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Abstract

Future multiprocessor systems-on-chip (SoC) designs wiléed novel on-chip com-
munication architectures that can provide scalable and reble data transport { On-
chip network architectures are believed to be the ideal d@mn to many of today's SoC
interconnection problems. On-chip network architecturesiay adopt design concepts
and methodologies from computer networks, namely from syst-area-networks and
parallel computer clusters. Nevertheless, silicon implemtation of networks requires
a di erent perspective, because network architectures arpfotocols have to deal with
the advantages and limitations of the silicon fabric. Theseharacteristics will re-
quire new methodologies for both on-chip switch designs adlvas routing algorithm
designs. We envision that future on-chip systems will be ammnication-centric, in
particular, energy and performance issues in designing teiemmunication infrastruc-
ture will become challenging.

In this thesis, we explore several critical aspects in the ysical and network layers
of the on-chip communication stack that include: 1) On-chimterconnect power con-
sumption modeling and simulation. 2) On-chip routing schess and switch architec-
ture. 3) Packetization and its impact on system performana@nd power consumption.
4) Physical planning for on-chip networks. Many of the issaeare new and unique
for on-chip networks, thus novel techniques and design cepis have to be explored.

Using multi-processor systems-on-chip (MPSoC) networkss g¢he experimental
platform, this thesis presents both quantitative and quigtive analysis for on-chip
networks. New methodologies and solutions are also propbse achieve better per-
formance and power balance for MPSoCs.



Chapter 1

Introduction

1.1 From Systems-on-Chip to Networks-on-Chip

Multi-processor systems-on-chipgMPSoCs) have been widely used in today's high
performance embedded systems, such @eatwork processorgNP) and parallel media
processors(PMP). They combine the advantages of data processing palaism of
multi-processors and the high level integration o$ystems-on-chigSoCs).

Driven by the advances of semiconductor technology, futu®oCs will continue to
accelerate in system's complexity and capacity. SoCs in tmext decade are expected
to integrate hundreds, or even more ofprocessing element¢PEs) and/or storage
elements(SEs) on a single chip. SoC designs at this scale cannot bertstd from
scratch, instead, it is common believe that SoCs will be dgsied using pre-existing
components, such as processors, controllers and memoryags. Future SoC design
methodologies have to support component re-use in a plugekplay fashion in order
to meet time-to-market requirement.

In such a plug-and-play system integration approach, the nso critical factor will
be related to the communication scheme among components. elldesign of reli-
able, low-energy and high-performance on-chip communigant architectures for fu-
ture SoCs will pose unprecedented challenges [5][15][24terconnect technology will
become the limiting factor for achieving the operational gas. Therefore, we envision
a communication-centric view of design methodology in theegars to come [44], as
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50-100nm technologies will prevail in the second part of thidecade.

Traditional on-chip communication structures have alreaglencountered many lim-
itations in today's VLSI designs. Many of these limitationswill become even more
problematic as the semiconductor technology advances ini@wer generations. These
limitations are either associated with the scaling-down ahe device feature size, or
they are inevitable with the scaling-up of design complexit[25]. Particularly, the
following issues will become the bottleneck in the future eamunication-centric SoC
design scheme:

Throughput Limitation  { Traditional on-chip communication structures (i.e.,

the buses) cannot scale up as the number of components ingest When
multiple data ows are transmitted concurrently, they will compete for the same
communication resources.

Energy Consumption { As the VLSI device features are continuously shrink-
ing down, interconnect wires have been one of the major coittutors of the
system energy consumption. The buses used in many of todageC designs
are notoriously not energy-e cient, because every bit trasmitted is propagated
throughout the bus to every terminal.

Signal Integrity { Energy considerations will impose small logic swings and
power supplies, most likely below 1 Volt. Smaller device feae sizes will also
produce denser wires (i.e., 7 layers or more of routing wijesonnecting highly
compacted transistors. Therefore, future VLSI systems wibecome more vul-
nerable to various forms of electrical noise, such asss-talk electro-magnetic
interference (EMI) and radiation-induced charge injection §oft errors). An ad-
ditional source of errors is contention in shared-medium tweorks. Contention
resolution is fundamentally a non-deterministic procesfecause it requires syn-
chronization of a distributed system, and for this reason itan be seen as an
additional noise source. Because of these e ects, the merartsmission of digital
values on wires will benherently unreliable.

Signal Latency { The propagation delay on wires will gradually dominate the
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Figure 1.1: Micro-Network Stack

signal latency as the wire feature size shrinks. In fact, vdrdelay has already
become a big challenge in today's VLSI systems, because tleday is determined
by the physical distribution of the components, which is hat to predict in the
early stages of the design ow. A more predictable communittan scheme is of
great importance in the future SoC designs.

Global Synchronization { Propagation delay on global wires - spanning a sig-
ni cant fraction of the chip size - will pose another challege on future SoCs. As
the wire size continues to shrink, the signal propagation tey will eventually ex-
ceed the clock period. Thus signals on global wires will bepgilined. Hence the
need for latency insensitive design is critical. The mostkiely synchronization
paradigm for future chips isglobally-asynchronous locally-synchrono(SALS),
with many di erent clocks.

We propose to use network design technology to analyze andsim future SoCs.

In other words, we view a SoC as micro-network of components, where the PEs and

SEs are interconnected asode componentsor simply referred to asnodes We pos-

tulate that SoC interconnect design analysis and synthestan be done by using the

micro-network stackparadigm, which is an adaptation of the protocol stack [48Fig-

ure 1.1). Thus the electrical, logic, and functional propeies of the interconnection

scheme can be abstracted.
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1.2 Micro-Networks: Architectures and Protocols

In the proposed on-chip network architecture, onetworks-on-chip(NoC), each PE or
SE is abstracted as a node, and the nodes are interconnectgdthbe micro-network
that can provide scalable and concurrenpoint-to-point (P2P) or point-to-many (P2M)
connection. As a new SoC design paradigm, NoCs will supporbvel solutions
to many of above mentioned SoC interconnect problems. For axple, multiple
data ows can be supported concurrently by the same commuration resources, data
integrity can be enhanced by error correction and data restation, and components
are more modularized for IP reuse.

On-chip network architectures may adopt design concepts dmethodologies from
computer networks, namely fromsystem-area-network¢SAN) and parallel computer
clusters (PCC). Communication in on-chip network architecture is ado regulated by
protocols, which are designed in layers. The layer stack ind€s may dier from
traditional networks because of local proximity and becaesthey exhibit much less
non-determinism. Although we may borrow some concepts ang@roaches from
computer network architectures, we do not need to follow th®SI seven-layer scheme
to setup a communication transaction. Instead, on-chip neirks may exploit tailor-
made protocols to satisfy application speci c requiremest

We analyze next speci c issues related to the di erent layer of abstraction out-
lined in the micro-network stack in a bottom-up way.

1.2.1 Physical Layer

Global wires are the physical implementation of the commuaation channels. While
the VLSI technology trends lead us to use smaller voltage swjs and capacitances,
the signal integrity problem will get worse. Thus the trend bward faster and lower-
power communication may decrease reliability as an unfonmate side e ect.

Current design styles consider wiring-related e ects as aesirable parasitics, and
try to reduce or cancel them by specic and detailed physicatlesign techniques.
It is important to realize that a well-balanced design shodl not over-design wires
so that their behavior approaches an ideal one, because therresponding cost in
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performance, energy-e ciency and modularity may be too hilg. Physical layer design
should nd a compromise between competing quality metricsra provide a clean and
complete abstraction of channel characteristics to microetwork layers above.

1.2.2 Datalink, Network and Transport Layers

The data-link layerabstracts the physical layer as an unreliable digital linkwhere the
probability of bit upsets is not negligible (and increasings technology scales down).
An e ective way to deal with errors in communication is topacketizedata. If data
is sent on an unreliable channel in packets, error containmieand recovery is easier,
because the e ect of errors is contained by packet boundasieand error recovery can
be carried out on a packet-by-packet basis. At the data linkalyer, error correction
can be achieved by using standardrror correcting codes(ECC) that add redundancy
to the transferred information.

At the network layer packetized data transmission can be customized by the
choice of switching and routing algorithms. The former eshdishes the type of connec-
tion while the latter determines the path followed by a mesgge through the network
to its nal destination.

At the transport layer, algorithms deal with the decomposition of messages into
packets at the source and their assembly at destination. Featization granularity is
a critical design decision, because the behavior of most werk control algorithms
is very sensitive to packet size. Packet size can be applicat-speci c in SoCs, as
opposed to general networks.

1.2.3 Software and Application Layer

Software layers comprise system and application softwar&€he system software pro-
vides us with an abstraction of the underlying hardware pldbrm, which can be
leveraged by the application developer to safely and e eeely exploit the hardware's
capabilities.

From a high level application viewpoint, multiprocessor S© platforms can be
viewed as networks of computing nodes equipped with locabsage. Software layers
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are critical for the NoC paradigm shift, especially when emgy e ciency is a require-
ment. Software programming abstractions, development té®and system software
need to help programmers understanding communication-eeéd costs and coping
with them

1.3 Research Challenges in Networks-on-Chip

The above analysis shows that on-chip networks dier from tditional computer

networks, many assumptions and solutions have to be adaptéal the on-chip imple-

mentation. NoC architectures and protocols have to deal vhtthe advantages and
limitations of the silicon fabric. In particular, chip-level communication is localized
between nodes (PEs and SEs). On-chip networks do not need tdldw the standard

schemes for communication since they can use lighter andt&agrotocol layers. NoCs
will require novel methodologies for both on-chip switch dggns as well as routing
algorithm designs.

1.3.1 Current Research in NoCs

NoC research has been an active topic in recent years. Manyearchers around the
world are contributing to this eld from di erent aspects. T he NoC related research
has been primarily carried out in the following three areasl) NoC architectures, 2)
NoC protocols and 3) NoC design automation. In reality, thesthree areas are closely
interacted to each other, any design exploration on NoC has ttonsider all issues as
well. Next, we will summarize the research activities in dierent areas briey.

NoC Architectures

A torus network architecture was proposed by [15] for the fe#ility of on-chip com-
munication. In the architecture proposed, each PE is placeas a tile and connected
by the torus network (Fig. 1.2a). The tiles represent the proessing elements or
storage elements. Although the tiles may have dierent furtonalities, they have
homogeneous physical dimension and are regularly oorplaed and placed. Packet
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switching technique is applied for inter-tile communicatin. The data ows are seg-
mented into packets, and the packets are routed from sourcts destinations. Each
tile can perform packet routing and arbitration independetty. The network inter-
faces are located on the peripherals of each tile. Since in erus network, each
tile is abutted to four neighboring tiles, the packets are eshanged between adjacent
neighbors.

PE
al Tile

Figure 1.2: The Two-Dimensional Torus Networks Proposed by Dally, et. d

The Nostrum network was proposed by [31]. It also adopts the tile-basedorplan
structure and utilizes a two-dimensional mesh topology (Bi 1.3). The data ows
are segmented into packets and packets are routed indepentle Dierent from
the architecture proposed in [15], a dedicated switch netwo is used to perform
the routing function and acts as a network interface for eachode. The dedicated
network consists of switches and interconnect wires. The gghes are located at the
intersection of the mesh grids. Each switch has its own bu erand arbitration circuits
to deliver the packets.

The SPIN network [20] was proposed as a communication arahiture for on-chip
multiprocessors. The network utilizes a fat-tree topologywhere each processor is
located at the leaf node of the fat-tree, as shown in Fig. 1.Messages (segmented into
packets) can be exchanged between processing elements hydling up and down the
fat-tree network. The packets are de ned as sequences of B6words. The packet
header ts in the rst word, where a byte in the header identi es the destination
address, and other bits are used for packet tagging and rongj information. The
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Figure 1.3: The Two-Dimensional Indirect Mesh Proposed by Kumar, et. al

packet payload can be of variable sizes. Each packet is termated by a trailer, which
contains no data, but a checksum for error detection.

Figure 1.4: The SPIN Networks

The Octagon network (Fig. 1.5) was proposed by [29] as an ohig communi-
cation architecture for network processors. In this archécture, eight processors are
connected by an octagonal ring and three diameters. The dgtabetween any two
node processors are no more than two stages (through one intediate node) within
the local ring. The Octagon network is scalable. If one nodeqressor is used as the
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Figure 1.5: The Octagon Networks

bridge node, more Octagons can be cascaded together, as showrig. 1.5.

NoC Protocols

Communication in a NoC architecture is regulated by protods. A protocol not only
determines how data ows are distributed among networks nas$ (known as routing
protocol), but also de nes how senders and receivers exeeuthe communication
transactions (known as transmission protocols). For NoC gfications, the reliability

and power consumption issues are greatly a ected by di erémprotocol options. Next,

we will describe some recent works related to the NoC transssion protocol and
routing protocol implementation.

A low-swing signaling, error detection coding and a retransission scheme is pro-
posed by [50]. It minimizes the interconnect voltage swingnd frequency subject
to workload requirement and S/N conditions. Simulation reslts show that tangible
saving in energy can be attained while achieving at the samane more robustness
to large variations in actual workload, noise and technolggquality. It shows that
traditional worse-case correct-be design paradigm will Hess and less applicable in
future NoC designs.

Two alternative reliability-enhancement communication potocols: error-correcting
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codesand error-detecting codes with retransmissignare analyzed and compared by
[6]. A set of experiments that apply error correcting and deicting codes to an AMBA
bus are compared in terms of the energy consumption. The rétisushow that retrans-
mission strategies are more e ective than correction onesf an energy viewpoint.
Because larger detection capability allows to use smallepltage swing on the in-
terconnect, thus helps to reduce the energy consumption. kémver, error-detection
requires minor decoding complexity than the error-corren approach.

Guaranteed serviceprotocols are essential to provide predictable interconnes
performance. However, guaranteed communication protodoiplementation typically
utilize resources ine ciently. In comparison, best-e ort service protocols overcome
this problem but provide no guarantees. In [41], an integr&n of guaranteed and
best-e ort services is proposed, which provides e cient reource utilization, and still
provides guarantees for critical tra c.

Another NoC tra ¢ mapping and routing algorithm is proposed by [27]. The pro-
posed scheme can automatically map the cores onto a meshdamhdloC architecture
and constructs a deadlock-free deterministic routing fution such that the total com-
munication energy is minimized. The performance of the reimg communication
system is guaranteed to satisfy the speci ed constraints tbhugh bandwidth reser-
vation. An e cient branch-and-bound algorithm is used to sdve this mapping and
allocation problem. The proposed algorithm is fast and ackves signi cant energy
savings compared to an ad-hoc implementation.

Design Automation for NoC

Xpipes[12] was designed in University of Bologna. Itis a scalable@high-performance
NoC architecture for multi-processor SoCs. It consists ob& macros that can be
turned into instance-speci ¢ network components at instatnation time. The exibil-
ity of the Xpipes components allows the NoC to support both hmogeneous and het-
erogeneous architectures. The interface with IP cores atdtperiphery of the network
is standardized. Links can be pipelined with a exible numbeof stages to decou-
ple data introduction speed from worst-case link delay. Stehes are lightweight and
support reliable communication for arbitrary link pipeline depths (latency insensitive
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operation). Xpipes components have been described in syeslizable SystemC, at the
cycle-accurate and signal-accurate level. Xpipes archstare is highly con gurable to
di erent network topologies and technology parameters.

A framework for early exploration of the on-chip communicabn architecture was
proposed by [30] at Aachen University of Technology. The fraework is also written in
SystemC. It is able to capture the performance and cost reqaments for di erent on-
chip networks, such as dedicated point-to-point, shared Buand crossbar topologies.
The mapping of the inter-module tra c to an e cient communic ation architecture
is driven by monitoring the performance parameters, i.e., tilization, latency and
throughput, etc. The e ectiveness of this approach is demaitrated by the exemplary
design of a high performancéetwork Processing Unit(NPU), which is compared
against a commercial NPU device.

1.3.2 My Contribution in NOC Research

The idea of on-chip network architecture will create many ne research opportunities
within the Electronic Design Automation(EDA) eld. In particular, this dissertation
has explored the on-chip network and communication desigpaces in the following
directions:

1. On-chip interconnect power consumption modeling and simul ation

Future systems-on-chip have very stringent limitation on pwer dissipation.
Therefore, system performance needs to balance with the pawconsumption
in on-chip network designs. | have proposed a bit-level poweodel that can
be used for on-chip network power consumption analysis. Ascase study, |
applied this model to analyze the power consumption of swhcfabrics used in
many di erent on-chip network topologies.

2. Novel on-chip communication routing protocol

The characteristics of silicon fabrics require new methottmies for on-chip net-
work packet routing. | have proposed a new routing scheme thachieves signif-
icant performance improvement and power saving comparedttviconventional



CHAPTER 1. INTRODUCTION 12

methods. This routing scheme utilizes the abundant wiringesources avail-
able on silicon and propagates the network contention inforation on dedicated
control wires. This contention-look-ahead scheme imprawethe routing per-
formance. Because the contention occurrence between paske reduced, the
on-chip bu er usage can be dramatically reduced. Consequbn the network

power consumption is reduced as well.

3. Packetization and its impact on system performance and powe r con-
sumption.

On-chip network performance and power consumption are gtéaa ected by
the packet data ows that are transported on the network. In his research,
| analyzed the packet size impact on system performance aslwas power
consumption. Particularly, | have proposed a quantitativemethod of analysis
to evaluate the trade-o relationship between di erent deggn options (cache,
memory, packetization scheme, etc.) at the architecturaklel.

4. Physical planning of on-chip networks and switch fabrics

Silicon implementations of on-chip networks need to planae the interconnect
networks and switch fabrics onto the two-dimensional oorfan. On-chip net-
work physical planning is particularly critical for multiprocessor systems-on-chip
architectures that utilize regular network topologies. Tle oorplan requires to
preserve the network regularity while minimizing the totalinterconnect wire
length to save power and reduce delay.

| have proposed an automated MPSoC physical planning metholdgy; a tool-
implementation of this methodology, calledREGULAY, has also been devel-
oped. REGULAY can generate an optimal oorplan for di erent topologies
under di erent design constraints. Compared with traditicnal oorplanning
approaches, REGULAY shows signi cant advantages in reduwj the total inter-
connect wirelength while preserving the regularity and hrarchy of the network

topology.
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1.4 Assumptions and Limitation

The analysis and routing schemes proposed in this disseitat are based on the
shared-memory multiprocessor SoCs. Each node contains acraprocessor and a
local memory hierarchy that includes one or two levels of dae and a local memory.
The memories on di erent nodes are globally addressed andcassible from remote
nodes.

The experiments described in this dissertation are porteddm parallel computer
benchmarks, many of them are from the Stanford SPLASH projec Although the
benchmarks were originally designed for parallel computetusters, we found them
also applicable to many on-chip implementations. Detailsfdhose benchmarks are
described in the corresponding chapters.

The software and application layer is a very critical aspeabn the NoC commu-
nication stack. However, in this dissertation, we focus mtlg on the physical and
network layer issues. The benchmark experiments performeual this research are
loaded manually to each node processor, because there is rmCMNbased operating
system that can support executable programs.

1.5 Thesis Organization

This thesis is organized as follows. Chapter 2 rst introdues the basis of on-chip
network architectures used in multiprocessor systems-amip designs. In particular,
we will focus on the shared-memory MPSoCs, although much dfe analysis can also
be used for other MPSoC architectures. Chapter 3 presents &-level power model
that can be applied to the analysis of on-chip communicatiopower consumption.
Chapter 4 introduces a contention-look-ahead on-chip romg scheme that can re-
duce the contention occurrence with much smaller bu er spacrequirement. This
routing scheme is particularly useful for on-chip communation design because it
minimizes both the power consumption and packet latency. Gipter 5 analyzes dif-
ferent packetization schemes and the corresponding impamh MPSoC performance
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as well as power dissipation. Chapter 6 shifts the focus toeton-chip network imple-
mentation issues. In particular, it is shown that di erent network topologies can be
planarized on a silicon oorplan under varies constraintsA tool-implementation of

this oorplanning methodology, calledREGULAY is also introduced. Chapter 7 will
propose future works on networks-on-chip research.



Chapter 2

Networks-on-Chip

In this chapter, we will describe the basis of MPSoC architaares that includes the
processor-memory hierarchy as well as inter-processorwetk topology. MPSoC net-
works have many special characteristics that are di erentrdém traditional computer
networks, we will exploit these characteristics in the MPS0 silicon implementation.

2.1 MPSoC Architecture and Networks

The inter-node communication between multiprocessors cée implemented by either
message passingr memory sharing In the message passing MPSoCs, data trans-
actions between nodes are performed explicitly by the commgation APIs, such
as send() or receive(). These APl commands require special protocols to handle the
transaction, and thus create extra communication overheadn comparison, in shared
memory (in some case, shared level-2 cache) MPSoCs, datansactions can be per-
formed implicitly through memory access operation [11]. Tdrefore, shared-memory
MPSoC architectures have been widely used in many of todaytsgh performance
multiprocessor systems. In our research, we will use the sed-memory MPSoC ar-
chitectures to analysis the on-chip network issues, althgh many of the solutions can
be applied to general MPSoC architectures as well.

We will rst introduce some examples of shared-memory MPSo@rchitectures,

15
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then proceed to more detailed analysis of di erent aspectd on-chip network archi-
tectures.

2.1.1 Shared Memory MPSoC Examples

Daytona [1] is a single chip multiprocessor developed by Lemt. It consists of four 64-
bit processing elements that generate transactions of drent sizes. Daytona targets
on the high performance DSP applications with scalable imgentation choices. The
inter-node communication is performed by the on-chip bus #i split transactions.
Piranha [4] project is developed by DEC/Compag, it integrags eight alpha processors
on a single chip and uses packet routing for the on-chip commigation. The Stanford
Hydra [23] chip contains four MIPS-based processors and ssghared level-2 cache
for inter-node communication.

All these architectures utilize shared memory (or cache) gpoach to perform data
transactions between processors, and thus achieve highfoemance with parallel data
processing ability. In this chapter, we will use the shared emory MPSoC platform
to analyze di erent aspects of on-chip network architectugs.

2.1.2 MPSoC Architecture

A typical shared-memory on-chip multiprocessor system isiewn in Figure 2.1. It
consists of several node processors or processing elemamsected by an on-chip in-
terconnect network. Each node processor has its own CPU/FP&ahd cache hierarchy
(one or two levels of cache). A read miss in L1 cache will creadn L2 cache access,
and a miss in L2 cache will then need a memory access. Both Llddr? cache may
use write-through or write-back for cache updates.

The shared memories are associated with each node, but theandoe physically
placed into one big memory block. The memories are globallgdressed and accessible
by the memory directory. When there is a miss in L2 cache, the2.cache will send a
request packet across the network asking for memory acce3fie memory with the
requested address will return a reply packet containing thdata to the requesting
node. When there is a cache write-through or write-back opation, the cache block
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Figure 2.1: MPSoC Architecture

that needs to be updated is encapsulated in a packet and sentthe destination node
where the corresponding memory resides.

Cache coherenceés a very critical issue in shared-memory MPSoC. Because one
data may have several copies in di erent node caches, whenretldlata in memory is
updated, the stale data stored in each cache needs to be upelht There are two
methods of solving the cache coherence problem: cBche updataupdates all copies
in cache when the data in memory is updated; 2yache invalidateinvalidates all
copies in cache. When the data is read the next time, the readliwbecome a miss
and consequently need to fetch the updated data from the ca&sponding memory.

2.2 MPSoC Network Topologies

Because of di erent performance requirements and cost mats, many di erent multi-
processor network topologies are designed for speci ¢ ajpptions. MPSoC networks
can be categorized aslirect networksand indirect networks [17]. In direct network
MPSoCs, node processors are connected directly with eacthet by the network.
Each node performs data ow routing as well as arbitration. n indirect network MP-
SoCs, node processors are connected by one (or more) intetia& node switches.
The switching nodes perform the routing and arbitration futions. Therefore, indi-
rect networks are also often referred to asultistage interconnect networkgMIN).
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Although some direct networks and indirect networks may begeliivalent in function-
ality, e.g., if each node processor has one dedicated nodetdw this node switch
can either be embedded inside the node processor, or be carged outside. Nev-
ertheless, direct and indirect topologies have di erent imact on network physical
implementation. In this thesis, to avoid confusion, we cathe intermediate switching
nodes in indirect networksswitch fabrics and simply refer to both node processors
and node switches as \nodes".

Direct networks and indirect networks can have di erent toplogies [17]. It is not
the objective of this chapter to discuss the functionalitie and performance metrics
of these di erent networks. Rather, we are going to give onlg brief description of
some of the popular network topologies. We will use these tolpgies as examples to
formulate the MPSoC on-chip network problems in later chagrs.

2.2.1 Direct Network Topologies
Orthogonal Topology

Nodes in orthogonal networks are connected ikrary n-dimensional mesh K-ary n-
mesh) ork-ary n-dimensional torus k-ary n-cube) formations, as shown in Fig. 2.2.
Because of the simple connection and easy routing provideg adjacency, mesh and
torus networks are widely used in parallel computing plations [13]. Orthogonal
networks are highly regular. Therefore, the interconnectehgth between nodes is
expected to be uniform to ensure the performance uniformityf the node processors.

Figure 2.2: Mesh and Torus Networks
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Cube-Connected-Cycles Topology

The cube-connected-cyclg€CC) topology is proposed as an alternative to orthogonal
topologies to reduce the degree of each node [40], as showRin 2.3a. Each node

has 3 degrees of connectivity as compared t8 degrees in mesh and torus networks.
CCC networks have a hierarchical structure: the three nodest each corner of the

cube form a local ring.

Figure 2.3: Cube-connected-cycles Networks

Octagon Topology

The Octagon network [29] introduced in Chapter 1 is anotherxample of direct net-
work topologies.

2.2.2 Indirect Network Topologies
Crossbar Switch Fabrics

An N N crossbar network connectdN input ports with N output ports. Any of
the N input ports can be connected to any of théN output ports by a node switch
on the corresponding crosspoint (Fig. 2.4).
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Figure 2.4: Crossbar Switch Fabrics

Fully-Connected Network

An N N fully-connected network uses MUXes to aggregate every inpto the
output (Fig. 2.5). Each MUX is controlled by the arbiter that determines which
input should be directed to the output.

Similar to the crossbar network (fully connected switch netork is also often re-
ferred as crossbar), in fully connected switch network, dacource-destination con-
nection has its dedicated data path.

Butter y Topology

The Buttery network (Fig. 2.6) is an indirect network architecture. Inside the
butter y fabrics, each source-destination route uses a dezhted datapath. The delays
between any two node processors are the same, and the delagaesermined by the
number of intermediate stages on the switch fabrics.

Butter y topology has many di erent isomorphic variations, such asBanyan Net-
work, Batcher-Banyan Networksetc., as described as follows.
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Figure 2.5: Fully-Connected Switch Fabrics

Banyan Network

Banyan network (Fig. 2.7) is an isomorphic variation of Butery topology. It has

N = 2" inputs and N = 2" outputs, wheren is called the dimension of Banyan. It
has total of %N log, N switches inn stages, each stage is referred as stagehere
0 i<n [9]

Batcher-Banyan Network

The Batcher-Banyan consists of a Batcher sorting networkpfiowed by the Banyan
network, as shown in Fig. 2.8. After sorting network, each put-output connection
will have its own dedicated path. Batcher-Banyan network adresses thenterconnect
contention issues [9], which will be analyzed in details in the followgnchapters.

Fat-tree Topology

Unlike the Butter y network, a fat-tree network provides multiple datapaths from
source node to destination node. As shown in Fig. 2.9, the fake network can be
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Figure 2.6: Butter y and Fat-tree Network Switch Fabrics

regarded as an expanded-ary tree network with multiple root nodes. The network
delays are dependent on the depth of the tree. SPIN network(Ris one design
example that uses 4-ary fat-tree topology for the MPSoC orkip communication.

2.3 On-chip Network Characteristics

On-chip networks are fabricated on a single chip and bene rdm data locality. In

comparison, networked computers are physically distribed at di erent locations.

Although many of the above on-chip network architectures ampt the topology from

computer networks, e.g., system area networks and paral@mputer clusters. Many
assumptions in computer networks may no longer hold for orrip networks.

2.3.1 Wiring Resources

In computer networks, computers are connected by cables. @mumber of wires
encapsulated in a cable is limited (e.g., CAT-5 Ethernet cab has 8 wires, parallel
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Figure 2.7: Banyan Switch Fabric Network

Figure 2.8: Batcher-Banyan Switch Fabric Network

cable in PC peripheral devices has 25 wires, etc.). Bindingame wires in a cable is
not physically and practically viable. Because of the wirig limitation, in many of
today's computer networks, data are serialized in xed quaa before transmission.

In comparison, the wire connection between components in Gas only limited
by the switching and routing resources. In today's:@3m semiconductor process,
the metal wire pitch varies from 030m to 0:50m , while 8 metal layers are avail-
able. Thus a 100n  100m switch-box can accommodate hundreds of wires in any
direction (i.e., layers). The cost of adding more routing lers continues to decrease
as the VLSI process technology advances. Therefore, phgsiwire density is not the
limiting factor for future SoC designs.
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Figure 2.9: The Fat-Tree Networks

2.3.2 Buers on Networks

Limited wiring resource tends to create contention and limithroughput. Computer
networks use heavily bu ers to compensate for wire limitatn. Bu ers provide tem-
porary storage when contention occurs, or when the data owxeeeds the network
throughput. Network switches and routers use a fairly largamount of bu er spaces.
These bu ers are implemented with SRAMs and DRAMs. The bu ersize can be as
big as several hundred megabytes (e.g., in the case of netkoouters).

In comparison, on-chip networks should always balance theuler usage with
other architectural options, because on-chip bu ers are iplemented by SRAMs or
DRAMs, and both memories consume signi cant power during agation. Besides,
on-chip SRAMs occupy a large silicon area, and embedded DRAlhcrease the wafer
manufacturing cost. Since bu ers are expensive to implememnd power-hungry
during operation, on-chip networks should reduce the bu esize on the switches as
much as possible.
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2.3.3 On-Chip Protocols

Communication protocols in computer networks are strictlyregulated by compati-
bility and adaptability requirements. In comparison, on-bip communication is con-
strained less strictly because NoC is a self-contained sgst. NoC communication
may bene t from on-chip locality and adopt application-spei ¢ or platform-specic
protocols that can best exploit the hardware resources.

In Chapter 1, we have described di erent approaches for orip network protocol
implementation. In the forthcoming chapters, we will showhat many parameters in
NoC communication protocol, e.g., packet size, segmentai schemes, bu er sizes,
etc., can be adjusted to achieve optimal tradeo s between germance and energy
consumption. More detailed analysis will be performed in thee chapters.

2.3.4 System Software and Application

Current and future NoC platform will be highly programmable and therefore the
NoC performance and power consumption will critically depel on software aspects.
The system software provides the users with an abstractiorf the underlying NoC

hardware platform, which can be leveraged by the applicatiodeveloper to safely and
e ectively exploit the hardware's capabilities. Current C programming methodol-
ogy is not capable for these requirements because of thedaling limitations.

1. The on-chip communication cost, which includes power cemmption and la-
tency, is not explicit in current SoC operating system and g$twvare develop-
ment tools. Current SoC programming styles are based on a skd memory
paradigm, which is appropriate for tightly coupled, smallscale SoCs with lim-
ited number of PEs and SEs. Shared memory abstraction tend tode the cost
and unpredictability of communication, which are destinedo grow in a NoC
platform.

2. Current SoC software development platforms are mostly geed toward single
microcontroller with multiple coprocessors architecture Most of the system
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software runs on the control processor, which orchestratése system activ-
ity and assigns computationally intensive tasks to domaispeci c coprocessors.
Microcontroller-coprocessor communication is usually halata-intensive (e.g.,
synchronization and re-con guration information), and mat high-bandwidth
data communication (e.g., coprocessor-coprocessor angrozessor-10) is per-
formed via shared memories and DMA transfers. The orchestian activities
in the micro-controller are performed via run-time service provided by single-
processor real-time operating systems, which di erentiat from standard op-
erating systems in their enhanced modularity, reduced memofootprint and
support for real-time scheduling and bounded time interrupservice times.

3. Current SoC application programming is mostly based on maal partitioning
and distribution of the most computationally intensive kenels to data copro-
cessors (e.g., VLIW multimedia engines, digital signal poessors, etc.). After
partitioning, di erent code generation and optimization gpproaches are used for
each target coprocessor and the control processor.

NoC system software needs a paradigm shift. On-chip commauaation cost (in-
cluding latency and power consumption) should be made exgili throughout all step
of the NoC software development ow. Software programmingral analysis should
identify communication bottlenecks and power dissipatiofot spots on the system.
We envision the NoC system and programming paradigm shoulcelemphasized on
the following issues.

1. The NoC operating system cannot be centralized. Truly disbuted embedded
OSes are required [8] to create a scalable run-time systemhelNoC OS should
natively support power management. Each PE node and SE node NoC mi-
cronetworks should be power-manageable, with individugllcontrollable clock
speeds and supply voltages.

2. Future NoC system should optimize and automate the task npping procedure.
Because a communication-optimal task mapping leads to baleed throughput
and/or shorter latency. The on-chip communication energy ansumption can
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also benet from an optimized task mapping, because in manyases, local
congestion requires more network resources (e.g., bu erswires) to solve the
contention, and consequently cost high power consumption.

System and application software are very critical issuesrffuture NoC designs. We
believe that the full potential of on-chip networks can be eectively exploited only
if adequate software abstractions and programming aids ackeveloped to support
them.

2.4 Summary

In this chapter, we outlined many critical areas that need tdoe emphasized in design-
ing NoC platforms. Many of these areas require a paradigm fhirom the traditional
SoC design methodologies. In the next few chapters, we wilicus on the NoC com-
munication architecture analysis and designs. In partical, we will discuss the power
modeling, routing and packetization issues.



Chapter 3

On-Chip Network Energy Model

3.1 Introduction

Whereas computation and storage energy greatly bene ts fnrodevice scaling (smaller
gates, smaller memory cells), the energy for on-chip commaoation does not scale
down. On the contrary, projections based on current delay ¢imization techniques for
global interconnects [25, 45, 46] show that global commuaiton on chip will require
increasingly higher energy consumption. Hence, commurniicen-energy minimization
will be a growing concern in future technologies.

In this chapter, we introduce a framework to estimate the pogr consumption of
on-chip networks. We propose di erent modeling methodolaogs for node switches,
internal bu ers and interconnect wires inside on-chip netark architectures. A sim-
ulation platform is also implemented to trace the dynamic pwer consumption with
bit-level accuracy. Using this framework, four on-chip n&tork architectures are ana-
lyzed under di erent tra c throughput and di erent numbers of ingress/egress ports.
This framework and analysis will be applied in later chapterin the NoC architectural
exploration and performance analysis.

In direct networks, the routing and arbitration functions are embedded into each
node processor. In comparison, indirect networks have dedied node switches and
bu ers. Nevertheless, when we consider the power consumngati of the on-chip net-
works (both direct and indirect), we can estimate the powenrém the following three

28
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components:

1. The internal node switches, located on the intermediateodes between node
processors.

2. The internal bu ers, used to temporarily store the packes when contention
between packets occurs.

3. The interconnect wires that connect node switches.

The power consumption on these three components changesetently under di erent
tra c loads and con gurations. Therefore, they need to be amlyzed with di erent
modeling methodologies.

In this chapter, we propose di erent power consumption mode for each of the
above three components. We then apply these models on fourdely-used indirect
switch fabric architectures:

1. Crossbar

2. Fully Connected
3. Banyan

4. Batcher-Banyan

We will also use these power models on direct networks in thatér chapters when
we analysis the routing and packetization issues of on-chigtworks.

A Simulink based multi-threading simulation platform is ceated for this analysis.
It performs a time domain simulation with bit-level accurag. The power consumption
of every bit in the tra c ow is traced as the bit moves among the components inside
switch fabrics.

Previous approaches for switch network power estimation areither based on
statistical tra ¢ models [49], or analytical models [37] [3]. The simulation is per-
formed on gate or circuit levels, it is time consuming and nopractical for large
on-chip network designs. Furthermore, these approacheseamot suitable for tracing
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the power consumption dynamically in real-time network trac conditions. For ex-
ample, the power consumption on internal switch bu ers dep®ls on the dynamic
contention between packets. Compared with previous apprdaes, our modeling is an
architectural-level estimation with bit-level accuracy. It traces the power consump-
tion based on dynamic packet data ows. This approach is wefluited for architectural
design exploration as well as application speci c power alyais.

3.2 Indirect Networks Switch Fabrics

In indirect networks, switch fabrics are the intermediate iccuits that are intercon-
nected between node processors. Switch fabric circuits st of the node switches,
interconnect wires and bu ers. Generally, the ports that conect switch fabrics with
node processors are often referred agressand egressports.

Di erent switch fabric architectures a ect the network performance (e.g. through-
put, delay, power, etc.) dierently. In the following sections, we will focus on the
power consumption issues of switch fabrics and estimate tip@wer consumption of
di erent switch fabric architectures with di erent number s of ingress and egress ports.

3.3 Power Modeling with Bit Energy

As introduced previously, the power consumption on switchabrics comes from the
following three di erent sources:

1. The internal node switches.
2. The internal bu er queues.
3. The interconnect wires.

Inside the switch fabrics, di erent packets travel on di erent data paths concurrently,
and the tra c load on each data path may change dramatically fom time to time. To

estimate the dynamic power consumption in this multi-procgs interconnect network,
we propose a new modeling approach: thgt Energy Ey.



CHAPTER 3. ON-CHIP NETWORK ENERGY MODEL 31

The bit energy Ey; is de ned as the energy consumed by each bit when the
bit is transported inside the switch fabrics from ingress pts to egress ports. The
bit energy Ey; is the sum of the bit energy consumed on node switcheSg,, , on
internal bu ers, Eg,, and on interconnect wiresEy,, . We will analyze these three
bit energies in details in the following sections.

3.3.1 Switch Power Consumption

Switches are located on the intermediate nodes inside swittabrics. They direct the
packets from one intermediate stage to the next stage untieaching the destination
ports. In di erent switch fabric topologies, node switchesnay have di erent functions
and node degrees. For example, in Banyan switch fabrics, thede switch isa 2 2
switch and has degree of 4.

When a data bit travels through a node switch, the logic gatesn the data path
inside the node switch consume power as they toggle betweeower rails. We will
analyze the 2 2 switch used in Banyan switch fabrics as an example (Fig. 3.1

Figure 3.1: A2 2 Node Switch in Banyan Switch

The 2 2 switch directs the packets from its two inputs to the outpus, according
to the destination addresses of the packets. The ingress pess unit had already
parallelized the serial data ow on the transmission line ito a parallel bus data ow
(16-bit or 32-bit wide), so the destination address can be ad out at one clock cycle.
The destination bits are rst detected by the allocator. If the destination port is
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available, the allocator allocates the output port to the paket and preserves the
allocation throughout the packet transmission. The allod#on process and packet
transmission process are denoted in Fig. 3.1 as \header datath" and \payload
data path" respectively. Both processes consume energy whpacket bits travel
through the data paths. The energy consumed by the header bits actually di erent
from the payload bits. However, the header normally occumea small portion of the
entire packet. Without loss of generality, we will use the pdoad bit energy as the
node switch bit energyEs,, in our analysis.

In reality, the bit energy Es,, also depends on the presence or absence of packets
on other ports of the node switch. For example, the switch witonsume more power
to process two packets at the same time, but the power consutign is not necessarily
twice as much as that of processing a single packet. Theredpthe bit energyEs,, is
an input state-dependent value and should be expressed in mput vector indexed
look-up table. For a switch with n input ports, there will be 2" di erent input vectors
with dierent Es, values.

In our analysis, the look-up table is pre-calculated from $yppsys Power Compiler
simulation. The node switch circuit is rst simulated basedon input vectors. Then,
the switching activities on every gate are also traced. Lasthe power consumption
of the entire circuit is estimated. We simulate di erent conbinations of the input
vectors and the results are shown in details in Section 3.5.sldg the look-up table,
the power consumption on the switch node can be estimated ugrddi erent tra c
conditions.

3.3.2 Internal Bu er Power Consumption

When contention occurs between packets, internal bu ers arneeded to temporarily
store the packets with lower priorities (Fig. 3.2). There a two di erent types of con-
tention between ingress packets, namely, theestination contentionand interconnect
contention.

Destination contention{ When there are two or more packets in the ingress ports
requesting the same destination port at the same timalestination contention
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will occur. This type of contention is application dependen In our analysis, we
assume the arbiter had already solved this type of contentidbefore the ingress
process unit delivers the packets to the switch fabrics.

Interconnect contention (Internal Blocking) { Inside switch fabric circuits, the
same interconnect link may be shared by packets with di eréndestinations.
The contention on the shared interconnects is calledterconnect contentionor
internal blocking It happens inside switch fabric interconnect networks and
is architectural dependent.

Figure 3.2:Buersina2 2 Node Switch

In switch fabric circuits, the bu ers are normally implemerted with shared SRAM
or DRAM memories. The energy consumption in bu ers comes fno two sources: 1)
the data access energy, consumed by each READ or WRITE mema@gcess operation,
and 2) the refreshing energy, consumed by the memory refrasi operation (in the
case of DRAM). The bit energy on the internal bu ersEg,, can be expressed by the
following equation(Eq. 3.1):

Ean = Eaccess+ Eref (3.1)

where E ccess IS the energy consumed by each access operation dag; is the
energy consumed by each memory refreshing operation. Inligamemory is accessed
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on word or byte basis instead of a single bit, th& ,..ess iS actually the average energy
consumed for one bit.

The energy consumed by memory access is determined by theteation between
the ingress packets. As discussed earliglestination contentionis application depen-
dent, regardless of what switch fabric circuits are used. loomparison,interconnect
contention is switch-fabric architecture dependent. Di erent archiecture topologies
result in di erent contention occurrence. In this chapter,we are interested in com-
paring the power consumption on di erent switch fabric arciiectures under the same
network tra c, therefore, we assume thedestination contentionhas already been re-
solved by the arbiter before the ingress packets are delieer to the switch fabrics.
We only compare the internal bu er energy consumption occued from interconnect
contention.

3.3.3 Interconnect Wires Power Consumption

When the node switch delivers one bit with ipped polarity tothe interconnect wires,
the signal on the wire will toggle between logic \0" and logitl". Energy is dissipated
in this charging or discharging process. Only bits with ipgd polarity consume
=0, Ew,, , =0.

Assuming a rail-to-rail toggling, the bit energy on the inteconnect wiresky,, for
bit 1! 0 and @ 1 can be described by the following equation (Eq. 3.2).

energy, namelyEw,, , , or Ew,,, , have bit energy valuesg,,

0 1

Ew,, = %Cwirev2 + %c:mpmv2 = %CWVZ (3.2)

Here Cyire is the wire capacitance on the interconnectCiy,,: is the total capac-
itance of the input gates connected to the interconnectCy, = Cyire + Cinput IS the
total load capacitance propagated by that bit. The rail-torail voltage is denoted by
V, assuming the CMOS gates are switching from Vdd to GND. The &eity factor
ranges from 0 to 1. In our simulation, we assume a random bitream in the data ow,
therefore, =0:5.

The bit transmitted on interconnect wires consumes energynty when its polarity
is ipped from previous transmitted bit. The switching activities on interconnects
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can be traced by our simulation approach proposed in Secti@b5.

3.3.4 Interconnect Wire Length Estimation

The wire capacitanceC,e is a function of wirelength and coupling capacitance be-
tween adjacent wires [25]. Estimation of interconnect witength of the switch fabric
network is essential for the bit energy calculation on wireHere we adopt theThomp-
son model[47] for wirelength estimation.

The Thompson Model

The Thompson model is based on a graph embedding process thaps a network
connectivity graph (referred as source grapls) to a two dimensional grid oorplan
(referred as destination graphH). The mapping process is described below and also
illustrated in Fig. 3.3.

Figure 3.3: Thompson Wire Length Estimation Model and Mapping Process

We are given a source grapls(Vs; Eg), where Vg, (0 < i n) are the vertices
of graph G and Eg, (0 < i m) are the edges. The source graph represents the
network topology. The target graph is denoted byH (V4 ; En), whereVy and Ey are
the vertices and edges ofl. Graph H is a 2-dimensional grid mesh consisting qf
columns andq rows. An embedding of graplG into graph H is performed as follows.
Each vertex inG is mapped into ad d square of vertices irH, whered is the degree
of vertexv; 2 Vg and no more than one vertex iVg occupies the same vertex iy .
Each edge inG is mapped into one or more edges of grapth and no more than one
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edge InEg occupies the same edge in graph. The optimal Thompson embedding
of graph G into graph H is to nd the minimum number of columns pn, and rows
Gnin IN H that are needed for this embedding. The interconnect wireigth is de ned

as the number of grids that an edg& s covers.

Wire Length Estimation Using Thompson Model

In our approach, we manually map the switch fabric topologginto Thompson grids
and estimate the interconnect wirelength by counting the nmber of grids the inter-
connect covers. The detailed mapping of each particular gah fabric topology will
be shown in Section 3.4.

The Thompson model is only a global wirelength estimation.t is not as accurate
as detailed wire-routing, but it is an e ective way of architectural planning for in-
terconnect networks, especially when the network topologg regular. In the case of
switch fabrics, it is straightforward to map the regular swich nodes and interconnects
into a 2-dimensional mesh of regular rows and columns. Thévee, the Thompson
model is an ideal model for switch fabric wirelength estimain.

For an interconnect wire of length equal to one Thompson gridve de ne the wire
bit energy consumption asEr,, . If an interconnect wire has its length equal tam
Thompson grids, its wire bit energy isEw,, = m Er,, .

3.4 Switch Fabric Architectures

With the aforementioned power consumption model, we will atyze four widely-used
switch fabric architectures in this section.

3.4.1 Crossbar Switch Fabrics

Crossbar topology (Fig. 3.4) uses space division multiplierg for input-output con-
nection. Every input-output connection has its own dedicad data path, therefore,
crossbar isinterconnect contentionfree.
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Figure 3.4: Crossbar Switch Fabrics

The node switch on the crosspoint of crossbar network can besanple CMOS
pass gate, or a tri-state CMOS bu er. Both are relatively sirple compared to the
node switches used in other network topologies.

Every bit will propagate throughout the long interconnect wires that connect to
the input port (the row interconnect, in Fig. 3.4) and output port (the column
interconnect). It also toggles the input gates of all the noel switches connected to
the same row. The load on the input port is the total of the wirecapacitance and
the sum of all input capacitances oN switches.

Some crossbar switch networks use bu ers at every crosspidin solve the destina-
tion contention problems. As discussed earlier, we assume tthestination contention
is already resolved by the arbiter, i.e., there are no bu erseeded in the power mod-
eling of crossbar network.

A Thompson embedding of crossbar switch network is also shovn Fig. 3.4.
Under the Thompson model, the mapping is straightforward ahthe total bit energy
for the crossbar switch fabrics is described in Eq. 3.3.

Ebitcrossbar = N ESbil + 8 N ETbil (33)

whereEs,, is the bit energy for the switch andEr,, is the bit energy of a Thomp-
son grid wire. Each crossbar node switch has degree of 4, hasve two of the ports
are used as feed-through ports, so we assume it occupies 2 Thompson grids.
Two extra rows/columns are also needed for horizontal and ieal interconnects for
each node switch. Each bit traveling from inputi to output j will propagate both
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the interconnect wires connected to the input pori and output port j, each of the
interconnect has length of &l of a Thompson grid.

Crossbar has the benet of being free ohterconnect contention However, the
bit energy will increase linearly with the number of input anl output ports N. The
power consumption will be very high for switch fabrics withdrge port numbers.

3.4.2 Fully-Connected Network

Figure 3.5: Fully Connected Switch Fabrics

Similar to the crossbar network, in fully connected switch etwork (Fig. 3.5), each
source-destination connection has its dedicated data pattiully connected switch
network is also often referred as crossbar). The network i¢sa free ofinterconnect
contention. There are no internal bu ers needed in its power modeling.

The bit energy for a fully connected switch network is consued on the intercon-
nect wires and the MUXes. A Thompson embedding is shown in Fi§.5, where the
MUXes are placed in a double-row fashion. The bit energy carelestimated with the
following equation (Eq. 3.4).

1
Ebitfullyconn = ESbit + EN N ETbit (34)

whereEg,, is the bit energy on the MUX. Compared with crossbar switch,aeh
bit only consumes energy on one of the MUXes, instead Nf switches as in the case
of crossbar. However, theN -input MUX has more complicated logic gates, and its
power consumption and complexity scale up with the number afputs N.
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3.4.3 Banyan Network

Banyan network (Fig. 3.6) hasN = 2" inputs and N = 2" outputs, wheren is
the dimension of Banyan. Therefore, the total number of swihes is%N log, N in n
stages, each stage is referred as stagehere 0 i<n [9].

Figure 3.6: Banyan Switch Fabric Network

The switch used in a Banyan network is a binary switch, as de#iged in Section
3.3. It has two inputs and two outputs. The input packet with destination bit "0" or
"1" goes to output"0" and "1" respectively. Stage in the Banyan network checks
the i!" bit of the destination address of the packet, therefore, theacket will be routed
automatically from stage O to stagen 1. This routing scheme is also called self-
routing switch fabrics. If two input packets have the same dgination bit coming at
the same time, one of the input packets will be bu ered.

Banyan network hasinterconnect contentionproblems [9]. The same interconnect
might be shared by di erent data paths. A buer is needed at eah internal node
switch.

The binary switches in Banyan network have more complex lagias compared
to the crosspoint node switches in crossbar network. A binaiswitch also consumes
more power when bit is switched from the input port to the outpt port.

A simple Thompson embedding of Banyan network is shown in Fi@.3. Detailed
analysis of Thompson embedding of Banyan isomorphic netwasr can be found in
[16]. Using the Thompson model, the longest interconnect rglength for stagei of
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Banyan network can be estimated as 4 2° Thompson grid. Di erent input/output
connections have dierent interconnect data paths. The wat case bit energy of
Banyan network (the longest interconnects a bit may traveltan be estimated using
Eq. 3.5 below.
X 1 X1

GEg, +4 2Er, + nEg, (3.5)

i=0 i=0

E bit Banyan

whereN 2 andn 1. g has the value of 0 or 1. When there is a contention
at stagei, g is 1, otherwise it is 0. The value ofy is determined by the contentions
between packets on the interconnect.

3.4.4 Batcher-Banyan Network

To solve theinterconnect contentionproblem, the Batcher-Banyan network architec-
ture is introduced, as shown in Fig. 3.7. The contention is B@d by the Batcher
sorting network, followed by the Banyan network. After soring network, each input-
output connection will have its own dedicated path, therefi@ there is nointerconnect
contention [9].

Figure 3.7: Batcher-Banyan Switch Fabric Network

Although Batcher-Banyan network solves thanterconnect contentionproblem, it
pays the price by increasing the number of stages between timputs and outputs.
It has total of %(IogzN)(IogzN + 1)stages, which will in turn increase the bit energy
consumed on switches and interconnect wires.
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The Thompson embedding of Batcher-Banyan is very similar tBanyan network,
except it has more stages. The worst case bit energy for BagshBanyan network can
be expressed in the following equation (Eq. 3.6).

X 1X i X1
EbitBatcher =4 2 ETbit +4 2 ETbit (3'6)
]=0 i=0 i=0

1
+ én(n + 1) ESSbit + nESan (37)

where N 4 andn 2. Because the sorting switch used in Batcher sorting
network is di erent from the binary switch used in Banyan nework. we denoteEss,,
for the bit energy of sorting switches an&Esg,, for the bit energy of binary switches.

3.5 Bit-Energy Calculation and Experiments

In this chapter, we present a framework to estimate switch faic power consumption.
The calculation and results are based on case studies. Theca@te values of each
parameter for a speci c switch fabric implementation depeh on particular circuit
design techniques and technologies. However, the methaatp) introduced here can
be applied in other cases.

3.5.1 Bit Energy Calculation

1. Bit energy of Node Switches

As discussed in Section 3.3, the bit energy of node switchesstate-dependent, it
depends on the presence or absence of the packets on otheuingorts. For a node
switch with n-input ports, there are 2' di erent input vectors with di erent bit energy
values. Normally switch fabrics with a large input/output ports are constructed
from node switches with smaller number of degrees (22 or 4 4), therefore, the
vector number 2' is not prohibitively large. In this chapter, the bit energy & pre-
calculated from Synopsys Power Compiler simulation. We Hdi each of the node
switches with 0.18 m libraries, apply di erent input vectors and calculate theaverage
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energy consumption on each bit. The circuits for each node ot range from a few
hundred gates to 10K gates, therefore, the simulating timesivery quick (tens of
seconds, in most cases). The bit energy results for crosslsavitches, the N-input
MUXes, the Banyan binary switches, the Batcher sorting swihes are listed in Table

3.1.

Table 3.1: Bit Energy Under Di erent Input Vectors

Switch Fabric | Input Bit Input Bit
Architectures | Vector Energy | Vector Energy
10 Pjoule 10 Pjoule
Crossbar1 1 [0] 0 [1] 220
Banyan 2 2 [0,0] 0 [0,1] 1080
[1,0] 1080 [1,1] 1821
Batcher 2 2 [0,0] 0 [0,1] 1253
[1,0] 1253 [1,1] 2025
N-input MUX | N=4 431
N=8 782
N =16 1350
N =32 2515

The input vectors for the 2 2 switches in the above table indicate presence or
absence of the packets on the corresponding input ports, £[d,0] means only input
port O has a packet coming in. For theN -input MUXes, bit energy values are very
close among di erent input vectors, but they increase with te number of inputsN,
as shown in the table.

2. Bit Energy of Bu er Queues

We use SRAM as the shared bu ers inside Banyan switch fabricsWe adopt
techniques similar to those proposed by [19] and [42] to estite the memory access
power consumption. SRAMs with di erent sizes have di erentaccess time and cur-
rent, therefore they have di erent memory access power dipation. The bu er size
at each node switch greatly a ects the performance of Banyaswitch. The trade-o
analysis between bu er size and switch throughput is beyonthe scope of this re-
search. Researches in [53] and [36] show that bu er size ofeavfpackets will actually
achieve ideal throughput under most network tra ¢ conditions. In our experiments,
we use 4K bit bu er queue for each Banyan node switch. Based ¢ime bu er size of
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each switch, we calculate the size of the shared memory. Theemory access energy
consumption can then be estimated based on selected memorges

An o -the-shelf 0:18m 3.3V SRAM is used as a reference for bit energy estima-
tion. The calculation of access energy is based on 133MHz @i®n with access time
speci ed in the data sheet. The results are shown in Table 3.2

Table 3.2: Buer Bit Energy of N N Banyan Network

In/Out | Number of | Shared SRAM| Bit Energy
Size | Switches Size (10 *%joule)
4 4 4 16K 140
8 8 12 48K 140

16 16 32 128K 154

32 32 80 320K 222

3. Bit Energy of Interconnect Wires

The length of the Thompson grid can be estimated from the busitph distance
of the interconnect. In Thompson model, each interconnecs ia signal bus and oc-
cupies one grid square. Assuming the bus width is 32 bit, inX8 m technology, the
wire pitch of global buses is around 1Im, therefore, the Thompson grid is around
32 m. The interconnect wire capacitance can be calculated frothe method pre-
sented in [25]. For a global wire in 0.18m technology, the wire capacitance is around
0.50F/ m. Using these estimations, under 3.3V, the bit energy on ietconnect wire
of a Thompson grid lengthEr,, =87 10 * joule.

Comparing the bu er bit energy Eg,, values in Table 3.2 with the interconnect
wire bit energy Er,, value calculated above, we can see that storing a packet in bu
consumes far more energy than transmitting the packet on iatconnect wires. This
\bu er penalty” indicates that energy consumed in bu ers isa signi cant part of total
energy consumption of switch fabrics, and the bu er energy iWincrease very fast as
the packet ow throughput increases. Our experiments in S&on 3.6 will show this
result.
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3.5.2 Simulation Platform

The bit energy introduced in Sections 3.3 and 3.4 is the engrgonsumption for one
bit. In switch fabric interconnect networks, di erent packets will travel on di erent

data paths. To calculate the total power consumption of the rgire switch fabrics,
we need to trace the data ow of every packet and summarize tHgt energy of every
bit on nodes switches, internal bu ers and interconnect wes. In this chapter, we
describe a Simulink based bit-level multi-threading simation platform.

The complete switch fabric architecture is implemented ini8wlink. The ingress
process units, the egress process units, the global arbiserd di erent switch fabric
architectures are all written in C++ and then compiled into Smulink S-functions.
The switch fabric architecture is constructed hierarchiddy. The activities of every bit
in the packet are traced at every node switches, every bu eas well as interconnect
wires (all implemented in S-functions).

A randomized packet trac ow is generated as inputs for the retwork router.
Because we only need to simulate the switching activities side the switch fabrics,
the packet payloads are random binary bits. The address of @apacket has been
translated into destination port address by the ingress pess unit. The arbiter uses
the rst-come- rst-serve arbitration with round robin pol icy. The destinations of the
packets are random. We use input bu er scheme to store the gaats when there is
destination contention The input bu ers are located at each ingress process unit.
Because the input bu ers are outside the switch fabric netwé, they are not counted
for switch fabric power consumption.

Power consumption is measured under three metrics: 1) dient tra ¢ through-
put, 2) di erent switch fabric architectures, and 3) di erent numbers of ingress and
egress ports.

We implement four switch fabric architectures with di erert numbers of input/output
ports, namely, 4 4, 8 8, 16 16 and 32 32. Packet data ow is generated at each
input port. The throughput of the packet data ow can be adjuged by controlling
the packet generation intervals. The throughput is measudeat the egress process
units. The throughput indicates the tra c loads that ow thr ough the switch fabric
networks.
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Figure 3.8: 4x4 Switch Power Consumption Under Di erent Tra ¢ Throughp ut

3.6 Results and Analysis

Fig. 3.8 3.9 3.10 3.11 shows the power consumption of di eteswitch fabric archi-
tectures under tra c throughput from 10% to 50%. The gures aso show the power
consumption/throughput relationship under di erent numbers of ingress/egress ports.
Because we use input bu ering scheme to store the packets Wwitlestination con-
tention, the theoretical maximum throughput is 58.6% (measured atgeess ports).
In reality, the 58.6% throughput is not achievable [9].

From these results, we have the following observations:

1) Interconnect contention has a dramatic impact on the power consumption of
Banyan switch. Banyan switch has the lowest power consumpti under low tra c
throughput, as the throughput increases, the power consurtipn increases exponen-
tially. This is caused by the \bu er penalty" as discussed inSection 3.5. However,
as the number of ingress and egress ports increases, thertwa@nect wirelength and
bit energy also increase, the \bu er penalty" domination will have less impact. This
can be seen by comparing the \Banyan curve" in the gures withthe curves of other
architectures. Actually, in the 32 32 con guration, Banyan had the lowest power
consumption when the tra c throughput is less than 35%.
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Figure 3.9: 8x8 Switch Power Consumption Under Di erent Tra ¢ Throughp ut

Figure 3.10:16x16 Switch Power Consumption Under Di erent Tra c Throug hput
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Figure 3.11:32x32 Switch Power Consumption Under Di erent Tra ¢ Throug hput

2) Fully connected switchhas the lowest power consumption among all four ar-
chitectures with di erent numbers of ports. But the di erence with Batcher-Banyan
narrows down as the number of ports increases. This is becaus switch fabrics
with a small number of ports, the power consumption on the imrnal node switches
dominates, as the switch fabrics is getting bigger (more pis), interconnect power
consumption will dominate.

The impact of number of ports on power can be better seen fromigr 3.12.
In this gure, power consumption of each architecture is copared with di erent
number of ports. The tra c throughput is 50%. The power consumption di erence
between fully connected switch and Batcher-Banyan switchedreases from 37% in
4 4 switches to 20% in 32 32 switches.

3) The power consumption of crossbar, fully connected and ®her-Banyan net-
works increases almost linearly with the increase of the t@throughput, except the
Banyan network, which is dominated by the power consumptionn internal bu ers.
This observation is not surprising because data ow with hilger throughput needs
more power to process the bits along the data path.
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Figure 3.12: Power Consumption Under Di erent Number of Ports

3.7 Summary

A power consumption estimation framework of on-chip netwds is proposed in this
chapter. Using the framework, we analyze the power consunim of di erent indirect
switch fabric architectures. From our analysis, we draw théllowing conclusions:

1) Interconnect contention(internal blocking) induces signi cant power consump-
tion on internal bu ers, and the power consumption on bu erswill increase sharply
as throughput increases.

2) For switch fabrics with a small number of ports, internal mde switches dominate
the power consumption, for switch fabrics with a larger numér of ports (e.g. beyond
32 32), interconnect wires will gradually dominate the poweransumption.

The analysis and comparison above are only based on case msdvith specic
technology parameters. Di erent implementations of switis fabrics will have di erent
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comparison results. However, the methodology presentedthis chapter is general, it
will be applied to di erent on-chip network power analysis m the following chapters.



Chapter 4

On-Chip Network Routing
Algorithms Analysis

4.1 Introduction

On-chip networks may borrow features and design methods fmathose used in parallel
computing clusters and computer system area networks. Neileeless, they dier

from traditional networks because of larger on-chip wiringesources and exibility,

as well as constraints on area and energy consumption (in atlon to performance

requirements). We believe these di erent aspects will reipe hew methodologies for
both the on-chip switch designs as well as the routing algtiim designs. In particular,

we explore the following directions in the MPSoC networksrmachip design.

Network architecture  { The on-chip network architecture should utilize the
abundant wiring resources available on silicon. Control gmnals need not be
serialized and transmitted along with data, but can run on deicated control

wires (Fig 4.1). The usage of bu ers should be limited to redze the area and
energy consumption.

Routing algorithm  { On-chip routing should use those algorithms that do not
require substantial on-chip bu er usage. At the same time, e network state

50
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Figure 4.1: Dedicated Control Wires and Data Paths for On-Chip Network

(including contention information) can be made available Hrough dedicated
control wires. From this perspective, it is possible to achve contention-look-
aheadto reduce contention occurrence and increase bandwidth.

In this chapter, we analyze di erent routing schemes for p&etized on-chip com-
munication on a mesh network architecture, with particularemphasis on specic
bene ts and limitations of silicon VLSI implementations. A contention-look-ahead
on-chip routing scheme is proposed. It reduces the networleldy as well as power
consumption with signi cantly smaller bu ers. The improvement is also quanti ed
by the network/multiprocessor co-simulation benchmarksesults.

4.2 Packet Switching Techniques

In computer networks, di erent techniques are used to perfan packet switching be-
tween di erent nodes. Popular switching techniques incluel store-and-forward vir-
tual cut-through and wormhole When these switching techniques are implemented
in on-chip networks, they have dierent performance metris along with di erent
requirements on hardware resources.

4.2.1 Store-and-Forward Switching

In many computer networks, packets are routed in atore-and-forwardfashion from
one router to the next. Store-and-forward routing enablesaeh router to inspect the
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passing packets, and therefore perform complex operatigiesg., content-aware packet
routing). When the packet size is big enough, store-and-feard routing not only
introduces extra packet delay at every router stage, but itlao requires a substantial
amount of bu er spaces because the switches may store mulgpcomplete packets at
the same time.

In on-chip networks, storage resources are very expensiveterms of area and
energy consumption. Moreover, the point-to-point transnsision delay is very critical.
Therefore, store-and-forward approaches are disadvangaus for on-chip communi-
cations.

4.2.2 Virtual Cut Through Switching

Virtual cut through (VCT) switching reduces the packet delays at each routing age.

In VCT switching, one packet can be forwarded to the next stagbefore its entirety

is received by the current switch. Therefore, VCT switchingeduces the store-and
forward delays. However, when the next stage switch is not alable, the entire

packet still needs to be stored in the bu ers of the current sitch.

4.2.3 Wormhole Switching

Wormbholerouting was originally designed for parallel computer clasrs [17] because
it achieves the minimal network delay and requires less bureusage. In wormhole
routing, each packet is further segmented intats ( ow control unit). The header
it reserves the routing channel of each switch, the body is will then follow the
reserved channel, the tail it will later release the channlereservation.

One major advantage of wormhole routing is that it does not uire the complete
packet to be stored in the switch while waiting for the headerit to route to the
next stages. Wormhole routing not only reduces the store-drforward delay at each
switch, but it also requires much less bu er spaces. One pakmay occupy several
intermediate switches at the same time. Because of these adiages, wormhole rout-
ing is an ideal candidate switching technique for on-chip nitiprocessor interconnect
networks.
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4.3 Wormhole Routing Issues

Since wormhole switching has many unique advantages for onip network imple-
mentation, we will discuss thedeadlockand livelock issues in this context, although
these issues exist in other routing schemes as well.

4.3.1 Deadlock

In wormhole routing, one packet may occupy several intermide switches at the
same time. Packets may block each other in a circular fashi@uch that no packets
can advance, thus creating a deadlock.

To solve the deadlock problem, the routing algorithms haveotbreak the circular
dependencies among the packetdDimension-orderedrouting [17][51] is one simple
way to solve the deadlock: the packets always route on one dinsion rst, e.g.,
column rst, upon reaching the destination row (or column),and then switch to the
other dimension until reaching the destination. Dimensiowrdered routing is deter-
ministic: packets will always follow the same route for theane source-destination
pair. Therefore, it cannot avoid contention. Whenever comntion occurs, the packets
have to wait for the channel to be free.

Another way to solve the deadlock problem is to usegirtual channels[17][14].
In this approach, one physical channel is split into severafirtual channels. Virtual
channels can solve the deadlock problem while achieving lhigerformance. Never-
theless, this scheme requires a large bu er space for the tirag queue of each virtual
channel. For example, if one channel is split into four virtal channels, it will use four
times as much bu er spaces as a single channel. The architect proposed in [15]
requires about 10K-bit of bu er space on each edge of the tilelThe virtual channel
arbitration also increases the complexity of circuit desiy

4.3.2 Livelock

Livelockis a potential problem in many adaptive routing schemes. Itdppens when
a packet is running forever in a circular motion around its d&ination. We will use
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the hot potatorouting as an example to explain this issue.

Hot potato or de ection routing [18] is based on the idea of delivering a packet
to an output channel at each cycle. It requires the assumptiothat each switch has
an equal number of input and output channels. Therefore, inft packets can always
nd at least one output exit. Under this routing scheme, whencontention occurs
and the desired channel is not available, the packet, instédaf waiting, will pick any
alternative available channels to continue moving to the né switch. However, the
alternate channels are not necessarily along the shortestutes.

In hot potato routing, if the switch does not serve as the netark interface to a
node PE, packets can always nd a way to exit, therefore the steh does not need
bu ers. However, if the PE nodes send packets to the networkhtough the switch,
input bu ers are still needed, because the packet created liine node PE also needs
an output channel to be delivered to the network. Since thermay not be enough
outputs for all input packets, either the packets from one athe input or the packets
from the node processor have to be bu ered [17].

In hot potato routing, if the number of input channels is equhato the number of
output channels at every switch node, packets can always ndn exit channel and
they are deadlock free. Howevetivelockis a potential problem in hot potato routing.
Proper de ection rules need to be de ned to avoid livelock mblem. The de ected
routes in hot potato routing increase the network delays. Térefore, performance of
hot potato routing is not as good as other wormhole routing gpoaches [17]. This is
also con rmed by our experiments, as shown in Section 4.6.

4.4 Contention-Look-Ahead Routing

One big problem of the packet forwarding scheme in Section24and 4.3 is that the
routing decision for a packet (or header it) at a given switt ignores the status of the
upcoming switches. Acontention-look-aheadouting scheme is one where the current
routing decision is helped by monitoring the adjacent swites, thus possibly avoiding
blockages.
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4.4.1 Contention Awareness

In computer networks, contention information in neighbomg nodes cannot be trans-
mitted instantaneously, because inter-node informatioram only be exchanged through
packets. In comparison, on-chip networks can take advantagf dedicated control
wires to transmit contention information.

A contention-aware hot-potato routing scheme is proposed [35]. It is based on a
two-dimensional mesh on-chip network. The switch architéare is similar to that in
[31]. Each switch node also serves as network interface to@de processor (also called
resource). Therefore, it has ve inputs and ve outputs. Eahb input has a bu er that
can contain one packet. One input and one output are used foornecting the node
processor. An internal FIFO is used to store the packets whehe output channels
are all occupied. The routing decision at every node is based the \stress values",
which indicate the tra c loads of the neighbors. The stress &lue can be calculated
based on the number of packets coming into the neighboring des at a unit time,
or based on the running average of the number of packets comito the neighbors
over a period of time. The stress values are propagated beemeneighboring nodes.
This scheme is e ective in avoiding \hot spots” in the netwok. The routing decision
steers the packets to less congested nodes.

In the next section, we will propose a wormhole-based contem-look-ahead rout-
ing algorithm that can \foresee" the contention and delaysn the coming stages using
a direct connection from the neighboring nodes. It is also bad on a mesh net-
work topology. The major di erence from [35] is that informaion is handled in its,
and thus large and/or variable size packets can be handledttviimited input bu ers.
Therefore, our scheme combines the advantages of wormhaeléching and hot potato
routing.

4.4.2 Contention-look-ahead Routing

Fig. 4.2 illustrates how contention information bene ts the routing decision. When
the header it of a packet arrives at a node, the tra c condition of the neighboring
nodes can be acquired through the control signal wires. Theatc signal can be
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either a one-bit wire, indicating whether the correspondim switch is busy or free,
or multiple-bit signal, indicating the bu er level (queue length) of the input wait-
ing queue. Based on this information, the packet can chooseet route to the next
available (or shortest queue) switch. The local routing désion is performed at every
switch once the header it arrives. It is stored to allow the emaining its to follow
the same path until the tail it releases the switch.

Figure 4.2: Adaptive Routing for On-Chip Networks

There are many alternate routes to the neighboring nodes avery intermediate
stage. We call the route that always leads the packet closeo tthe destination a
pro table route. Conversely, a route that leads the packet away from the desation
is called amisroute [17] (Fig. 4.3). In mesh networks, pro table routes and misutes
can be distinguished by comparing the current node ID with tl destination node ID.
In order to reduce the calculation overhead, the pro table aute and misroute choices
for every destination are stored in a look-up table, and theable is pre-coded once
the network topology is set up.

Figure 4.3: Pro table Route and Misroute
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Pro table routes will guarantee the shortest path from souce to destination. Nev-
ertheless, misroutes do not necessarily need to be avoidgdccasionally, the bu er
gueues in all available pro table routes are full, or the quees are too long. Thus,
detouring to a misroute may lead to a shorter delay time. Unddhese circumstances,
a misroute may be more desirable.

4.4.3 Wormhole Contention-Look-Ahead Algorithm

For any packet entering an intermediate switch along a pattthere are multiple output
channels to exit. We call C the set of output channels. For a @mensional mesh,
C = fNorth; South; East; Westg. We further partition C into pro table routes P
and misroutesM . We de ne the bu er queue length of every pro table routep 2 P
as Qp. Similarly, we de ne the bu er queue length of every misroutm 2 M asQn,.

Assume the it delay of one bu er stage isDg, and the it delay of one switch
stage isDs. The delay penalty to take a pro table and a misroute is de nél asD pofit
and D yisroute » respectively, in the following equations.

Dprofit = min (Qp;8p2 P) Ds (4.1)
Dmisroute = min (Qm;8m 2 M) DB +2DS (4-2)

In a mesh network, when a switch routes a packet to a misroutthe packet moves
away from its destination by one switch stage. In the subsequot routing steps,
this packet needs to get back on track and route one more stagack towards its
destination. Therefore, the delay penalty for a misroute i2 Dsg, plus potential
extra bu ering delays at the misrouted stages. In our expement, we use 2 Ds as
the misroute penalty value. This value can be adjusted to patize (or favor) more on
misroute choices. In on-chip networks, the switch delay ohe routing stage consists
of the gate delays inside the switch logic plus the arbitratin delays. The delayDg
can be estimated beforehand, and, without loss of generglitve assume the samB g
value for all switches in the network.

If all pro table routes are available and waiting queues ardree, the packet will
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use dimension-ordered routing decision. If the bu er queseon all of the pro table
routes are full or the minimum delay penalty of all the pro table routes is larger than
the minimum penalty of the misroutes, it is more desirable tétake the misroute. The
routing decision evaluation procedure is described in thespudo code below:

(Dprofit D misroute JAND (Qp  Qp...x )?P rofitRoute : Misroute (4.3)

whereQy,.,. is the maximum bu er queue length (bu er limit). Fig. 4.4 ill ustrates
how the queue length information is evaluated at each stagé the routing process.

Figure 4.4: Adaptive Routing Algorithm

This routing algorithm is heuristic, because it can only \feesee" one step ahead
of the network. It provides a local best solution but does nogjuarantee the global
optimum. Nevertheless, we believe the proposed algorithmave many unique ad-
vantages. Compared to dimension-ordered routing, the proped routing algorithm
induces shorter delays on bu ers because it is smarter in ading contention. Com-
pared to hot-potato routing, the proposed routing algoritim will route faster because
it evaluates the delay penalties in the forthcoming staged his can be veri ed exper-
imentally, as shown in Section 4.6.

4.5 On-chip Switch Design

We have designed a 2-dimensional mesh network to test the pased routing scheme.
The node processors are tiled on the oorplan (Fig. 4.5a). Eh side of the tile has
one input and one output. The switch also serves as networkt@nface for the node
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PE located at the center of the tile (Fig. 4.5b). The four inptis and four outputs of
each tile are interconnected as shown in Fig. 4.5c. The switsupports concurrent
links from any input channels to any output channels.

Because of the wormhole switching approach, the switch naivk can have lim-
ited storage and can accommodate packets with variable sszeBecause packets are
segmented into its, only one it is processed at each inputri one cycle. Each switch
needs to store only a fraction of the whole packet. Long padkecan be distributed
over several consecutive switches and will not require eatbu er spaces. In compar-
ison, the hot potato routing switch network described in [3land [35] needs to handle
the whole packet at every switch.

Figure 4.5: Switch Fabrics for On-Chip Networks

If the local PE is the source of the packet, the same contentidook-ahead algo-
rithm is used. If no output is available, the node will hold tke packet transmission.
If the node is the destination of the packet, it will \absorb" this packet. Incoming
packets will take priority over those generated/absorbedybthe local PE.

The proposed switch network architecture and contentiorsbk-ahead scheme can
be applied to many existing wormhole routing algorithms. Bsause it foresees the
contention occurrence and bu er queue length in the neighbimg nodes, it helps the
local nodes to make better decision to avoid potential livetk or deadlock problems.
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The control signal wires are connected between any pair ofigkeboring nodes.
The signal wires carry the input bu er queue length informaton of the corresponding
route. The queue length value is encoded in a binary word, €.dl011 means the
bu er queue length is 11 it. The it size is 64-bit, if each side of the tile uses a 2- it
bu er, with the internal queue included, the total bu er size for the switch is 640-bit.

Figure 4.6: Allocator Circuit That Implements the Routing Algorithm

The control portion of the routing algorithm, de ned by Eq. 41 to Eq. 4.3, is
realized by a combinational logic module calledllocator, shown in Fig. 4.6. The
output channel is selected by DeMUX, and the selection is baeg on the comparator
results of the delay penalty of each output channels. The dgl penalty is either the
bu er queue length of the corresponding input of the next nogl, or, in the case of a
misroute channel, the sum of the queue length and 2D, which is the extra switch
delay incurred with the misroute. Another DeMUX selects themisroute channels,
because there could be multiple misroutes for a packet at éeswitch. This calculation
involves two 4-input DeMUX delays, one adder delay and onemmparator delay. It can
be performed immediately after the address code in the head# is available, thus
minimizing the delay overhead. The switch also uses regisdeto store the decision
taken by the header it of a packet to keep a reserved path, uiitthe tail it resets
it.
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4.6 Experiments and Results

We perform both qualitative as well as quantitative analys on MPSoC and its on-
chip networks. The quantitative analysis is measured fromhe benchmark results.
Therefore, we will describe our experimental platform rstbefore proceeding to the
detailed analysis.

We use RSIM, a multiprocessor instruction level simulator @ our experiment
platform [28]. The proposed on-chip network switch modulesawell as the routing
algorithm are written in C and integrated into RSIM routing function. The multi-
processor architecture is shown in Fig. 4.7.

Figure 4.7: RSIM Multiprocessor Architecture

In our simulation, each processor element is connected taetinterconnect network
as a node. RSIM uses distributed shared memories. Memory nubek are associated
with each node, each module is globally addressed and acit#esfrom any proces-
sors. Beside the interconnect data paths on the network, ajent processors are also
connected by control wires. The control wires deliver the put bu er information to
the adjacent switches.

In multiprocessor systems-on-chip, the performance of negrocessors is closely
coupled with the interconnect networks. On one hand, the d&y of packet transmis-
sion on the network greatly a ects the instruction executio of the node processors.
On the other hand, the performance of the node processors Ivdbnsequently a ect
the packet generation and delivery onto the network. Therefe, to evaluate our pro-
posed on-chip communication architecture and routing algibhm, we need to measure
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the packet delay of the network as well as the performance dfe processors.

In our model, 16 RISC processors are connected in a 4 (4-ary 2-cube) mesh
network. We compared NoC routine schemes on four benchmarkguicksort, t, lu
and sor. These benchmarks are ported from Stanford SPLASH suite [4&hd running
on the RSIM simulation platform. RSIM integrates detailed nstruction-level models
of the processors and a cycle-accurate network simulator.ofd the network packet
delays and the execution cycles of the node processors cagréfiore be measured and
compared.

The proposed contention-look-ahead routing algorithm isoenpared with dimension-
ordered routing and hot potato routing. The experiments argerformed in the fol-
lowing metrics: 1) performance improvement, 2) bu er requements, and 3) power
consumption on the network. As mentioned earlier, virtual kannel wormhole rout-
ing requires substantial bu er spaces (4Q bits, in the example in [15], as opposed
to 512 4K bits for the switch bu ers in our experiment). Therefore, wedo not
consider the virtual channel approach in our experiments.

4.6.1 Performance Improvements

Fig. 4.8, 4.9, 4.10 and 4.11 show the average packet delay ba interconnect network
under the three routing schemes. The packet size is 64Byte of@ention-look-ahead
routing is compared with the dimension-ordered routing wit di erent input bu er
sizes (2-it, 4-it, 8- it, 16- it). The hot potato routing input bu er size is xed and
is equal to one packet. The delays of the other two routing semes are normalized to
the hot potato results. The packet delay is measured from theeader it entering the
network until the tail it leaves the network. Delays are expgessed in clock cycles. In
all four benchmarks, the hot potato routing scheme has the ngest network delays.
This is because de ections create extra latency. The contiéon-look-ahead routing
scheme achieves the shortest network delay under the samedpusize in all the
benchmarks.

Larger bu er sizes help reducing the packet network delaysAlthough the bu er
on the input channel of the switch is not big enough to store #entire packet, it can



CHAPTER 4. ON-CHIP NETWORK ROUTING ALGORITHMS ANALYSIS 63

Figure 4.8: Averaged Packet Network Delays (quicksort) under Di erent Routing Schemes

Figure 4.9: Averaged Packet Network Delays (t) under Di erent Routing Schemes
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Figure 4.10: Averaged Packet Network Delays (lu) under Di erent Routing Schemes

Figure 4.11: Averaged Packet Network Delays (sor) under Di erent Routing Schemes
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still reduce the number of intermediate switches a packet ogpies when it is waiting
for the next switch. This e ect can also be seen from Fig. 4.8.9, 4.10 and 4.11, as
packet delays are reduced with larger bu er sizes.

The overall performance (total benchmark execution time) fahe multiprocessor
system follows the same trend as the network delays, becawg®rt network delay
helps to accelerate the execution process of node processdfig. 4.12, 4.13, 4.14
and 4.15 show the results of the three routing schemes on thenchmarks. Again,
results are normalized to the hot potato execution time. Hopotato routing has
the longest execution time. Contention-look-ahead routm outperforms dimension-
ordered routing in all cases.

4.6.2 Buer Requirements

In order to obtain deeper insight in the comparison betweenimension-ordered rout-
ing and contention-look-ahead routing, results from Fig. .42, 4.13, 4.14 and 4.15 are
re-drawn in Fig. 4.16. The gure shows execution time reduin of each benchmark
with various bu er sizes. With the proposed routing schemetotal running time on
the multiprocessor platform can be reduced as much as 7.6%ctéally, contention-
look-ahead routing shows greater improvement when the buesizes are small. As
seen from Fig. 4.16, execution time reduction is more sigeant with smaller bu er
size (2-it, in the gure) than with larger bu er sizes (8- t). This result is expected
because larger bu ers \help" the dimension-ordered routig to reduce the network
contention and narrow its performance gap between the comtigon-look-ahead rout-

ing.

4.6.3 Network Power Consumption

Power consumption is a major bottleneck for on-chip networklesigns. Therefore,
we further compare the power consumption between the propaus contention-look-
ahead routing scheme with the dimension-ordered routingtsame. On-chip network
power consumption comes from three contributors, 1) the ietconnect wires, 2) the
bu ers and 3) the switch logic circuits. In this chapter, we aopt the network power
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Figure 4.12: Total Execution Time Comparison Between Di erent Routing S chemes

Figure 4.13: Total Execution Time Comparison Between Di erent Routing S chemes
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Figure 4.14: Total Execution Time Comparison Between Di erent Routing S chemes

Figure 4.15: Total Execution Time Comparison Between Di erent Routing S chemes
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Figure 4.16: Contention-look-ahead Routing Achieves Better Performarte with Less
Bu ers

consumption estimation technique proposed by Chapter 3.

Our proposed routing scheme can \foresee" the contention itme forthcoming
stages. Therefore, it can reduce the contention occurrenae the network and shorten
the bu er queue length. Consequently, the power consumptioon the bu ers will
be reduced. In the experiments, we traced the bu er activigs on the network and
compared the bu er power consumption, the results are shown Fig. 4.17. The gure
shows the averaged bu er power reduction of di erent bencharks. The reduction is
more signi cant under larger bu er sizes. This is because ilger bu ers consume more
power, and the power consumption is more sensitive with caition occurrence.

The power consumption on the interconnect is determined bye total wire length
the packets travel by. In our experiments, the processor ned are interconnected by
the mesh network. The Thompson modeling of the network beca® straightfor-
ward, i.e., eachhop (the segment of interconnect between two adjacent nodes) $ia
the same wire length and the total wire length can be estimatieby counting the aver-
age number of hops a packet travels from source to destinatioln dimension-ordered
routing, packets are always routed along the shortest pathn comparison, our pro-
posed routing scheme may choose the misroute when contentioccurs. Therefore,
the contention-look-ahead routing has larger average hopunt per packet than the
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Figure 4.17: Power Consumption Comparison on Interconnect Wires and Buers

Figure 4.18: Total Power Consumption Reduction
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dimension-ordered routing, and consequently consumes ragrower on the intercon-

nect. This can be seen from Fig. 4.17. The proposed routinghetne consumes more
power (shown as negative values) with smaller bu er size. This because smaller
bu er sizes will cause more contention and induce more misrees.

The contention-look-ahead routing switch needs more loggates than dimension-
ordered routing. From Synopsys Power Compiler simulatiorthe proposed switch
circuit consumes about 4.8% more power than dimension-ordd switch. Combining
the power consumption on the interconnects and bu ers, theotal network power
consumption is shown in Fig. 4.18. It shows the total networkower reduction com-
pared with dimension-ordered routing, the reduction is mar signi cant with larger
bu er sizes (15.2% under 16- it bu ers).

4.7 Summary

On-chip network can benet from the abundant wiring resoures as well as oor-
planning locality among PEs. Network routing strategies a limited by on-chip
bu ers that are expensive to implement and power-hungry dumng operation. In this
chapter, we proposed a contention-look-ahead routing sche that exploits increased
wiring resources, while reducing on-chip bu er requiremés. The scheme achieves
better performance with signi cantly less bu er space usag The network power
consumption is also reduced greatly compared to traditiohaouting algorithms. Al-
though results are reported on a mesh network, the methodaip presented is general,
and can be extended to di erent on-chip network architectugs.



Chapter 5

On-Chip Communication with
Di erent Packet Sizes

5.1 Introduction

The data ow trac on MPSoC interconnect network comes from the processor-
processor and processor-memory transactions. Therefdies performance and power
consumption of on-chip communication are not only determad by the physical char-
acteristics of the network (e.g. voltage swing, the wire d&y and fan-out load capaci-
tance, etc.), but are also dependent on the interactions heeen the processor nodes.

In order to analyze how di erent components of the MPSoC intect with the
on-chip network, in this chapter, we use the homogeneous séd-memory MPSoC as
a case study. The processors are interconnected by the ompcmesh network, each
processor is identical and has its own memory hierarchy. Theemories are globally
addressed and accessible.

Although homogeneous shared-memory MPSoC is only a specegample of MP-
SoC architectures, it is a good platform to analyze many chacteristics of MPSoC
network tra c. Generally, the on-chip tra c is coming from t he following sources:

1. Cache and memory transactions. Every cache miss needs to fetch data
from the shared memories, and consequently creates tra c die interconnect.

71
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2. Cache coherence operations. In MPSoC, one data may have multiple copies
in the caches of di erent node processors. When the data in mery is updated,
its cache copies also need to be updated or invalidated. Thagnchronization
operation will create tra ¢ on the interconnect as well.

3. Packet segmentation overheads. = When data ows are segmented into pack-
ets, tra c on the interconnect will carry additional overhead. The overhead is
dependent on the packet size and header/tail size.

4. Contentions between packets.  When there is contention between packets
on the interconnect, the packets need to be re-routed to artegr datapath or
bu ered temporarily. This e ect will again change the trac pattern on the
interconnect.

The above factors are not independent. Instead, the perfoance and power trade-
o is determined by the interactions of all factors dynamic#ly, and the variation of
one factor will impact other factors. For example, the chares of packet size will
a ect the cache block size that can be updated during each memy access, and
consequently change the cache miss rate.

While the MPSoC performance issues have been addressed bynyeesearchers
in the parallel computing eld [11], the power consumptiondr on-chip network com-
munication has not been quantitatively analyzed. Previousesearches either use
statistical tra ¢ model, or calculate the power consumption in analytical methods
[49][37][33]. Those researches did not address the padegion impact on the network
power consumption, and they did not specify how on-chip netwk designers need to
trade-o dierent options in CPU, cache and memory designs tathe architectural
level.

In this chapter, we introduce a MPSoC interconnect communation energy model
and apply this model on RSIM, a multi-processor simulator B. We will analyze
guantitatively the relationship between di erent packetization factors, and their im-
pact on the power consumption as well as system performandeurthermore, based
on the analysis, we will show the trade-o s between MPSoC prmance and its
interconnect power consumption.
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5.2 On-chip Network Trac

Before we start to discuss the characteristics of MPSoC imt®nnect networks, we
need to rst study the tra c on the network; in particular, we should analyze the
composition of the packetized data ows that are exchangedebveen MPSoC nodes.

Packets transported on the MPSoC network consist of three pa. The header
contains the destination address, the source address, angetrequested operation
type (READ, WRITE, INVALIDATE, etc). The payload contains t he transported
data. The tail contains the error checking or correction casl

5.2.1 Sources of Packets

Packets traveling on the network come from di erent sourcesand they can be cate-
gorized into the following types:

1. Memory access request packet.  The packet is induced by L2 cache miss
that requests data fetch from memories. The header of thesagkets contains
the destination address of the target memory (node ID and mesry address) as
well as the type of memory operation requested (memory READor example).
Because there is no data being transported, the payload is pty

2. Cache coherence synchronization packet. The packet is induced by the
cache coherence operation from the memory. This type of patikcomes from
the updated memory, and it is sent to all caches that have a cgppf the up-
dated data. The packet header contains the memory tag and ldk address of
the data. If the synchronization uses the \update" method, lhe packet contains
updated data as payload. If the synchronization uses the Walidate" method,
the packet header contains the operation type (INVALIDATE, in this case),
and the payload is empty.

3. Data fetch packet.  This is the reply packet from memory, containing the
requested data. The packet header contains the target addse (the node ID of
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the cache requesting for the data). The data is contained irhé packet payload.

4. Data update packet . This packet contains the data that will be written back
to the memory. It comes from L2 cache that requests the memouwyrite oper-
ation. The header of the packet contains the destination memny address, and
the payload contains the data.

5. 10 and interrupt packet. This packet is used by IO operations or interrupt
operations. The header contains the destination address onode ID. If data
exchange is involved, the payload contains the data.

5.2.2 Data Segmentation and Packet Size

From the analysis in Section 5.2.1, we can see that most patkdravel between
memories and caches, except those packets involved in I/Odaimterrupt operations.
Although packets of di erent types originate from di erent sources, the length of the
packets is determined by the size of the payload. In realityhere are two di erently
sized packets on the MPSoC networkshort packetand long packet as described
below.

Short packetsare the packets with no payloads, such as the memory accesguest
packets and cache coherence packets (invalidate approachhese packets consist only
header and tail. The request and control information can beneoded in the header
section.

Long packetsare the packets with payloads, such as the data fetch packethe
data update packets and the cache coherence packets usedpdate approach. These
packets travel between caches and memories. The data con&d in the payload are
either from cache block, or they are sent back to the node caclo update the cache
block. Normally, the payload size equals the cache block sjzas shown in Fig. 5.1.

Packets with payload size di erent than the cache block sizwill increase cache
miss penalty. The reasons are two. 1) If each cache block igseented into di erent
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Figure 5.1: Packet Size and Cache Block Size

packets, it is not guaranteed that all packets will arrive atthe same time, and con-
sequently the cache block cannot be updated at the same tim@) If several cache
blocks are to be packed into one packet payload, the packetets to hold its trans-
mission until all the cache blocks are updated. This will againcrease the cache miss
delay penalty.

In our analysis, we assume all the long packets contain theypaad of one cache
block size. Therefore, the length of the long packets will t'mine the cache block
size of each node processor.

5.3 MPSoC Power Consumption

The MPSoC power consumption originates from three sourcethie node power con-
sumption, the shared memory power consumption and the inteonnect network power
consumption.

5.3.1 Node power consumption

Node power consumption comes from the operations inside leaode processor, these
operations include:
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1. CPU and FPU operations. Instructions like ADD, MOV, SUB etc consume
power because these operations cause the logic gates to kgm the datapath of
processor.

2. L1 cache access. L1 cache is built with fast SRAMs. When data is loaded
or stored in the L1 cache, it consumes power.

3. L2 cache access. L2 cache is built with slower but larger SRAMs. Whenever
there is a read miss in L1 cache, or when there is write back find_L1 cache, L2 cache
is accessed, and consequently consumes power.

5.3.2 Shared memory power consumption

Data miss in L2 cache requires data to be fetched from memorpata write back
from L2 cache also needs to update the memory. Both operat®will dissipate power
when accessing the memories.

5.3.3 Interconnect network power consumption

Operations like cache miss, data fetch, memory updates anaobe synchronization all
need to send packets on the interconnect network. When patkere transported on
the network, energy is dissipated on the interconnect wiress well as the logic gates
inside each switch. Both wires and logic gates need to be cteshwhen we estimate
the network power consumption.

Among the above three sources, the node power consumptiordanemory power
consumption have been studied by many researches. In theldaling sections, we will
only focus our analysis on the power consumption of intercoact networks. Later
in this chapter, when we compare the network power consumpti with the total
MPSoC power consumption, we will reference the results froother researches for
node processor and memory power estimation.
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5.4 Network Energy Modeling

5.4.1 Bit Energy of Packet

When a packet travels on the interconnect network, both the ires and logic gates
on the datapath toggle as the bit-stream ips its polarity. In this chapter, we use the
approach presented in Chapter 3 to estimate the energy comsption for the packets
traveling on the network.

We adopt the concept of bit energyE;; to estimate the energy consumed for each
bit when the bit ips its polarity from previous bit in the bit stream. We further
decompose the bit energ¥E,;; into bit energy consumed on the interconnect wires
Ew,, and the bit energy consumed on the logic gates inside the nositch Eg, .
The local memory on each node also serves as the bu er. The mjyeconsumed on
the bu er can be estimated from the memory access energy, whiwill be discussed
in a later part of the chapter.

The bit energy consumed on the interconnect wire can be estted from the total
load capacitance on the interconnect. The total load capaance can be calculated
from Thompson model, as described in Chapter 3.

The bit energy consumed on the switch logic gates can be estsited from Synopsys
Power Compiler simulation. Without loss of generality, we se random bit-stream as
the packet payload content. Details of the estimation can ab be found in [52].

5.4.2 Packets and Hops

When the source node and destination node are not placed aciat to each other
on the network, a packet needs to travel several intermedatnodes (or hops) until
reaching the destination, as shown in Fig. 5.2.

In the mesh or torus network, there are several di erent altnate datapaths be-
tween source and destination, as shown in Fig. 5.2. When cention occurs between
packets, the packets may be re-routed to di erent datapathsTherefore, packet data-
path will vary dynamically according to the tra ¢ condition . Packets with the same
source and destination may not travel through the same numbef hops, and they
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Figure 5.2: Hops and Alternate Routes of Packets

may not necessarily travel on the datapath with the minimum omber of hops.

The number of hops a packet travels greatly a ects the total mergy consumption
needed to transport the packet from source to destination. df every hop a packet
travels, the interconnect wires between the nodes will be atged and discharged as
the bit-stream ows by, and the logic gates inside the node steh will toggle.

We assume a tiled oorplan implementation for MPSoC, similato those proposed
by [15] and [31], as shown in Fig. 5.2. Each node processorlacpd inside a tile, and
the mesh network is routed in a regular topology. Without los of generality, we can
assume all the hops in mesh network have the same interconniEngth. Therefore,
if we pre-calculate the energy consumed by one packet on or@hEy,,, by counting
the number of hops a packet travels, we can estimate the totahergy consumed by
that packet.

We use the hop histogram to show the total energy consumptidoy the packet
trac. In Fig. 5.3 below, histograms of the packets travelig on an 8-processor
SoC are shown. The 8 processors are connect by a 2-dimendionesh interconnect
network. The histograms are extracted from the trace le of ajuicksortbenchmark.
The histogram hasn bins with 1, 2, .., n hops, the bar on each bin shows the number
of packets in each bin. We count long packets and short packeseparately in the
histograms.

Without loss of generality, we can assume packets of the sateagth will consume
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Figure 5.3: Hop Histogram of Long and Short Packets

the same energy per hop. Using the hop histogram of the packetve can calculate
the total network energy consumption with the following egation (Eq. 5.1).

maxhops
E packet = h N(h)packet Liong  Erii (5.1)
h=1
ma}(nops
+ h N (h)packet L short Eit (5.2)
h=1

whereN (h)packet IS the number of packets withh number of hops in the histogram.
Liong @nd Lspore are the lengths of long and short packets respectively, in ¢hunit of
it. Egi Is the energy consumption for one it on each hop. Because tipackets are
actually segmented into its when they are transported on tle network, we only need
to calculate the energy consumption for one itEys; . The energy of one packet per
hop Engp can be calculated by multiplying the number of its the packé contains.

5.5 Experiments

5.5.1 Platform

We again use RSIM as our shared memory MPSoC simulation platm in this anal-
ysis. The architecture and network is very similar to that ued in Chapter 4. Here
we just describe more details on the memory hierarchy.

Each node processor contains two levels of cache hierarchy. cache is 16K bytes,
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and L2 cache is 64K bytes. Both L1 and L2 cache use write-thrglh methods for
memory updates. We use thavalidate approach for cache coherence synchronization.
Wormbhole routing is used, and the it size is 8 bytes.

5.5.2 Energy Model

As discussed in Section 5.4, to calculate the power consunapt on the network, we
need to calculate the value oEyj; , which is the energy consumed by one it traveling
on one hop. We assume each tile of node processorng®2 2mm in dimension, and
they are placed regularly on the oorplan, as shown in Fig. 2. We assume 13 m
technology is used, and the wire load capacitance is 0.50fErpmicron. Under these
assumption, the energy consumed by one it on one hop intensoect is 0.174nJ.

The energy consumed on the switch logic gates of one hop isco#ted from
Synopsys Power Compiler. We calculate the bit energy on thedic gates in a way
similar to that used in [52]. We use 3m standard cell library, and the energy
consumed by one it on one hop switch is 0.096nJ. Based on tleesalculation, the
it energy per hop Eqy =0:27nJ.

5.5.3 Experiments and Benchmarks

We tested ve applications on our RSIM MPSoC simulation platorm, they are sor,
water, quicksort lu and mp3d These applications are also ported from the Stanford
SPLASH project. To analyze how dierent packetization schames will a ect the
performance and power, we change the data ow with di erent pcket sizes. The
packet payload sizes are varied from 16Byte, 32Byte, 64Byt@28Byte to 256Byte.
Because the short packets are always 2- it in length, therefe, the change of packet
size is applied to long packets only. The results are discegsquantitatively in the
following sections.
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5.6 Packetization and MPSoC Performance

As we mentioned in Section 1, MPSoC performance is determghby many factors.
Di erent packetization schemes a ect these factors di eretly, and consequently, re-
sult in di erent performance metrics.

5.6.1 Cache Miss Rate

Changing the packet payload size (for long packets) will chge the L2 cache block
size that can be updated in one memory fetch. If we choose largpayload size, more
cache contents can be updated. Therefore, the cache misseratill decrease. This
e ect can be observed from Fig. 5.4 and 5.5. As the packet pagd size increases,
both the L1 cache (Fig. 5.4 and L2 cache (Fig. 5.5 miss ratesalease. Decreased
cache miss rate will reduce the number of packets needed foemory access.

Figure 5.4: MPSoC L1 Cache Miss Rate under Di erent Packetization Schenes
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Figure 5.5: MPSoC L2 Cache Miss Rate under Di erent Packetization Schenes

5.6.2 Cache Miss Penalty

Whenever there is a L2 cache miss, the missed cache block sedbe fetched from
the memories. The latency associated with this fetch opeiliah is called a miss
penalty. When we estimate the cache miss penalty, we need tount all the delays
occurred within the fetch operation. These delays includet) packetization delay, 2)
interconnect delay, 3) store and forward delay on each hoprfone it, 4) arbitration
delay, 5) memory access delay and 6) contention delay. Amotigese six factors,
2), 3) and 4) will not change signi cantly for packets with dierent sizes, because
we use wormhole routing. However, delays on 1) and 5) will lmoe longer because
larger packets need longer time for packetization and menyoaccess. Longer packets
will actually cause more contention delay. This is becausehen wormhole routing is
used, longer packet will hold more intermediate nodes dugrnits transmission. Other
packets have to wait in the bu er, or choose alternative datpaths, which are not
necessarily the short routes. Combining all these factorthe overall cache penalty
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will increase as the packet payload size increases, as shdwm Fig. 5.6.

Figure 5.6: Cache Miss Penalty under Di erent Packetization Schemes

5.6.3 Overall Performance

From the above analysis, we know that although larger paylabsize helps to decrease
the cache miss rate, it will increase the cache miss latencfombining these two
factors, there exists an optimal payload size that can achie the minimum execution
time, as seen from Fig. 5.7. In order to illustrate the variabn of performance, we
normalized the gure to the minimum execution time of each bechmark. In our
experiments, all the ve benchmarks achieve the best perimance with 64 bytes of
payload size.

5.7 Packetization and Power Consumption

Eq. 5.1 in Section 5.4 shows that the power consumption of patized data ow
on MPSoC network is determined by the following three facter 1) the number of
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Figure 5.7: MPSoC Performance under Di erent Packetization Schemes

packets on network, 2) the energy consumed by each packet amedhop, and 3) the
number of hops each packet travels. Di erent packetizatioschemes will have di erent
impact on these factors, and consequently a ect the netwonkower consumption. We
summarize these e ects and list them below.

1. Packets with larger payload size will decrease the cachasmrate and conse-
guently decrease the number of packets on the network. Thiset can be seen
from Fig. 5.8. It shows the average number of packets on thetwerk (tra c
density) at one clock cycle. As the packet size increasesethumber of packets
decreases accordingly. Actually, with the same packet sjzine tra ¢ density
of di erent benchmarks is consistent with the miss penaltyBy comparing Fig.
5.8 with Fig. 5.6, we see that if the packet length stays the sge, higher tra c
density causes longer miss latency.

2. Larger packet size will increase the energy consumed pearcket, because there
are more bits in the payload.

3. As discussed in Section 5.6, larger packets will occupyetliintermediate node
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switches for a longer time, and cause other packets to be m@ited to non-
shortest datapaths. This leads to more contention that wilincrease the total
number of hops needed for packets traveling from source tostieation. This
e ect is shown in Fig.5.9. It shows the average number of hopspacket travels
between source and destination. As packet size (payloadejizncreases, more
hops are needed to transport the packets.

Actually, increasing the cache block size will not decreagbe cache miss rate
proportionally [38]. Therefore, the decrease of packet aaucannot compensate the
increase of energy consumed per packet caused by the inceea$ packet length.
Larger packet size also increases the hop counts on the datp Fig. 5.10 shows the
combined e ects of these factors under di erent packet size The values are normal-
ized to the measurement of 16Byte. As packet size increasesergy consumption on
the interconnect network will increase.

Although the increase of packet size will increase the engrglissipated on the
network, it will decrease the energy consumption on cache caimemory. Because
larger packet sizes will decrease the cache miss rate, bo#tlre energy consumption
and memory energy consumption will be reduced. This relatigship can be seen from
Fig. 5.11 and 5.12. It shows the energy consumption on cachedamemory under
di erent packet sizes respectively. The access energy ofckacache and memory
instruction is estimated based on the work from [19] and [42]The energy in the
gure is normalized to the value of 256Byte, which achievesheé minimum energy
consumption.

The total energy dissipated on MPSoC comes from non-cachestiructions (in-
structions that do not involve cache access) of each node pessors, caches, shared
memories as well as the interconnect network. In order to sélee packetization im-
pact on the total system energy consumption, we put all MPSo€nergy contributors
together and see how the energy changes under di erent patlszes. The results
are shown in Fig. 5.13. From this gure, we can see the overddPSoC energy will
decrease as packets size increases. However, when the packe too large, as in
the case of 256Byte in the gure, the total MPSoC energy willricrease. This is be-
cause when the packet is too large, the increase of intercexch network energy will
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Figure 5.8: Packet Count Changes as Packet Payload Size Increases

Figure 5.9: Contention Occurrence Changes as Packet Payload Size Inases
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Figure 5.10: Network Energy Consumption under Di erent Packet Payload Sizes

Figure 5.11: Cache Energy Decrease as Packet Payload Size Increases
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outgrow the decrease of energy on cache, memory and non-@aictstructions. In our
simulation, the non-cache instruction energy consumptiois estimated based on the
techniques presented in [7], and it does not change signimtéy under di erent packet
sizes.

5.8 Packetization Impact Analysis

Although the specic measurement values in the experimentare technology and
platform dependent, we believe the analysis will hold for dirent MPSoC implemen-
tations. We summarize our analysis qualitatively as follos/(Fig. 5.14).

Large packet size decreases the cache miss rates of MPSoC ihateases the
miss penalty. The increase of miss penalty is caused by theciease of packetization
delay, memory access delay, as well as contention delay ore thetwork. As shown
gualitatively in Fig. 5.14a, the cache miss rate saturatesithh the increase of packet
size. Nevertheless, the miss penalty increases faster tHarearly. Therefore, there
exists an optimal packet size to achieve best performance.

The energy spent on the interconnect network increases asetlpacket size in-
creases. Three factors play roles in this case (Fig. 5.14b)) Longer packets, i.e.
larger cache lines, reduce the cache miss rate, hence redineepacket count. Never-
theless, the packet count does not fall linearly with the imease of packet size. 2) The
energy consumption pepacket hopincreases in a linear fashion with the increase
of packet length. If we ignore the overhead of packet headendtail, this increase is
proportional to packet size. 3) The average number of hopspgacket on the network
also increases with the packet length. The combined e ect aaes the network energy
to increase as the packet size increases.

The total MPSoC system energy is dominated by the sum of threfactors as
the packet size increases (Fig. 5.14c). 1) Cache energy widcrease. 2) Memory
energy will decrease as well. 3) Network energy will increasver-linearly. In our
benchmarks, the non-cache instruction energy does not clggn signi cantly. The
overall trend depends on the breakdown among the three facso Our experiments
show that there exists a packet size that minimizes the ovdlanergy consumption.
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Figure 5.12: Memory Energy Decrease as Packet Payload Size Increases

Figure 5.13: Total MPSoC Energy Consumption under Di erent Packet Paylo ad Sizes
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Figure 5.14: Qualitative Analysis of Packet Size Impact

Moreover, if the network energy contributes a major part oflie total system energy
consumption, which is expected to happen as VLSI technologgoves to nanometer
domain, the MPSoC energy will eventually increase with thegzket size.

5.9 Summary

In this chapter, we analyzed the e ect of packet size variatn on MPSoC performance
and energy consumption. We further show that in the MPSoC ptéorm, the behavior
of node processors is closely coupled with the activity ondhnetwork. The analysis
presented will help designers to select the appropriate &itectures and communica-
tion schemes in their system level design.



Chapter 6

Physical Planning of On-Chip
Networks

6.1 Introduction

Designing the on-chip network will become a major task for fure MPSoCs. A large
fraction of the timing delay is spent on the signal propagabin on the interconnect,
and a signi cant amount of energy is also dissipated chargyrand discharging the load
capacitance on the wires [25]. Therefore, an optimized imt®nnect network oorplan
will be of great importance to MPSoC performance and energyrsumption.

With the ever-increasing complexity of MPSoC integrationmanual oorplanning
of the processing elements and switches will become even enbme consuming and
ine cient. Automated methods are needed for large-scale MBoC designs. Unlike
traditional oorplanning that deals with the circuit macro block placement and wire
routing [39], MPSoC oorplanning needs to solve the problesmafrom a di erent per-
spective, as illustrated in Fig. 6.1. Namely:

1. Folding and planarization{ MPSoC network topologies are multi-dimensional.
MPSoC planar layout requires that PE blocks are tiled and altted on the
oorplan in a two-dimensional tile array [15]. The planariation process is also
constrained by the pre-de ned aspect ratio and row/column ambers of the tile

91
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Figure 6.1: MPSoC Tiling Is Di erent From Traditional Floorplan
array.

2. Regularity and hierarchy{ MPSoC network topologies are often regular and
hierarchical. The planarization of the network is not only asimple packing
process: it has to preserve the regularity and hierarchy omé oorplan.

3. Critical path and total wirelength{ Interconnect delays and power consumption
are the two critical issues in MPSoC network design. On one hd, inter-
node communication latencies are dominated by the wire pragation delays.
Therefore, the wirelength of the timing-critical links neds to be minimized. On
the other hand, interconnect wires are the main contributa of the total system
power consumption. Reducing the total wirelength helps reating the power
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dissipated on the interconnect.

Prior network graph planarization approaches either targed only some specic
topologies, or they were not exible enough to adapt to manyfahe oorplan con-
straints imposed by the silicon implementation [16] [21]. Aerefore, those approaches
are not suitable for an automated design ow.

In this chapter, we propose a oorplanning method and a toolalled REGULAY
that can automatically place regularly-con gured MPSoC nde processors as well as
switch fabrics onto a user-de ned tile oorplan. Given the MPSoC network topology
and the physical dimension of the network nodes as inputs,cag with the oorplan
speci cation (locations of the 1/O tiles, number of rows andcolumns of the tiles),
REGULAY can create a oorplan that best satis es di erent design coatraints.

6.2 MPSoC Network Floorplan

Although quite di erent in their topologies, many MPSoC netvorks have some impor-
tant aspects in common:regularity and hierarchy Regular and hierarchical topologies
help to distribute the network tra ¢ and balance the workload of node processors.
Therefore, preserving the regularity and hierarchy formabns in the silicon oorplan
is critical in MPSoC implementation.

Furthermore, on-chip interconnect delays and power consystion add additional
requirements in MPSoC oorplan design. To reduce wiring days, MPSoC oorplans
need to limit the wirelength of the critical links (links that are timing sensitive). To
reduce the interconnect energy dissipation, the total netwk wirelength needs to be
minimized.

6.3 Problem Formulation

In an MPSoC oorplan, each node processor or node switch isapked as a dedicated
hard block tile. For example, in direct networks, as in the cse of the Octagon network
design, the node processors can be tiled in a two-dimensibagay, e.g., a 6 6 array
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in Fig. 6.2. In indirect networks, as in the case of the Buttey network, the tiling
of the switch fabrics will be constrained by the locations afhe node processors, as
shown in Fig. 6.2.

Formally, we are given a source networks connecting a set of moduled, M =
fm;i;i =1;2;3;::::;pg, and a target two-dimensional tile arrayT with col row tiles.
Since modules cannot overlap, we assumpe col row. Each net inN connects two

(or more) modules inM, and has a weighting factor. For example, netj....c 2 N
connects modules irm;; m;; ::;; m and has weightwi...... .

Figure 6.2: Constraints of Floorplan Tiling

Di erent network topologies and application requirementsset di erent constraints
on MPSoC oorplanning problems. To be more speci ¢, we summize the constraints
that are relevant for MPSoC oorplanning:

1) Regularity constraints { As shown in Section 2.2, MPSoC placement should
preserve the regularity of the original network topology.

2) Hierarchy constraints { MPSoC networks may have hierarchical topologies
(clusters), e.g., a cascaded Octagon network consists of Itiple local rings. The
placement should also preserve this hierarchical clusters
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3) I/0 constraints { An MPSoC is implemented on a single chip. Some node pro-
cessors (or node switches, in the case of switch fabrics)veeas I/O nodes; therefore,
they need to be placed at the peripherals of the oorplan. An MSoC oorplan needs
to accommodate those nodes at their proper locations.

4) Aspect-ratio constraints { Chip die size is limited by the silicon area and aspect
ratio. Therefore, node processor blocks and node switch tks need to be packed
into a two-dimensional array with prede ned numbers of rowsand columns.

5) Critical-path constraints { The links between some node processors may be the
critical paths, e.g. the center ring in the cascaded Octagametwork. Therefore, the
nodes connected by the critical paths need to be placed close each other.

6) Total net-length constraints { Reducing the total net length will achieve shorter
interconnect delays with lower power consumption.

The oorplanning problem is to determine a mapping fromS to T, such that
the constraints are met and the overall wiring length is mimhal. Such a problem is
computationally intractable, and has been the object of exnsive investigation in the
ASIC domain. We propose a two-step heuristic approach thatkes into account the
special properties of MPSoC topologies.

The proposed approach consists of two steps: 1) regularitxteaction and de-
termination of tentative locations, and 2) legalization. The rst step generates the
relative locations of the modules based on the regularity drhierarchical information
extracted from the network topology. If some modules have @f xed locations in T,
these locations are used as placement constraints. The tbtaeighted net length is
used as objective function. The second step will pack the maléds onto the oorplan
constrained by the 1/0O locations and aspect ratio.

6.4 Regularity Extraction

We represent the network topology as a connectivity matrixwhere each element o -
diagonal of the matrix corresponds to an edge of the topologyraph. We use the
total square wirelength among the nodes as the objective fciion. The minimization
of the objective function can be calculated through a seried matrix operations.
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The matrix representation preserves the topological regaidity information, i.e.,
if the nodes in the original topology are symmetrical, the coesponding elements in
the matrix are symmetrical as well. Furthermore, all subsagnt matrix operations
(e.g., transposition, vector multiplication, etc.) will preserve regularity. Therefore,
by minimizing the total square wirelength with this model, he regularity information
is preserved in the optimization process.

6.4.1 Forming the Objective Function

We generalize this problem by assigning weights on the netdus allowing us to
privilege the proximity/distance of some node pairs. Thushe weighted total square
wirelength objective function can be formed in the followig way.

Giving a set of moduledM , M = fm;;i = 1;2; 3;::::; pg,with locations on (X1;y1);
(X2;¥2); 15 (Xp; Yp), the total weighted square wire length objective functiorcan be
expressed as

xXP
(xy)= wi (% X)2+(yi ¥)?) = xTQx +yTQy (6.1)

i =1

wherex 2 RP andy 2 RP are the location vectors for the modules on X and
Y dimensions. Q 2 RP P is the matrix that represents the weighted connectivity of
the topology graph, where the weight factordw; ;i = 1;2;:::5;p;j = 1;2;:::; pg are
the matrix elements. Q is generated in the following way: 1) is O if there is no
connection between modules); and m;. 2) When modulesm; and m; are connected,
the value ofw; is the weighting factor of the net betweem; and m;. 3) The diagonal
elementsfw;;i = 1;2;:::;pg, etc. of the matrix are the opposite of the sums of all
o -diagonal elements on the same row.



CHAPTER 6. PHYSICAL PLANNING OF ON-CHIP NETWORKS 97

0 i 6 ] and no connection
betweenm; and m;
weightingfactor(i,j) i 6 j and m;, m; are connected

P . .
E=1;k6i Wik I =] (The sum of wi

in the row i)

When the network topology graph is connected, it can be prosig¢hat the matrix
Q 2 RP P constructed from this graph has the following properties &:

1. Q is positive positive semi-de nite, and
2. isof rankp 1.

As mentioned in Section 6.3, MPSoC oorplanning is sometingeconstrained by
pre-de ned 1/O locations. To address these two di erent scearios (with and without
I/O constraints), we develop two approaches, as described the following sections.

6.4.2 Floorplan Without I/O Constraints

Eq. 6.1 shows that thex and y location vectors are independent of each other;
therefore, we can optimize the positions on the X and Y coortttes separately.
X-dimension Optimization

Since there is no 1/0 or boundary condition, we need to furtirenormalize the objec-
tive function on the X-dimension by using the inner producix " x.
Now the normalized objective function of Eq. 6.1 can be revitén as

(X)) = —— (6.2)

From the construction of matrix Q, we note that the row sums ofQ are zero, thus
Q has a unit eigenvectoru = (1;1;1;:::;1)". The associated eigenvalue is zero. We
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also note thatQ is symmetrical and has rankp 1. Therefore, it hasp non-negative
real eigenvalues 0 = o i p 2 R. The smallest eigenvalue is; = 0.

It can be proved that the rst partial derivative with respect to the vector x of
the normalized objective function is zero when

(Q Nx=0 (6.3)

which yields a non-trivial solution ofx if and only if x is the eigenvector of the
corresponding eigenvalue of. Herel is the identity matrix.
It can be shown that the normalized objective function is bauwded between the
minimum and maximum eigenvalues, or
xT QX

min ;(X) = xT X max (6-4)

The minimum eigenvalue, zero, yields the trivial solution founit vector, where all
nodes are to be placed at one single point. Therefore, the sed smallest eigenvalue
and the associated eigenvector yield the optimal solution.

Y-Dimension Optimization

Since we already use; to form the location vector x on the X coordinate, the Y-
dimension location vectoty has to be formed from other eigen-vectors, otherwise, the
modules will be placed in a diagonal line on the oorplan. Tl condition add one
extra constraint to y vector.

yTel =0 (6.5)

Since the eigenvectors of the symmetrical matri®Q are orthogonal, we will choose
for y the eigenvector corresponding to the third smallest eigeale.

Fig. 6.3 shows the screen-shot of the initial node location$the ve-ring Octagon
network without 1/0O constraints. The locations on the X-Y plane are obtained di-
rectly from the rst two non-zero eigenvectors ofQ. From the locations of the nodes,
we can see that not only the regularity formation of the nodes preserved, but also
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the hierarchical clustering of the cascaded Octagon rings shown as well.

Figure 6.3: Initial Eigenvector Locations of 5-Ring Octagon Network Without 1/0 Con-
straints

Fig. 6.4 shows the initial locations of the cube-connect-cles obtained from the
eigenvectors of the matrix. Again, the formation of the nodepreserves the regularity
as well as the hierarchy of the original topology.

Figure 6.4: Initial Eigenvector Locations of Cube-Connected-Cycles Wthout I/O Con-
straints

6.4.3 Floorplan With 1/O Constraints

For this problem, we can again decouple the optimization inhie X and Y directions.
We will rst describe the optimization in the X direction, th e optimization in the Y
direction is similar.
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If the positions of some modules are pre- xed by the 1/0 consaints, we denote
these modules adl; M, and their corresponding location vector in the X direction
is denoted asx;  x. Similarly, the locations of all the movable modules are deted
as vectorx, X. The objective function can then be re-written as:

0 1

Qcc ch
= ( Xc @ A (Xe T 6.6
( X)=(Xc Xg) On O (Xe  X¢) (6.6)

Solving the zeros of the derivative of the objective functig we have

QccXe = Qe Xt (6.7)

Here Q. is a subset of the original matrixQ. We know that Q is a symmetrical
matrix with the rank of p 1. Therefore, if at least one node is xedQ. iS non-
singular and invertible, and the Eqg. 6.7 has real solutionS].

Fig. 6.5 shows the initial locations of the ve-ring cascadk Octagon network
with I/O constraints. The four bridge I/O nodes in the center Octagon ring are used
as 1/0 nodes and placed at the four corners of the oorplan. Té four 1/0O nodes
are used as the xed locations in the quadratic equation Eq. .6. Under the 1/O
constraints, the Octagon network shows a di erent formatia than that without 1/0s
(Fig. 6.3). Nevertheless, the regularity as well as the hiarchical formation of the
network is still preserved.

Fig. 6.6 shows the initial locations of the 2-ary 3- y Buttery switch fabrics. There
are 8 node processors and 32 node switches in the network. Tiwde processors
are numbered from 0 to 7, as shown in Fig. 6.6. One node proagssonnects to
two node switches, serving as input switch and output switchespectively. On the
oorplan, we place the node processors 0, 1, 2, 3 on left sidietloe oorplan, while
the node processors 4, 5, 6, 7 on the right side. This arrangemb of node processors
imposes /O constraints on the Butter y switch fabrics, be@ause the switching nodes
that serve as input and output have to be placed next to the coesponding node
processors. The regularity formation of the switch fabricss still preserved under
these I/O constraints, as shown in the gure.
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Figure 6.5: Initial Locations of 5-ring Octagon Network with I/Os on the Corners
6.5 Legalization

The node positions solved from the quadratic objective fution optimization are
real-valued numbers. However, the PE modules of each nodes aectangular tiles
and have to be abutted next to each other. The position from # location vector
cannot be used directly in the tiling placement. Nevertheks, we can still use these
values as relative locations and further legalize (quang} the node positions.

The legalization procedure also consists of two steps: 1ytsog, where the nodes
are ordered by the X and Y coordinates, and 2) packing, wher&ée node blocks are
assigned to the corresponding tiles (row and column positis).

In the sorting step, as shown in Fig. 6.7, the nodes are rst sied according to
their X coordinates and evenly partitioned into several bis. The number of bins
is equal to the number of columns. Then the nodes in each bineafurther sorted
according to their Y coordinates. After this step, the nodesare ordered in both the
X and Y coordinates. The packing step will assign the nodestmthe corresponding
tiles in the col row tile oorplan. The legalization procedure involves two lirear
sorting operations, which can be implemented with any existy sorting algorithms.

Fig. 6.8 shows the legalization results. Fig. 6.8a is the lgliged oorplan from
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Figure 6.6: Initial Locations of Butter y Network with I/O Constraints

Fig. 6.3 and Fig. 6.8b is legalized from Fig. 6.5. Both oorp@ins preserve the regu-
larity and hierarchy formations of the original topologies Furthermore, the oorplan
also achieves a shorter total interconnect wirelength coraped with other macro cell
oorplanning approaches. We will show this comparison in dails through several
experiments.

6.6 Experiments

We have built a tool calledREGULAY that implements the proposed oorplanning
method. REGULAY is written in C++ with GUI written in Tcl/Tk. To the best of
the my knowledge, there were no prior tools that target specally on the MPSoC
network oorplanning applications. Therefore, we comparéhe resulting oorplan and
the total interconnect wirelength with the results obtaine from ASIC oorplanning
approaches. We choose UCLA MCM oorplanner [10] for this coparison. MCM
is an open-source non-commercial tool that was originallyedigned to solve general
ASIC oorplanning problems. Nevertheless, we perform thisomparison to show that
our method is particularly advantageous for MPSoC oorplas.

Fig. 6.9 shows the oorplan result of the cube-connected-ches by REGULAY .
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Figure 6.7: Legalization of the Node Locations by Sorting and Packing

There are total 24 nodes and 36 nets in the topology. For a bett visualization of
the regularity and hierarchy of the resulting oorplan, we &sign di erent colors to
di erent groups of nodes. There are no I/O constraints for te oorplan. From the
oorplan formation, we can see that regularity information of the topology is well
preserved byREGULAY .

The 4-ary 3-mesh network oorplan result is shown in Fig. 6. There are 64
nodes and 144 interconnects in this network, and the oorplais an 8 8 tile array.
Both the original 4-ary 3-mesh topology and the resulting orplan are shown in
the gure. Again, di erent groups of nodes are assigned dieent colors for a better
visualization. As shown from the gure, REGULAY creates a satisfying results for
this topology. All the nodes are placed into a regular and chered formation on
the oorplan. The locations of yellow nodes and blue nodes esymmetrical to each
other, and the green nodes and white nodes are symmetricaloto This is because
that yellow and blue nodes are \sandwiched" between green @dnvhite nodes in the
original topology.

Fig. 6.11 shows the oorplan of 4-ary 3-cube torus network. fiere are total 64
node processors and 192 nets in this network, and they areatsapped into the same
8 8tile oorplan. For a clearer view of the original network tgology, we do not show
all the 192 nets in the gure. No I/O locations are constraind. Compared with the
4-ary 3-mesh network, the torus oorplan shows a di erent famation of regularity
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Figure 6.8: Legalized Floorplan of Octagon Networks with and without I/ O Constraints

and clustering. As shown in this gure, the green and yellow ades locations are
symmetrical to each other, while the blue and white nodes asymmetrical too. This
di erence is caused by the \wrap around" nets added in the tars topology.

A 2-ary 3-y Butter y switch fabrics is tested as an example br indirect network.
We use the same 1/O constraints as described in Section 6.4déhd the oorplan is
legalized from the initial locations shown in Fig. 6.6. As listrated in Fig. 6.12,
under these 1/0O constraints, REGULAY creates a very dense arrangement of the
switch fabrics, the regularity of the topology, as well as thlocality of the 1/0O switches
are well preserved.

Furthermore, we compare the total network wirelength and arage net wirelength
betweenREGULAY and UCLA MCM. Each PE in the network is 100m  100m in
size. The wirelength is the Manhattan distance between twaanected PEs. The re-
sults are compared in Table 6.1. We further calculate the wetength reduction (both
total and average) achieved b\REGULAY over UCLA MCM. As shown in the table,
the wirelength created byRegularis 1:8 to 6:5 smaller in all the benchmarks. Par-
ticularly, REGULAY shows even greater advantages in those more complex netvgork
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Figure 6.9: Floorplan of Cube-Connected-Cycles Network

Figure 6.10: Floorplan of 4-ary 3-mesh Network

the 4-ary 3-mesh and torus network and the Octagon network laieve much higher
wirelength reduction than those simpler networks.

6.7 Summary

In this chapter, we proposed a physical oorplanning methodor MPSoC on-chip
network and switch fabrics, and introducedREGULAY , a network oorplanning tool
that implements the proposed methodology. Experiments sthwothat REGULAY can
automatically create an optimal oorplan that preserves tte regularity and hierar-
chy formation of the network topology, while achieving sigrcantly reduced total
wirelength compared to traditional oorplanning tools.
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Figure 6.11: Floorplan of 4-ary 3-cube Torus Network

Figure 6.12: Floorplan Comparison of Constrained Butter y Network

Table 6.1: Wirelength Comparison Between REGULAY and UCLA NCM

REGULAY UCLA MCM improv
total average | total average |ement
wirelengthwirelengthwirelengthwirelength
5ring Oct | 12400 206 54000 900 4.4
CCC 6000 166 10800 300 1.8
dary 3mesh 28800 200 115200 800 4.0
dary 3torug 60800 422 393600 | 2733 6.5
2ary 3y 9600 200 19200 400 2.0




Chapter 7
Conclusions and Future Directions

The challenges of designing SoCs in 50-100nm technolognetude coping with design
complexity and providing reliable, high-performance opation and minimizing energy
consumption. Starting from the observation that interconect technology will be the
limiting factor for achieving the operational goals, we ensioned a communication-
centric view of design. In particular, we focused on energyna performance aspects
for designing the communication infrastructure for futureSoCs.

In this thesis, we analyzed several issues in the physicaldanetwork layers of the
on-chip communication stack, and we proposed several stegiies to e ectively tackle
the performance and energy challenge for on-chip commurtioa networks.

1. On-chip packet routing should explore the schemes that maeduce the tra c
contention without extensively using the bu ers. Contenton-look-ahead routing
scheme, as proposed in this thesis, is proved to be an suigldandidate. It
utilizes the abundant on-chip wiring resources to deliverral propagate the
contention information among the neighboring nodes, thusdtps the local nodes
to make "smarter” routing decision and reduces the conteiain occurrence.

2. On-chip communication can benet from application-spec and platform-
speci ¢ architectures, because the on-chip communicatios less restrictively
constrained from compatibility and adaptability issues. h this thesis, we show
that changing the packet size can achieve a better performespower trade-o .

107



CHAPTER 7. CONCLUSIONS AND FUTURE DIRECTIONS 108

The packet size impact on networks and node processors isoadnalyzed in
detail.

3. Many researchers proposed a tile-based on-chip networnllatecture for future
MPSoC platform. Therefore, physical planning of the netwds topology is an
important issue, because dierent network topologies neetb be planarized
onto the two-dimensional silicon oorplan. Furthermore, he on-chip network
oorplan needs to preserve the topological regularity and mimize the total
wirelength. These requirements are con icting with each dier. In this thesis,
we proposed a oorplanning methodology and a tool to solve ik problem
automatically.

Nevertheless, the methodologies presented in this thesi dar from serving com-
plete on-chip network solutions. As communication-energgninimization will be a
growing concern in future MPSoC technologies, an on-chip m@rk implementation
needs di erent layers to be integrated and interacted e egvely. We outline some of
the areas that, in our opinion, are particular critical for airrent and future networks-
on-chip research.

Fault-tolerant and robust transmission.Ever since the VLSI process technology
moves into the deep sub-micron domain, on-chip data transesion can no longer
be assumed reliable. The signal integrity problem in futur&oC will become
even worse as the device feature size continues to shrinkcri@asing robustness
can be achieved by 1) increasing the noise margin, 2) increggthe sensitivity
of the receiver, or 3) error detection and correction. Whilencreasing the noise
margin will inevitably increase the power consumption, théater two options
will likely be the directions for future NoC design explorabn.

Heterogeneous network routing algorithms.Most current NoC architectures
adopt regular network topologies, i.e., two-dimensional esh or torus. While
packet routing and task mapping on these networks can beneftom regularity
formation, more dedicated approaches need to be developed lieterogeneous
NoCs. The diversity of future NoC applications will requireapplication-speci c
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node processors, i.e., image processing units and gener@alUS may coexist on
the same chip. NoC routing and mapping algorithms must be akle enough
to support di erent platform con gurations.

Programming abstractions.Developing adequate abstractions for NoC program-
ming is a critical objective. Energy e ciency can be pursuedoy minimizing
redundant communication, and by carefully balancing locatomputation and
communication costs. A critical need in this area is the demion of hard-
ware platform dependent high-level metrics, such as energer local operation
and energy per transmitted bit, which can help in rst-cut exploration of the
communication vs. computation trade-o during algorithm development.

Task-level analysis and optimizationFuture networks-on-chip design ow will
need high-level optimization tools that can help designemhapping data- ow
speci cations onto target hardware platforms. The issuesnithis area include
task splitting and merging (i.e., distributing the computdion performed by a
task among two or more computational nodes, and collapsingid or more tasks
onto the same node), task allocation, as well as communiaati splitting and
merging over available physical NoC links.

Code optimization. Code optimization will hold an important place in future
NoC software development. Many techniques are critical fdurther develop-
ments, such as: 1) techniques for parallelism extractiondim a single task or
a legacy applications, 2) techniques that reduce the memofgotprint and im-

prove access locality for both code and data, and 3) developmt of highly-

e cient communication primitives.

Distributed operating systems.The operating system that supports NoC op-
eration cannot be centralized. Truly distributed embeddedDSes are required
to create a scalable run-time system. In addition to traditonal functions (i.e.,
scheduling, interrupt handling), the NoC OS should nativgl support power
management, bandwidth allocation and resource sharing.
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The idea of networks-on-chip provides a new paradigm for fuite systems-on-chip
architectural design and methodology. Many new challengegll emerge and thus
create exciting research opportunities for the years to cam
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