in section 4). It is responsible for converting the packets
that arrive from other PEs to tokens for the tasks mapped in a PE, putting those tokens in the tokenQueue
of TasksManager class (see Figure V-16). To accomplish this, Sink_STP overrides the serve method of the
Sink class. This is shown in the UML class diagram of Figure V-15.

Sink_STP overrides serve
method of Sink class

+sernve()

Figure V-15. Sink_STP UML class diagram.

Figure V-16 summarizes how the Source_STP, Sink_STP, and TasksManager classes work together to
model the traffic patterns of a given application. When a Sink_STP object receives a packet, it is processed
and tokens are appended to the token queue of the tasks manager. The tasks manager schedule and execute
the tasks according to the TCG of a given application, passing information to the Source_STP object which
is in charge of generating tokens for tasks mapped in the same PE, and packets that are sent to tasks that
are mapped in other PEs.
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Figure V-16. The interplay of Source_STP, Sink_STP, and TasksManager classes.

E. NoCSimulator Runtime overview

In Figure V-17, a UML sequence diagram shows the runtime behavior of NoCSimulator. NoCSimulator
runtime is divided into three sections: simulation startup, simulation running, and simulation end.

e Simulation startup: In this phase, the NoC topology is built up using the setupTopology method, and
uniform traffic or real traffic pattern is selected as the traffic type used in the simulation. The topology
object also sends messages to its routers and PEs to get ready for simulation (start method). At the same



time, each router sends messages to its buffers to get ready (start simulation) and the PEs do the same
with each of their sources and PEs (see Figure V-17).

e Simulation running: In this section of the simulation, the PEs are sending packets to other PEs in the
NoC using the send method (which in turn uses the selectedDestination method) of the source object.
Also, each sink object on the PEs is receiving packets from the NoC and processing them using the
serve method. Additionally, the routers get packets from other routers and the PEs through their buffer
objects. When a packet is received at a buffer (get method) it signals the router to process it (serve
method). When the router is notified by the buffer, it processes the incoming packet by determining the
next hop to its destination using the routing table constructed by Dijkstra’s shortest-path algorithm
(calculateRoute method) and sends it to the next hop using the put method (see Figure VV-17).

o Simulation end: When the simulation ends, the topology object sends messages to its routers and PEs
to calculate their performance metrics (calculateStatistics method). In turn, each PE sends the same
message to its source and sink objects. The performance metrics of each PE are returned to the topology
object to calculate the overall performance metrics of the NoC (see Figure V-17). A detailed description
of the calculateStatistics methods is given in sections b), b), d), and b).
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Figure V-17. NoCSimulator runtime sequence diagram.



F. CONCLUSION

In this chapter, a detailed description of NoCSimulator was given. It included how topologies, Processing
Elements (PEs) and Routers are modeled. Also, how Queueing Theory is used by NoCSimulator to estimate
the performance metrics of an NoC is discussed. Then, the integration of the MCSL traffic suite into
NoCSimulator was explained. This integration, enables the main feature of NoCSimulator, its ability to
process traffic patterns based in real applications. Also, NoCSimulator is capable of modeling Mesh, Ring,
Fat-tree and Flattlened Butterfly topologies, these features, differentiate NoCSimulator from similar tools
reviewed in the state of the art (section 7)) and give the possibility of obtaining accurate NoC performance
estimates of real applications using a tool based in Queueing Theory. In the next chapter, validation test for
NoCSimulator are performed. With this Chapter, objective c (see section b)) is met.
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A. Introduction

As stated in |, cycle-accurate simulation is the primary tool used by systems architects to evaluate the
performance of a NoC. In this thesis, NoCSimulator is proposed as an alternative to cycle-accurate
simulation, especially for early stages in the design process. Thus in this chapter, NoCSimulator is put to
test. For each topology supported (Mesh, Ring, Flattened Butterfly, and Fat-tree) tests using synthetic traffic
patterns and traffic patterns of real applications are performed. The objective of these tests is to evaluate
how well can NoCSimulator estimate the performance metrics of a NoC (latency, throughput, etc.) when
compared with the cycle-accurate simulator gem5. For the tests using synthetic traffic, an unmodified
version of the gem5’s garnet module is used (see section G). For the tests using traffic patterns of real
applications Garnet_STP is used (see section H). Also, from | and section 7) it is expected that a Queueing
Theory based tool as NoCSimulator be faster that a cycle-accurate simulator. Thus, the execution times of
NoCSimulator and gem5 are compared to evaluate how fast NoCSimulator is with respect to gem5.

This chapter is divided as follows: Section B explains how the test are to be performed. Section C presents
tests results for Mesh topology, section D is for Ring topology, section E is for Flattened Butterfly topology
, and section 2) is for Fat-tree topology. Finally, in section F the execution times of NoCSimulator and
gemb are compared. With this chapter, specific objective e (see section b)) is fulfilled.



B. Experimental setup

For each topology (Mesh, Ring, Flattened Butterfly and Fat Tree), three network sizes are studied (16 PEs,
32 PEs and 64 PEs). The performance metrics of interest are: average throughput of the NoC, average
throughput per PE, average latency, and average execution cycles. TCGs of the Fpppp, Robot, and Sparse
applications from the MCSL traffic suite are used as benchmarks, and their details are presented in Table
VI-1. The tasks that describe these applications are mapped to every topology in both Garnet_STP and
NoCSimulator according to their respective TCGs. Each test is repeated 100 times to account for stochastic
variations and the results are presented in plots and summary tables. The intention of these experiments is
to compare how closely can NoCSimulator reproduce the NoC performance results obtained when using a
cycle-accurate simulator, and thus, the differences in performance estimation between NoCSimulator and
Garnet_STP are calculated. The statistical significance of these differences (errors) is evaluated using
hypothesis testing under the following null and alternate hypotheses:

Ho: py — 1y =0 versus Hy:py — py #0

Where p, represents the mean value of one of the performance metrics obtained using Garnet_STP and w,,
represents the same performance metric but obtained using NoCSimulator. Thus, the null hypothesis (Hy)
proposes that the mean value of the performance metrics obtained using NoCSimulator and Garnet_STP
are equal, and the alternate hypothesis (H,) proposes that these performance metrics are not equal. Finally,
the null hypothesis is rejected when p-value < 0.05 (rule of thumb used in statistics).

Table VI-1. Applications Used as Benchmarks’

No. of  No. of

Application Description tasks  edges

SPEC95 Fpppp: a chemical
Fpppp program  performing  multi- 334 1145

electron integral derivatives.

Newton-Euler dynamic control
Robot calculation for the 6-degrees-of- 88 131
freedom stanford manipulator.
Random sparse matrix solver for
electronic circuit simulation.

Sparse 96 67

7 Descriptions taken from [28].



C. Mesh topology
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Figure VI-1. Mesh Topology - 3x3 (9 PEs).

A mesh topology (see Figure VI-1) is a 2-dimensional grid with k nodes in each dimension and links
between neighboring nodes. This topology is found in many NoC designs because its 2-D characteristics
are easy to map in the metal substrate of the chip [127]. In this topology, each of the routers serves
simultaneously as an input/output terminal for the PEs, and a switching node of the network. However, the
lack of edge symmetry (routers at the edges of the mesh are not connected), can cause load imbalance for
many traffic patterns, as the demand for the central channels can be significantly higher than for the edge
channels [128].

1) Synthetic traffic simulation

As a first approach to NoCSimulator validation, tests using uniform traffic are performed. Figure VI-2
shows a plot of average latency vs throughput using NoCSimulator, Booksim [17], and Garnet [18] (for a
remainder of the latency and throughput concepts see section D). The simulation parameters are shown in
Table VI-2. In this test, all PEs inject packets at a constant rate, and the latency of the network is recorded
after the network has reached steady-state behavior. For each point in the chart, the test is repeated several
times to account for stochastic variations, and the latency results are then averaged.

Table VI-2. Simulation Parameters

Item Value
Topology Mesh 4x4
Routing protocol XY
Traffic pattern Uniform®
Service time at routers 3
(cycles)
Buffer size (flits) 10
Virtual channels 1
Packet size (flits) 1

8 Each PE has the same probability to send a packet to the other PEs in the NoC.



In Figure VI1-2, NoCSimulator has a discrepancy between 6 and 8 cycles for estimating the average latency
of the NoC at low traffic rates when compared with both BookSim and Garnet, which is reduced to around
1 cycle for traffic rates higher than the saturation rate of the network when compared with BookSim. This
discrepancy between results was expected since NoCSimulator is based on Queuing Theory and does not
account for the hardware details of the routers that Booksim and Garnet do consider. On the other hand, the
latency behavior of Garnet is quite different, growing unbounded for traffic rates higher than the saturation
rate. This behavior is attributed to the way Garnet models traffic contention at the PEs, which appends
packets at the cache buffers no matter if there’s packet contention in the NoC. Thus, the latency of the
packets at the caches keeps growing. This behavior doesn’t model the real behavior of a PE, because a PE
stops sending messages to the cache when the cache buffer is full, thus limiting the maximum latency of
packets, as is modeled by both BookSim and NoCSimulator. This issue was consulted with the designer of
Garnet Professor. T. Krishna at Georgia Tech [129], and the messages exchanged with him are available
here [130]. However, from Figure VI-2 it can be seen that NoCSimulator, in general, captures the latency-
throughput relation of the NoC, especially the saturation throughput of the NoC (0.07 flit/cycle/PE) and the
average latency of the NoC after reaching saturation (35.7 cycles).
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Figure VI-2. Average Latency vs Throughput - NoCSimulator, Garnet, and BookSim for Mesh topology (16-PEs 4x4).

2) Estimation of NoC performance using statistical traffic patterns of real applications

In this section, the suitability of NoCSimulator to estimate the performance of a Mesh topology with
statistical traffic patterns (STP) of real applications is presented. To do this, benchmarks from the MCSL
traffic suite [28] are used. For validation purposes, the same benchmarks were tested in the modified version
of Garnet (Garnet_STP, see section 1)). In Table V-1, the traffic patterns used as benchmarks are described.
The packets are composed of eight flits.

The performance metrics considered for these tests are throughput, throughput per PE, latency, and
execution cycles. Figure V1-3 shows the results for network throughput and throughput per PE. Figure VI-4
shows the results for latency and execution cycles.
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The results of these metrics for Garnet STP simulations on the 16-PE Mesh are used to normalize the
results obtained for the other NoC sizes. This, to compare visually the differences of NoCSimulator and
Garnet_STP for each application and network size.

Figures 6-3,4 show that the three applications used as benchmarks have no strong similarities with each
other, i.e., the results on NoC performance are determined not only by network parameters (topology size,
routing protocol, etc.) but also by the characteristics of the traffic patterns used as benchmarks. From
Figures 6-3,4 is evident that NoCSimulator and Garnet_STP are close in their estimations of NoC
performance for all metrics except for latency. This sub-estimation of latency is in part because this tool is
based on Queueing Theory and thus it does not model any hardware details found in Garnet_STP (routing
logic, allocators, crosshar switch, router pipeline, etc.). But for the most part, the latency sub-estimation
can be attributed to the unbound growth of the latency of packets when Garnet_STP is working under
saturation conditions, as discussed in section 1). Nevertheless, from Figure VI-4 NoCSimulator latency
results have the same tendencies of Garnet_STP latency results, and thus they provide the same insights
about the latency behavior of the different benchmarks in different Mesh sizes. In Table VI-6, the results
of NoCSimulator and Garnet_STP are summarized.

a) Hypothesis tests for Mesh topology

Table VI-3 presents the simulation results for the Fpppp application on the three mesh topologies studied.
For each metric, the error (i.e., the difference between the result obtained using Garnet_STP and NoC
simulator) is shown, including its value in percentage. Also, to evaluate the statistical significance of these
errors, the p-value is calculated.



Table VI-3. Performance metrics for Fpppp application — Mesh topology

Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per ~ latency  execution
(ffeyele (fIits/cT/EIe/PE) (cycles) (zz::)
Garnet_STP 0.204 0.013 18.585 262260
NoCSimulator 0.199 0.012 13.911 268041
Mesh 4x4 diff 0.005 2.8e-4 4,674 -1.3e4
diff (%) 23 2.3 251 -2.2
p-value 0.021 0.021 le-169 0.028
Garnet_STP 0.289 0.009 22.232 194860
NoCSimulator 0.280 0.009 17.506 201249
Mesh 4x8 diff 0.010 3.0e-4 4.726 -6389
diff (%) 34 34 213 -3.3
p-value 0.004 0.004 9e-161 0.007
Garnet_STP 0.310 0.005 28.895 185331
NoCSimulator 0.302 0.005 19.513 189984
Mesh 8x8 diff 0.008 1.2e-4 9.383 -4654
diff (%) 25 25 325 -2.5
p-value 0.034 0.034 6.0e-66 0.036

From Table VI-3, the differences in estimation between NoCSimulator and Garnet are small for all metrics
except latency. For example, for the Mesh_4x4 topology, the error in estimation for average throughput
(AT) and average throughput per PE (AVP) is 2.3%; for average latency (AL) the error is of 25.1%, and
for average execution cycles (AEC) the error is -2.2% (a negative percentage can be interpreted as that
NoCSimulator overestimates the performance metric when compared to Garnet_STP).

The p-value is used to evaluate the statistical significance of the errors observed during the tests under the
null and alternate hypotheses shown in section B. The p-values for all metrics are less than 0.05, thus, the
errors observed in the tests, have statistical significance (i.e., the null hypothesis can be rejected, and the
magnitude of the errors observed can be expected in subsequent experiments). However, the errors observed
in AT, ATPE and AEC metrics are relatively small, thus it can be said that this metrics are estimated
accurately by NoCSimulator. The notable inaccuracy in the estimation of AL was explained above.

Table VI-4 and Table VI-5 present the same information for both the Robot application and the Sparse
application.



Table VI-4. Performance metrics for Robot application — Mesh topology

Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per ~ latency  execution
(ffeyele (fIits/cT/EIe/PE) (cycles) (zz::)
Garnet_STP 0.022 1.350e-3 16.870 216725
NoCSimulator 0.021 1.342e-3 9.851 218077
Mesh 4x4 diff 1.359e-4 8e-6 7.018 -1352
diff (%) 0.6 0.6 41.6 -0.6
p-value 0.404 0.404 1e-196 0.418
Garnet_STP 0.021 6.614e-4 16.901 216385
NoCSimulator 0.021 6.521e-4 10.266 219520
Mesh 4x8 diff 2.995e-4 9e-6 6.635 -3135
diff (%) 1.4 1.4 39.3 -1.4
p-value 0.078 0.078 1e-189 0.081
Garnet_STP 0.021 3.305e-4 16.908 216583
NoCSimulator 0.021 3.255¢-4 10.284 219793
Mesh 8x8 diff 3.179e-4 4e-6 6.624 -3210
diff (%) 1.5 15 39.2 -15
p-value 0.047 0.047 3e-194 0.051
Table VI-5. Performance metrics for Sparse application — Mesh topology
Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per  latency  execution
(ffeyele (fIits/cz/EIe/PE) (cycles) (zZ::)
Garnet_STP 0.148 0.009 16.585 70391
NoCSimulator 0.138 0.009 9.759 75242
Mesh 4x4 diff 0.01 6.212e-4 6.825 -4851
diff (%) 6.6 6.6 412 6.9
p-value 8e-19 8e-19 3e-211 3e-17
Garnet_STP 0.183 0.006 20.119 51208
NoCSimulator 0.172 0.005 12.632 54201
Mesh 4x8 diff 0.011 3.381e-4 7.487 -2993
diff (%) 5.9 5.9 37.2 -5.8
p-value le-13 le-13 5e-274 3e-12
Garnet_STP 0.175 0.003 22.534 49866
NoCSimulator 0.168 0.003 13.468 51928
Mesh 8x8 diff 0.007 1.106e-4 9.066 -2062
diff (%) 4.0 4.0 40.2 -4.1




p-value 4e-6 4e-6 2e-283 6e-6

Table VI-6. Performance summary - Mesh Topology

NoCSimulator vs Garnet STP

Attribute Avg. diff, Max. diff
Throughput 3.1% 6.6%
Throughput per PE 3.1% 6.6%
Latency 35.3% 41.6%
Execution cycles -3.1% -6.9%

D. Ring Topology
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Figure VI-5. Ring Topology (9 PEs).
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In aring topology (Figure V1-5) every router in the network is connected to two other routers, such that the
first and the last routers are connected (closing the ring). The packets are transmitted over the network
through each of the routers in the ring until they reach the destination node. The Ring topology is primarily
used in small multi-core systems because of its better throughput performance in comparison with other
topologies, like a mesh of the same size. However, as the number of nodes increases, the performance of
this topology degrades in comparison with other topologies due to the increase in hop count [45].

In Figure VI-6, a plot of average latency vs. throughput for a Ring of sixteen PEs using NoCSimulator and
Garnet is presented. Simulation parameters are shown in Table VI-7. In this test, all PEs inject packets at a
constant rate, and the latency of the network is recorded after the network has reached steady-state behavior.
For each point in the chart, the test is repeated several times to account for stochastic variations, and the
latency results are then averaged.

Table VI-7. Simulation Parameters - Ring Topology.

Item Value
Topology Ring — 16 PEs
Routing protocol Shortest-path®
Traffic pattern Uniform?®

9 The shortest path between each PE is used to route packets.
10 Each PE has the same probability to send a packet to the other PEs in the NoC.



Service time at routers 3

(cycles)

Buffer size (flits) 10
Virtual channels 1
Packet size (flits) 1

From Figure VI-6, it can be seen that NoCSimulator and Garnet have a discrepancy of about 6 cycles when
estimating the latency at traffic rates below saturation throughput. As stated in section 1), this discrepancy
was expected due to the different nature of both NoCSimulator and Garnet. Also, for rates higher than the
saturation rate the latency grows unbound in Garnet. This behavior is the same as for the Mesh topology
and it was discussed in section 1). The saturation rate of this topology is 0.06 flit/cycle/PE, which is lower
than the saturation rate of a Mesh of the same size (Figure VI-2). This result is consistent with the fact that
in a Ring topology as the number of PEs increases the available throughput decreases due to the increase
in packet contention in the limited paths offered by this topology [131].
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Figure VI-6. Average Latency vs Throughput - Ring Topology (16-PEs).

1) Estimation of NoC performance using statistical traffic patterns of real applications

In this section, the suitability of NoCSimulator to estimate the performance of an NoC Ring topology with
STP traffic patterns is shown. The same benchmarks used for the Mesh topology were used and they are
described in Table VI-1. Also, these benchmarks were used in Garnet_STP for validation purposes. Three
topology sizes are tested: 16-PE Ring, 32-PE Ring, and 64-PE Ring. The packets are composed of eight
flits. The results of these metrics for Garnet_STP simulations on the 16-PE Ring are used to normalize the
results obtained for the other NoC sizes. Figure VI-7 shows the performance results for the metrics network
throughput and network throughput per PE. Figure VI-8 shows the performance results for the metrics
average latency and simulated cycles.
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From Figures 6-7,8 it can be seen that the applications used as benchmarks have no strong similarities with
each other. As in the case of the Mesh topology, the results on performance are determined not only by
network parameters (topology size, routing protocol, etc.) but also by the traffic characteristics of the
benchmarks used.

In Table VI-11, a comparison of results between NoCSimulator and Garnet_STP is summarized. These
results show that NoCSimulator and Garnet_STP are close on all the metrics for all the cases analyzed,
except in the latency results (Figure V1-8). This discrepancy in the estimation of latency can be mainly
attributed to the over-estimation of latency in Garnet_STP as discussed in section 1). Regardless of the
discrepancy in the latency estimations by both NoCSimulator and Garnet_STP, in Figure VI-8 it is seen
that both results have the same tendencies, and thus the same insights about the latency behavior across the
different NoC sizes and benchmarks can be reached.

a) Hypothesis tests for Ring topology



Table VI-8. Performance metrics for Fpppp application — Ring topology

Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per  latency  execution
(ffeyele (fIits/cT/EIe/PE) (cycles) (zz::)
Garnet_STP 0.209 0.013 25.910 255805
NoCSimulator 0.199 0.012 20.501 268099
Ring16 diff 0.010 5.9e-4 5.409 -12295
diff (%) 4.6 4.6 209 -4.8
p-value Te-7 Te-7 2e-150 Te-7
Garnet_STP 0.285 0.009 38.999 198102
NoCSimulator 0.279 0.009 36.697 201850
Ring32 diff 0.005 1.7e-4 2.303 -3748
diff (%) 19 1.9 5.9 -1.9
p-value 0.110 0.110 3e-73 0.126
Garnet_STP 0.308 0.005 59.796 186850
NoCSimulator 0.300 0.005 60.638 192362
Ring64 diff 0.008 1.2e-4 -0.841 -5513
diff (%) 25 25 -1.4 -3.0
p-value 0.055 0.055 3.4e-4 0.029
Table VI-9. Performance metrics for Robot application — Ring topology
Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per  latency  execution
(ffeyele (fIits/cz/EIe/PE) (cycles) (zZ::)
Garnet_STP 0.022 0.001 22.555 215699
NoCSimulator 0.021 0.001 13.876 219795
Ring16 diff 4.5e-4 2.8e-5 8.680 -4095
diff (%) 2.1 2.1 385 -1.9
p-value 0.008 0.008 le-244 0.021
Garnet_STP 0.021 0.001 31.022 216925
NoCSimulator 0.021 0.001 23.295 220697
Ring32 diff 4.1e-4 1.3e-5 7.728 -4043
diff (%) 20 2.0 24.9 -1.9
p-value 0.014 0.014 2e-239 0.019
Garnet_STP 0.021 3.2e-4 32.443 220343
NoCSimulator 0.021 3.2e-4 28.604 218826
Ring64 diff 4.7e-5 7.4e-7 3.839 1517
diff (%) 0.2 0.2 11.8 0.7




p-value 0.785 0.785 9e-166 0.704

Table VI-10. Performance metrics for Sparse application — Ring topology

Metric

Topology Avg. Avg. Avg. Avg.
Throughput  throughput per  latency  execution
(flits/cycle) PE cycles
(flitslcycle/PE)  (Cycles)

(cycles)
Garnet_STP 0.147 0.009 24.317 70713
NoCSimulator 0..136 0.009 16.963 76114
Ring16 diff 0.011 6.8e-4 7.354 -5410
diff (%) 75 75 30.2 7.6
p-value le-22 le-22 2e-218 5.1e-20
Garnet_STP 0.184 0.006 38.388 50700
NoCSimulator 0.169 0.005 33.026 55366
Ring32 diff 0.015 4.7e-4 5.362 -4667
diff (%) 8.3 8.3 14.0 9.2
p-value 7e-23 7e-23 5e-132 3e-21
Garnet_STP 0.175 0.003 56.339 49985
NoCSimulator 0.168 0.003 41.825 52144
Ring64 diff 0.007 1.1e-4 14.514 -2158
diff (%) 43 43 25.8 4.3
p-value 6e-7 6e-7 le-153 2e-6

Table VI-11. Performance summary - Ring topology

NoCSimulator vs Garnet STP

Attribute Avg. diff, Max. diff
Throughput 3.7% 8.3%
Throughput per PE 3.7% 8.3%
Latency 19.0% 38.5%
Execution cycles -3.8% -9.2%

E. Flattened Butterfly Topology

The flattened butterfly topology is used with high-radix routers (i.e., routers with many 1/0O channels). The
flattened butterfly is derived by combining (or flattening) the routers in each row of a conventional butterfly
topology while preserving the inter-router connections [47], [132], [133]. When minimal routing (shortest-
path) is used, PEs in this network are separated by only 2 hops, which is a significant improvement over
the hop count of a mesh topology. The 3x3 version of this topology is shown in Figure VI-9.
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Figure VI-9. Flattened Butterfly topology (9-PEs 3x3).

In Figure VI-10 a plot of average latency vs. throughput for a 4x4 flattened butterfly using NoCSimulator
and Garnet is presented. Simulation parameters are shown in Table VI-12. In this test, all PEs inject packets
at a constant rate, and the latency of the network is recorded after the network has reached steady-state
behavior. For each point in the chart, the test is repeated several times to account for stochastic variations,
and the latency results are then averaged.

Table VI-12. Simulation Parameters - Flattened Butterfly Topology.

Item Value
Topology Flattened Butterfly 4x4
Routing protocol XY-Shortest-path
Traffic pattern Uniform??
Service time at 3
routers (cycles)

Buffer size (flits) 10
Virtual channels 1
Packet size (flits) 1

In Figure VI-10 there is a difference of about 7 cycles between latency estimations of NoCSimulator and
Garnet at traffic rates below saturation. As stated earlier, this difference can be attributed to NoCSimulator
being a tool based on Queueing theory, it doesn’t model the hardware low-level details that Garnet does.
Also, in Figure VI-10 it can be seen that latency estimations from Garnet grow rapidly for traffic rates
higher than saturation rate. The reason for this is related to the way Garnet models packet contentions at
the PEs and was discussed in section 1). In NoCSimulator saturation throughput of this topology is 0.13
flit/cycle/PE, and the maximum latency is about 26 cycles, both values much better than those of a Mesh
of equivalent size (see Figure VI-2). This can be attributed to the lower average hop count of the flattened

butterfly topology. These results are consistent with the features described for this topology in the literature
[47].

11 Each PE has the same probability to send a packet to the other PEs in the NoC.
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Figure VI-10. Average Latency vs Throughput - Flattened Butterfly Topology (16-PEs 4x4).

1) Estimation of NoC performance using statistical traffic patterns of real applications

In this section, the suitability of NoCSimulator to estimate the performance of an NoC Flattened Butterfly
topology with real traffic patterns is shown. As with Mesh topology, benchmarks from the MCSL traffic
suite are used and they are described in Table VI-1. Three NoC sizes are tested: 4x4 (16 PES), 8x4 (32 PEs),
and 8x8 (64 PEs). The packets are composed of eight flits. Figure VI-11 shows the performance results for
the metrics network throughput and network throughput per PE. Figure VI-12 shows the performance
results for the metrics average latency and simulated cycles.
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Figure VI-11. Performance of applications running in different NoC sizes. Throughput and throughput per PE — Flattened
Butterfly topology.

The results of these metrics for Garnet_STP simulations on the 16-PEs Flattened Butterfly are used to
normalize the results obtained for the other NoC sizes. The Figures show the relative results for each
application on different network sizes. Figures 6-11,12 show that the three applications used as benchmarks
have no strong similarities with each other, which indicates that the results on NoC performance are

determined not only by network parameters (topology size, routing protocol, etc.) but also by the different
traffic characteristics of the benchmarks used.
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Figure VI-12. Performance of applications running on different NoC sizes. Average latency and execution cycles - Flattened
Butterfly topology.

In Table VI-16, a comparison of results between NoCSimulator and Garnet_STP is summarized. These
results show that NoCSimulator and Garnet_STP are close on all the metrics for all the cases analyzed,
except in the latency results (Figure VI-12). As discussed in section 1), this sub-estimation in latency results
can be in part due that NoCSimulator doesn’t model any low-level hardware details of the NoC unlike
Garnet does. However, this discrepancy can be mainly attributed to the unbound latency that Garnet
estimates at high traffic rates.

a) Hypothesis tests for Flattened Butterfly topology

Table VI-13. Performance metrics for Fpppp application — Flatenned Butterfly topology

Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per  latency  execution
(ffeyele (fIits/cz/EIe/PE) (cycles) (zZ::)
Garnet_STP 0.208 0.013 15.786 257016
NoCSimulator 0.199 0.012 9.485 267861
FB_4x4 diff 0.009 5.3e-4 6.301 -10854
diff (%) 41 41 39.9 42
p-value 8e-5 8e-5 3e-202 le-4
Garnet_STP 0.288 0.009 16.209 195938
NoCSimulator 0.284 0.009 9.351 198493
FB_4x8 diff 0.004 1.2e-4 6.858 -2556
diff (%) 14 14 42.3 -1.3
p-value 0.219 0.219 3e-282 0.257
Garnet_STP 0.310 0.005 21.960 185670
NoCSimulator 0.303 0.005 9.180 190565
FB_8x8 diff 0.007 1.le-4 12.780 -4895
diff (%) 23 2.3 58.2 -2.6

p-value 0.080 0.080 6e-79 0.058




Table VI-14. Performance metrics for Robot application — Flattened Butterfly topology

Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per  latency  execution
(ffeyele (fIits/cT/EIe/PE) (cycles) (Ziz::)
Garnet_STP 0.022 0.001 14.762 216346
NoCSimulator 0.021 0.001 7.295 220454
FB_4x4 diff 4.2e-4 2e-5 7.466 -4107
diff (%) 19 19 50.5 -1.8
p-value 0.016 0.016 le-191 0.025
Garnet_STP 0.021 0.001 14.738 217894
NoCSimulator 0.021 0.001 7.398 220930
FB_4x8 diff 3.6e-4 le-5 7.340 -3037
diff (%) 1.7 1.7 498 -1.4
p-value 0.035 0.035 6e-193 0.106
Garnet_STP 0.021 3.2¢e-4 14.742 218316
NoCSimulator 0.021 3.1le-4 7.387 218810
FB_8x8 diff 2e-5 3e-7 7.355 -494
diff (%) 0.1 0.1 49.9 0.2
p-value 0.887 0.887 2e-198 0.780

Table VI-15. Performance metrics for Sparse application — Flattened Butterfly topology

Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per  latency  execution
(ffeyele (fIits/cz/EIe/PE) (cycles) (zZ::)
Garnet_STP 0.149 0.009 14.913 69846
NoCSimulator 0.137 0.009 7.881 75747
FB_4x4 diff 0.012 7.5e-4 7.032 -5901
diff (%) 8.1 8.1 472 8.4
p-value 2e-28 2e-28 9e-235 le-25
Garnet_STP 0.183 0.006 15.131 51085
NoCSimulator 0.171 0.005 7.630 54745
FB_4x8 diff 0.012 3.8e-4 7.502 -3660
diff (%) 6.7 6.7 496 7.2
p-value le-14 le-14 6e-250 3.9e-15
Garnet_STP 0.175 0.003 15.045 49693
NoCSimulator 0.169 0.003 7.073 51897




FB_8x8 diff 0.007 le-4 7.972 -2204
diff (%) 38 38 53.0 44

p-value 2e-6 2e-6 2e-278 6e-7

Table VI-16. Performance summary - Flattened Butterfly topology

NoCSimulator vs Garnet STP

Attribute

Avg. diff. Max. diff
Throughput 3.3% 8.1%
Throughput per PE 3.3% 8.1%
Latency 48.9% 58.2%
Execution cycles -3.5% -8.4%
2) Fat-tree Topology
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Figure VI-13. Fat-tree topology (16-PEs).

In a Fat-tree the PEs are at the leaves of the tree, and the interior nodes are routers that switch traffic between
the leaves. An advantage of the Fat-tree topology is that distances are short for local communication
patterns. In this topology messages are routed up the tree until a common ancestor is reached and then
routed down to the destination; this allows the fat-tree to take advantage of locality between communicating
nodes [127], [128]. Figure VI-13 shows a Fat-tree for 16 PEs. RO-R7 are concentrator routers with two PEs
connected to each of them.

In Figure VI-14, a plot of average latency vs. throughput for a Fat-tree with sixteen PEs (Figure VI1-13)
using NoCSimulator and Garnet is presented. Simulation parameters are shown in Table VI-17. In this test,
all PEs inject packets at a constant rate, and the latency of the network is recorded after the network has
reached steady-state behavior. For each point in the chart, the test is repeated several times to account for
stochastic variations, and the latency results are then averaged.
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Figure VI-14. Average Latency vs Throughput - Fat-tree Topology (16 PEs).

Figure VI-14 shows the low saturation throughput of this topology (0.03 flit/cycle/PE). This is an indication
that this topology is not suitable for applications with high data traffic between distant PEs (i.e., many hops
between PEs). This result is in agreement with what is reported in the literature about that this topology
favors communication between close PEs (for example, PEs connected to the same concentrator) [46].

Table VI-17. Simulation Parameters - Fat-tree topology.

Item Value
Topology Fat-tree — 16 PEs
Routing protocol Shortest-path*?
Traffic pattern Uniform?3
Service time at routers 3
(cycles)
Buffer size (flits) 10
Virtual channels 1
Packet size (flits) 1

3) Estimation of performance using statistical traffic patterns of real applications

In this section, the suitability of NoCSimulator to estimate the performance of an NoC Fat-tree topology
with real traffic patterns is shown. As stated earlier, benchmarks from the MCSL traffic suite [28] were
used and they are described in Table VI-1. Three NoC sizes are tested: 16-PEs Fat-tree, 32-PEs Fat-tree,
and 64-PEs Fat-tree. The packets are composed of eight flits. Figure VI-15 shows the performance results
for the metrics network throughput and network throughput per PE. Figure VI-16 shows the performance
results for the metrics average latency and execution cycles.

12 The shortest path between each PE is used to route packets.
13 Each PE has the same probability to send a packet to the other PEs in the NoC.
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The performance metrics for each application simulated in Garnet_STP on the 16-PEs Fat-tree are used to
normalize all other performance metrics. Figures 6-15,16 show that the four performance metrics have no
strong similarities between the benchmarks, and as stated previously, this indicates that the results on
performance are determined not only by network parameters (topology size, routing protocol, etc.) but also
by the traffic patterns of the benchmarks used.

In Table VI-21, a comparison of results between NoCSimulator and Garnet_STP is summarized. These
results show that NoCSimulator and Garnet_STP are close on all the metrics for all the cases analyzed,
except in the latency results (Figure VI-16). This sub-estimation in latency can be attributed mainly to the
unbounded latency estimations that Garnet does, as discussed in section 1).

a) Hypothesis tests for Fat-tree topology

Table VI-18. Performance metrics for Fppp application - Fat Tree topology

Metric
Topology Avg. Avg. Avg. Avg.
Throughput | throughput per | latency | execution
(flits/cycle) PE cycles

flits/cycle/PE) | (CYCles)
(flits/cycle/PE) (cycles)

Garnet_STP 0.202 0.013 26.236 250813




NoCSimulator 0.197 0.012 22.559 256765
FatTreel6 diff 0.005 3e-4 3.677 -5952
diff (%) 24 24 14.0 -2.3
p-value 0.020 0.020 4e-136 0.034
Garnet_STP 0.244 0.008 27.555 211061
NoCSimulator 0.242 0.008 23.278 212756
FatTree32 diff 0.002 6e-5 4.277 -1695
diff (%) 0.8 0.8 15.5 -0.8
p-value 0.448 0.448 le-121 0.463
Garnet_STP 0.240 0.004 38.272 217721
NoCSimulator 0.234 0.004 25.853 222326
FatTree64 diff 0.005 7e-5 12.419 -4614
diff (%) 2.1 2.1 32.4 2.1
p-value 0.037 0.037 le-44 0.047

Table VI-19. Performance metrics for Robot application - Fat Tree topology

Metric
Topology Avg. Avg. Avg. Avg.
Th_roughput throughput per ~ latency  execution
(ffeyele (fIits/cz/EIe/PE) (cycles) (zzi;
Garnet_STP 0.018 0.001 22.582 220210
NoCSimulator 0.017 0.001 14.339 224807
FatTreel6 diff 4e-4 2e-5 8.243 -4597
diff (%) 2.3 2.3 36.5 2.1
p-value 0.005 0.005 1e-270 0.011
Garnet_STP 0.018 0.001 22.581 220156
NoCSimulator 0.017 0.001 14.341 224644
FatTree32 diff 3e-4 le-5 8.240 -4488
diff (%) 22 2.2 36.5 -2.0
p-value 0.002 0.002 9e-271 0.006
Garnet_STP 0.018 2.7e-4 22.580 220120
NoCSimulator 0.017 2.7e-4 14.369 223693
FatTree64 diff 2e-4 4e-6 8.211 -3573
diff (%) 1.7 1.7 36.4 -1.6
p-value 0.021 0.021 5e-277 0.027

Table VI-20. Performance metrics for Sparse application - Fat-Tree topology

Topology

Metric
Avg. Avg. Avg. Avg.
Throughput  throughput per  latency  execution
(flits/cycle) PE cycles




(flits/cycle/PE)  (cycles) (cycles)

Garnet_STP 0.113 0.007 22.564 69935
NoCSimulator 0.104 0.006 13.327 76274
FatTreel6 diff 0.009 5e-4 9.237 -6339
diff (%) 7.9 7.9 40.9 -9.1
p-value le-25 le-25 4e-270 2e-27
Garnet_STP 0.107 0.003 26.934 62241
NoCSimulator 0.101 0.003 17.980 65567
FatTree32 diff 0.006 le-4 8.955 -3326
diff (%) 53 5.3 332 -5.3
p-value 8e-12 8e-12 2e-247 8e-11
Garnet_STP 0.133 0.002 28.436 50175
NoCSimulator 0.124 0.002 19.066 53331
FatTree64 diff 0.009 le-4 9.419 -3157
diff (%) 6.5 6.5 331 -6.3
p-value le-13 le-13 3e-257 9e-11

Table VI-21. Performance summary - Fat-tree topology

NoCSimulator vs Garnet STP

Attribute Avg. diff, Max. diff
Throughput 3.5% 7.9%
Throughput per PE 3.5% 7.9%
Latency 30.9% 40.9%
Execution cycles -3.5% -9.1%

F. NoCSimulator simulation times

From the study of the state of the art made in section 7), it is expected that NoC performance estimation
tools based on formal models be faster than cycle-accurate ones. This is attributed mainly to the use of
mathematical models to estimate the performance of an NoC. These models, being high-level
representations of the NoC are faster to execute than detailed models of the hardware of an NoC present in
cycle-accurate simulators. In this section, the simulation times of NoCSimulator when running the
benchmarks used in sections 6.1 to 6.4 are compared to the ones obtained when using Garnet_STP.

1) Mesh topology

For each topology size and benchmark, the average simulation time of NoCSimulator is normalized using
the average simulation time obtained with Garnet_STP. Figure VI-17 shows the results.
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Figure VI-17. Normalized simulation time for each benchmark running in a Mesh topology.

From Figure VI-17 it can be seen that NoCSimulator is faster than Garnet_ STP for all benchmarks and
Mesh sizes, with simulation times that are on average about 13% of the ones obtained when using
Garnet_STP. The different simulation times obtained across Mesh sizes and benchmarks is an indication of
the effect that the TCGs data (mapping of tasks, data packets, tasks execution times, etc.) has on the
simulation time of both tools. The diminished gains in simulation time for the Robot application can be an
indication that this application is simpler to model by both NoCSimulator and Garnet_STP, and thus,
benefits less for being modeled in NoCSimulator.

2) Ring topology

For Ring topology, the average simulation time of NoCSimulator is normalized using the average
simulation time of Garnet_STP for each Ring size and benchmark. Figure V1-18 presents the results. From
Figure VI1-18, it can be seen that NoCSimulator is faster than Garnet_STP for all benchmarks and Ring
Sizes. On average, the simulation time of NoCSimulator is 7% of the one obtained when using Garnet_STP.
As in section 1), it seems that the TCGs data influences the simulation time of the tools. i.e., for more
complex TCGs (Fpppp and Sparse) the differences in simulation time between NoCSimulator and Garnet
are more evident.
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Figure VI-18. Normalized simulation time for each benchmark running in Ring topology.
3) Flattened Butterfly topology

The average simulation time of NoCSimulator for each NoC size and benchmark is normalized using the
simulation time of Garnet_STP. Results are shown in Figure VI-19, for all benchmarks and NoC sizes
NoCSimulator is faster than Garnet_STP. On average, the simulation time for NoCSimulator is about 16%
of the simulation time of Garnet_STP. As indicated in the above sections, it is evident that for the Fpppp
and Sparse benchmarks the gap between the simulation times of NoCSimulator and Garnet_STP is wider
than for the Robot benchmark. This suggests that these benchmarks (Fpppp and Sparse) are more complex
to handle by Garnet_STP and benefit for its modeling using a high-level tool as NoCSimulator.
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Figure VI-19. Normalized simulation time for each benchmark running in a Flattened Butterfly (FB) topology.
4) Fat-tree topology

For this topology, the average simulation time of NoCSimulator is normalized by the one obtained using
Garnet_STP for all NoC sizes and benchmarks. The results are shown in Figure VI-20. For all tests,
NoCSimulator outperforms Garnet_STP, with an average simulation time of about 10% of the simulation
time of Garnet STP. As described in the previous sections, the gap between NoCSimulator and
Garnet_STP is bigger for the Fpppp and Sparse benchmarks than for the Robot benchmark, this can be an
indication that for complex TCGs the simulation time benefits from modeling these TCGs in a high-level
tool as NoCSimulator.
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Figure VI-20. Normalized simulation time for each benchmark running in a Fat-tree topology.

G. CONCLUSION

In this chapter, validation tests for NoCSimulator were performed. The tests included the use of synthetic
traffic and traffic patterns based on real applications, the latter thanks to the integration of the MCSL traffic
suite into NoCSimulator. The gem5 cycle-accurate simulator was used as validation tool. After analyzing
the results of NoCSimulator for different applications from the MCSL traffic suite, mapped in several
topologies of varied sizes, it was found that NoCSimulator can accurately estimate the performance metrics
of the different NoCs, except for latency. The statistical significance of the differences in performance
estimation between NocSimulator and gem5 (Garnet_STP), were tested using the hypothesis testing
method, finding that for many tests the differences observed had statistical significance, yet they were small
enough to be usable. For other tests it was observed that these differences had no statistical significance
due to the closeness of the estimations. As discussed in sections 6.1 to 6.4 the sub-estimation of latency can
be mainly attributed to the unbound growth of latency that Garnet STP estimates when the throughput
approaches saturation rates. This, due to how Garnet handles packet contention at cache level. However, at
early stages of the design process where several topologies and application mappings must be tested, this
sub-estimation of latency does not prohibit the obtention of insights about NoC performance, because the
tendencies in the estimation of latency between Garnet_STP and NoCSimulator are preserved. Then, after
prospect system configurations are selected, cycle-accurate simulations can be performed to obtained more
refined results. Thus, helping in lowering the time spent in the Design Space Exploration (DSE) process.
Also, as shown in section F, the simulation time of NoCSimulator is lower than the Garnet_STP as expected
from the review of the state of the art in section 7). All of above demonstrates the features of NoCSimulator
and its suitability for NoC performance estimation. In the next chapter, NoCSimulator is used to do a simple
DSE experiment, showing how NoCSimulator can be embedded in the DSE workflow. With this chapter,
specific objective e (see section b)) is met.
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A. Introduction

In V1 it was found that NoCSimulator was capable of estimate NoC Performance with high accuracy when
compared to the gem5 cycle-accurate simulator (except avg. latency, but the reasons for this are explained
in VI). Now, having confidence in the capabilities of NoCSimulator, in this chapter, it is used to do a simple
Design Space Exploration (DSE) exercise (see section E for a discussion about DSE). The goal is to use
results from NoCSimulator to identify a suitable design point that maximizes NoC performance for each of
the applications studied in V1. This DSE exercise is man supervised (i.e., no automated methods as the ones
discussed in section F are used). Also, in section F, it was shown that NoCSimulator is considerable faster
than the cycle-accurate simulator gem5. This makes it ideal to be used during the DSE process, especially
at early design stages.

This chapter is divided as follows: section B explains how the DSE exercise is going to be carried out.
Later, in section C the Fpppp application is studied, section D is for the Robot application, and finally,
section E is devoted to the Sparse application. With this chapter, specific objective f (see section b)) is
fulfilled.



B. Experimental setup

A DSE exercise consist of finding a design point in the vast space of design options (for example, NoC
topologies, NoC size, application mapping, etc.) that meets specific design constraints (like power
consumption, execution time, occupied area, etc.). For the experiments performed in this chapter, the goal
is to find a NoC topology that offers maximum throughput, while minimizing latency and execution cycles.
Additional criteria for the selection process is that an increasing number of PEs (i.e., bigger NoC sizes)
generally imply an increase in cost, area occupied, and power consumption of the system. Thus, each
application (Fpppp, Robot and Sparse) is mapped in each topology (Mesh, Ring, Flattened Butterfly and
Fat-tree) and each NoC size (16, 32 and 64 PEs). 100 samples of each configuration are taken to account
for statistical variations. Later, comparing the performance of each application for each topology and NoC
size, the configuration that meets the design constrains is selected as the best configuration for the given
application.

C. Fpppp application

Fpppp application is mapped to Mesh, Ring, Flattened Butterfly (FB), and Fat-tree topologies of 16, 32,
and 64 PEs. In Figure V1I-1 performance metrics of throughput and throughput per PE are presented. These
metrics are normalized to those obtained for a Mesh of 16 PEs. In Figure VII-1-A the tendency is that
throughput increases with network size except for Fat-tree topology. The maximum increase of throughput
for each topology is shown in Figure VII-1-A. Thus, the topology that offers maximum throughput for the
Fpppp traffic pattern is a Ring of 64 PEs, followed closely by a Flattened Butterfly Topology of 64 PEs. In
Figure VI1I-1-B the tendency is that throughput per PE decreases with network size, with the maximum
decrease in Fat-tree topology of 64 PEs.
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Figure VII-1. Performance of Fpppp application mapped in different topologies. A) Normalized throughput B) Normalized
throughput per PE.

In Figure V1I-2 latency and execution cycles are presented. These metrics are normalized to those of Mesh
of 16 PEs. In Figure VII-2-A, latency increases with network size except for Flattened Butterfly topology.
As expected, Ring topology has the maximum latency of all topologies, with the Ring of 64 PEs having
more than four times the latency of a Mesh of 16 PEs. Also, Fat-tree topology has almost 2 times the latency
of a Mesh of 16 PEs, independently of the network size. Thus, the best topology in terms of latency is



Flattened Butterfly. In Figure VI1I-2-B, execution cycles decrease with network size, except for Fat-tree
topology. The maximum decrease in execution cycles is for Ring topology of 64 PEs, followed closely by

Flattened Butterfly of 64 PEs.
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Figure VII-2. Performance of Fpppp benchmark mapped in different topologies. A) Normalized latency B) Normalized Cycles.

With the information presented in Figure VI1I-1 and Figure VII-2, it is possible to select the best topology
for the Fpppp application. The objective is to maximize throughput, minimizing latency and execution
cycles. Also, for the selection process, it must be noted that more PEs generally means more costs, more
occupied area, and more power consumption [67]. Thus, from figures 7-1,2, a feasible topology is Flattened
Butterfly of 32 PEs, because its throughput is 1.5 times higher, with a throughput per PE near 0.7 times
lower, a latency also 0.7 times lower, and execution cycles 0.7 lower than for a Mesh topology of 16 PEs.

D. Robot application

Robot application is mapped to Mesh, Ring, Flattened Butterfly (FB), and Fat-tree topologies of 16, 32, and
64 PEs. In Figure VII-3 performance metrics of throughput and throughput per PE are presented. These
metrics are normalized to those obtained for a Mesh of 16 PEs. In Figure VI1-3-A throughput remains fairly
constant regardless of NoC topology and size, except for Fat-tree topology. The maximum throughput for
each topology is displayed in Figure VI1I-3-A. Thus, the topology that offers maximum throughput for the
Robot application is a Mesh of 16 PEs. In Figure VI11-3-B, the tendency is that throughput per PE decreases
with network size, except for Fat-Tree topology. However, this decrease in throughput per PE is negligible
for networks of 64 PEs and is almost the same across topologies. The maximum decrease in throughput per
PE is found in Mesh of 32 PEs and Flattened Butterfly of 64 PEs.
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Figure VII-3. Performance of Robot application mapped in different topologies. A) Normalized throughput B) Normalized
throughput per PE.

In Figure V1I-4 latency and execution cycles are presented. These metrics are normalized to those of Mesh
of 16 PEs. In Figure VII-4-A, latency is nearly constant for each topology except for Ring topology, with
an increased latency as network size increases. The best latency behavior is for Flattened Butterfly with a
maximum latency 0.75 times lower than that of Mesh. The highest latency is for Ring topology of 64 PEs,
which is almost three times higher than for Mesh topology. Fat-tree topology has a latency almost 1.5 times
higher than for Mesh topology regardless of network size. In Figure VII-4-B, execution cycles remain
almost constant for all topologies and network sizes.
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Figure VII-4. Performance of Robot application mapped in different topologies. A) Normalized latency B) Normalized Cycles.

With the information presented in Figure V1I-3 and Figure VII-4, it is possible to select the best topology
for the Robot application. The objective is to maximize throughput, minimizing latency and execution
cycles. Also, for the selection process, it must be noted that more PEs generally means more costs, more
occupied area, and more power consumption [67]. Thus, from figures 7-3,4 a feasible topology is Mesh of
16 PEs since its throughput is marginally higher than the other topologies and network sizes; its latency is
lower than other topologies except for Flattened Butterfly (which in theory is more expensive to implement
due to the use of routers with bypass ports [47]), and its execution cycles are almost the same than the other
topologies and network sizes.



E. Sparse application

Sparse application is mapped to Mesh, Ring, Flattened Butterfly (FB), and Fat-tree topologies of 16, 32,
and 64 PEs. In Figure V1I-5 performance metrics of throughput and throughput per PE are presented. These
metrics are normalized to those obtained for a Mesh of 16 PEs. In Figure VII-5-A the tendency is that
throughput is maximum for all topologies of 32 PEs except for Fat-tree topology, which offers less
throughput for all network sizes. Maximum throughput for each topology is displayed in Figure VII-5-A.
As can be seen, a Mesh of 32 PEs (4x8) offers the maximum throughput, followed closely by Ring and
Flattened Butterfly of 32 PEs. In Figure VII-5-B the tendency is that throughput per PE decreases with
network size, with the maximum decrease in Fat-tree topology of 64 PEs.
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Figure VII-5. Performance of Sparse application mapped in different topologies. A) Normalized throughput B) Normalized
throughput per PE.

In Figure VII-6 latency and execution cycles results for the Sparse application are presented. These metrics
are normalized to those of Mesh of 16 PEs. In Figure VI1I-6-A, latency increases with network size except
for Flattened Butterfly topology. As expected, Ring topology has the maximum latency of all topologies,
with the Ring of 64 PEs having more than four times the latency of a Mesh of 16 PEs. Also, the Fat-tree
topology of 32 and 64 PEs has almost 2 times the latency of a Mesh of 16 PEs. Thus, the best topology in
terms of latency is Flattened Butterfly with similar performance for all network sizes. In Figure VI1-6-B,
execution cycles decrease with network size. The decrease in execution cycles is almost identical for all
topologies with 64 PEs.

With the information presented in Figure V1I-5 and Figure VII-6, it is possible to select the best topology
for the Sparse application. The objective is to maximize throughput, minimizing latency and execution
cycles. Also, for the selection process, it must be noted that more PEs generally means more costs, more
occupied area, and more power consumption [67]. Thus, from figures 7-5,6 a feasible topology is Flattened
Butterfly of 32 PEs because its throughput is almost the same as the other topologies of 32 PEs; its latency



is much lower than other topologies, and its execution cycles are very similar to the other topologies of the
same size.
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Figure VII-6. Performance of Sparse application mapped in different topologies. A) Normalized latency B) Normalized Cycles.

Table VII-1 presents a summary of the results obtained during the DSE exercise.

Table VII-1. Summary results of the DSE exercise.

Application  Selected topology Performance metrics
(normalized to Mesh_16)
Fpppp FB_32 Throughput: 1.5
Throughput_per_PE: 0.7
Latency: 0.7
Execution cycles: 0.7
Robot Mesh_16 Throughput: 1.0
Throughput_per_PE: 1.0
Latency: 1.0
Execution cycles: 1.0
Sparse FB_ 32 Throughput: 1.2
Throughput_per PE: 0.5
Latency: 0.7
Execution cycles: 0.7

F. CONCLUSION

In this chapter, results from NoCSimulator have been used to do Design Space Exploration for three
different applications. Each application (Fpppp, Robot and Sparse) was mapped to Mesh, Ring, Flattened
Butterfly and Fat-tree topologies of several sizes (16, 32 and 64 PEs). The objective of these experiments
was to find a topology that maximized throughput, while minimizing latency and execution cycles for each
application. From these tests it was found that for the Robot application the topology that best met the
design constrains was Mesh 4x4 (16 PEs); and for both the Fpppp and Sparse applications the best topology
was Flattened Butterfly 4x8 (32 PEs). This chapter illustrates how NoCSimulator can be used in early stages
of the DSE process, where multiple topologies must be investigated to find prospect system configurations



that meet a set of design constrains. Having in mind that NoCSimulator runs considerable faster than a
cycle-accurate simulator as shown section F, the DSE process can be speedup considerably. With this
chapter, specific objective f (section b)) is met.



VIII. CONCLUSIONS AND FUTURE WORK

In this thesis, the path leading to the development of the NoCSimulator was described. From the
appropriation of NoC concepts done in Chapter 2, the discussion that led to the selection of Queueing
Theory as the formal model to use in NoCSimulator in Chapter 3, the selection of gem5 as the validation
tool in Chapter 4, and finally the development of NoCSimulator as described in Chapter 5.

NoCSimlator is a NoC performance estimation tool based on Queueing Theory. NoCSimulator supports
four NoC topologies, Mesh, Ring, Flattened Butterfly, and Fat-tree. When compared with the gem5 cycle-
accurate simulator, it was shown that NoCSimulator can estimate accurately the throughput, throughput per
PE, and execution cycles for traffic patterns based on real applications. However, it was found a
considerable discrepancy in latency estimations. As discussed in VI, this discrepancy can be attributed to
how gem5 (specifically, the garnet module) models packet contention at the cache memories.
NoCSimulator can work with traffic patterns based on real applications, thanks to the MCSL traffic suite,
that offers high-level representations of the traffic patterns of several applications mapped on several NoC
topologies. The ability to model several topologies, and work with traffic patterns based on real applications
sets apart NoCSimulator from other tools based on Queueing Theory reported in the literature, that can only
handle synthetic traffic patterns and only support one topology (mainly Mesh). Also, it was shown that
NoCSimulator is faster than the gem5 cycle-accurate simulator when modeling traffic patterns of real
applications, something that makes it attractive for NoC performance estimation at early stages of the DSE
process. From the work presented in this document, the general objective of this thesis (see section a)) is
met.

A. Future work

After presenting NoCSimulator, a future research path can be how it can be integrated into automatic DSE
tools, like the ones presented in section F. This to take advantage of its faster execution when compared
with a cycle-accurate simulator. Also, performance estimation results obtained from NoCSimulator, can be
used to estimate other performance metrics, like power consumption, cost, reliability, etc. This can be done,
integrating NoCSimulator with other tools available in the literature like ORION [134], [135], and [136],
[137]. Additionally, the modular design of NoCSimulator permits its evolution. For example, new
topologies or routing protocols can be incorporated.
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