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Abstract

One of the distinct features of modern Internet routers is that most performance-
critical tasks, sud as the switching of padets, is currently done using Application
Speci ¢ Integrated Circuits (ASICs) or custom-designedhardware. The only few
caseswvhen o®-the-shelfgeneral-purppseprocessoror specializednetwork processors
are used are route lookup, Quality of Service (QoS), fabric sdheduling, and alike,
while existing general-purpsearchitectures have failed to give a useful interface to
suzcient bandwidth to support high-bandwidth routing.

By using an architecture that is more general-purpse, routers can gain from
economiesof scaleand increased®exibilit y comparedto special-purpose hardware.
The work presetted in this thesis proposesthe use of the Raw general-purpsepro-
cessoras both a network processorand switch fabric for multigigabit routing. The
Raw processorthrough its tiled architecture and software-expsedon-dcip network-
ing, has enoughinternal and external bandwidth to deal with multigigabit routing.

This thesis has three main goals. First, it proposesa single-dip router design
on the Raw general-purpse processor. We demonstratethat a 4-port edgerouter
running on a 250 MHz Raw processolis able to switch 3.3 million padkets per second
at peakrate, which resultsin the throughput of 26.9 gigabits per secondfor 1,024-
byte padkets. Second,it shows that it is possibleto obtain an excient mapping
of a dynamic comnunications pattern, sud asthe connectionsof the switch fabric
of a router, to a compile-time static interconnect of the Raw processortiles, and
proposesa Rotating Crossbardesignthat adchievesezcient routing on the Raw static
network. Third, it proposeghe incorporation of computation into the comnunication
interconnectof the switch fabric of a router.

Thesis Supervisor: SamanAmarasinghe
Title: Assciate Professor
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Chapter 1

Intro duction

The relertless growth of the Internet over the past few years has created a unique
information spaceand provided us with fast and cheap meansof comnunication.
The rapid increaseof available bandwidth was mainly instigated by the innovation of
link technologies,especially the developmert of optical carriers, while asthe routers
that power the Internet have becomea bottlened in the rocketing use of the World
Wide Web. With the advent of gigabit networking [18], sophisticatednew distributed
router designshave emergedto meet the resulting technical challengesin ways that
allow Internet ServiceProviders (ISPs) to quickly scaleup their networks and bring
new servicesto market. [3]

One of the distinct featuresof modern Internet routers is that most performance-
critical tasks, sud as the switching of padkets, is currernily done using Application
Speci ¢ Integrated Circuits (ASICs) or custom-designedhardware. The only few
caseswvhen o®-the-shelfgeneral-purppseprocessoror specializednetwork processors
are used are route lookup, Quality of Service (QoS), fabric scheduling, and alike,
while existing general-purpsearchitectures have failed to give a useful interface to
suzcient bandwidth to support high-bandwidth routing.

By using an architecture that is more general-purpse, routers can gain from
economiesof scaleand increased®exibilit y comparedto special-purpose hardware.
The work presered in this thesis proposesthe use of the Raw general-purmsepro-

cessoff21] asboth a network processoiand switch fabric for multigigabit routing. The
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Raw processorthrough its tiled architecture and software-expmpsedon-cip network-

ing, has enoughinternal and external bandwidth to deal with multigigabit routing.

1.1 Problem Statement

This thesishasthree main goals. First, it proposesa single-tip router designon the
Raw general-purpseprocessor. We demonstratethat a 4-port edgerouter running
on a 250MHz Raw processolis ableto switch 3.3 million padets per second(Mpps)
at peakrate, which resultsin the throughput of 26.9 gigabits per second(Gbps) for
1,024-lyte padkets. Second,it shownsthat it is possibleto obtain an excient mapping
of a dynamic comnunication pattern, sud as the connectionsof the switch fabric
of a router, to a compile-time static interconnect of the Raw processortiles, and
proposesa Rotating Crossbardesignthat achievesezcient routing on the Raw static
network. Third, it proposeghe incorporation of computation into the communication
interconnectof the switch fabric of arouter. The addition of computation is motivated
by two reasons:a growing needfor routers to operate on the data payload of padets
to provide extendedservices,suth as encryption, and the fact that the addition of
computation to the switch fabric removesthe dixcult y of bringing data nearto a
computational resourcethat is ableto computeon it.

The cortributions of this thesisinclude:

2 A router designon the Raw general-purpseprocessorthat acieves26.9 Gbps

performance;

2 A Rotating Crossbardesignasan excient mappingof a dynamic comnunication

pattern to a compile-time static interconnect;
2 A distributed sdheduling algorithm for the Rotating Crossbar;

2 A minimization procedureon the con guration spaceof the Rotating Crossbar.

11



1.2 Thesis Overview

The roadmap to the thesis looks as follows: Chapter 2 descrites the foundations
of routing and examinestypical architectures of existing Internet routers. In this
chapter we will take a look at a casestudy of an MGR router from BBN, a Cisco
12000 Gigabit Switch Router badkplane, and a network processorcalled IXP1200
manufactured by Intel. Chapter 3 then descrikesthe Raw general-purpseprocessor
onwhich our router is built, including its Instruction SetArchitecture, comnunication
medanisms,and performance.

The next chapters examinethe Raw Router architecture and a complete router
con guration. Chapter 4 presetts the chosenpartitioning of the Raw processor the
path that the padketstake through the router, and other generalissues suc asbu®er
managemeh Chapter 5 movesfrom generaldescriptionsto speci cs, describingthe
designof the router's switch fabric and the Rotating Crossbaralgorithm. Seeral sec-
tions shaw the properties of this algorithm, including fairnessand absenceof possible
deadlacks.

Chapter 6 introducesa distributed schedulingalgorithm for the Rotating Crossbar,
and explainshow the constraints onthe memorysystemof the Raw processoin°uence
on the implemertation, and shov a minimization of the con guration spacemadein
orderto t the codein atile's local instruction memory This chapter alsodescrikes
the timing of the algorithm at run-time, aswell asthe programmingtechniquesused
on the CrossbarProcessors.

Chapter 7 descrikesthe results of our work { the peakand aggregateperformance
of the Raw Router comparedto the Click router, which is anotherrouter implemerted
on a general-purppseprocessor. The chapter shavs that we have adchieved the goal
of building a multigigabit router on Raw. This chapter also studiesthe exciency of
the current implemertation and explains the utilization of the Raw processoron a
per-tile basis. The analysisalso suggestsa generalapproad to obtain the maximum
utilization of the router.

Chapter 8 decribesthe future improvemeris that we are planning to add to the

12



existing router, including new designspursuing full utilization of the Raw processor,
the implemertation of the IP route lookup on Raw, the issuesof scalability and
support of multicast traxc in the switch fabric, °ow prioritization to deploy Quality
of Service,as well asthe application of the currernt router layout for routing in low
eardh orbit satellite systems.

Finally, Chapter 9 concludesthe thesis.

13



Chapter 2

An Overview of the Arc hitecture

of Internet Routers

This chapter describesthe foundations of routing and examinestypical architectures
of existing Internet routers. In this chapter we will take a look at a casestudy of
an MGR router from BBN, a Cisco 12000Gigabit Switch Router badkplane, and a
network processorcalled IXP1200 manufactured by Intel. The point that we would
like to make is that most performance-criticaltasks, sud asthe switching of padets
in the fabric connectingdi®erer network ports of a modern high-performancerouter
is currently done using ASICs or custom-designedhardware. The only few cases
when o®-the-shelfgeneral-purpse processorsor specialized network processorsare
usedare route lookup, Quality of Service(QoS), fabric scheduling, and alike, while
existing general-purpsearchitectures have failed to give a usefulinterfaceto suxcient

bandwidth to support multigigabit routing.

2.1 Router Basics

A high-performancerouter generallyconsistof four major componerts shaovn in Fig-
ure 2-1: a network processor,a set of forwarding engines,a set of interfaces,and a
switch fabric. [3]

The Network Pro cessor is usedto calculate the best path from padet source
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to destination. The knowledgeabout best paths becomesavailable through sharing
information about network conditions with neighboring routers. In most casesoute
processingis certralized to reducesystemcomplexity, becausethe timing of routing
table updatesis independen of padket forwarding. Commonrouting protocols that
network processoramplemert are Border Gateway Protocol (BGP), Open Shortest
Path First (OSPF), and Routing Information Protocol (RIP).

The next elemen is a set of Forw arding Engines. The forwarding enginesare
responsiblefor decidingto which output line card to forward ead padket. To do that,
a forwarding engineconsultsa local copy of the routing table, which is a summary of
all routing tablesin the system. This databaseconains the mapping of destination
IP addressedo output interface numbers wherethe padets with thesedestinations
should be forwarded. The amourt of route lookupsis proportional to the aggregate
tratc servicedby a router, which is why frequertly forwarding enginesare designed
in a distributed manner. Traditional implemertations of routing tables usea version
of Patricia trees[15] with modi cations for longestpre x matching.

The next componert is a set of Interfaces with respective Memory Systems
typically located on interfaces. The memory systembu®ersincoming padets to ab-
sorb bursts and temporary congestion,both of which result from the useof the bursty
TransmissionControl Protocol (TCP). The bu®erspaceis neededas a temporary
waiting area where padets queueup for transmissionwhen there is corntention for
output interfaces. The memory systemof an interface must be preparedto bu®erup
to bandwidth £ delay worth of data that is saidto be\in °ight" in a pipe betweena
senderand a receiver. Thus, for ead gigabit of bandwidth, assuminga cross-coutry
round-trip time of 100ms, an interfacerequires12.5megalytes of bu®erspace.

Finally, all of the componerts have a commonrendez-wus point, which is called
the Switc h Fabric . The function of the switch fabric is to allow the transmissionof
padets from incominginterfacesto outgoinginterfaces,aswell asenableinterfacesto
guery route information from forwarding enginesand permit the network processor

to update local copiesof the routing table on ead of the forwardng engines.
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Figure 2-1: A typical router design.

2.2 Case Study

As we mertioned earlier, here we will examineand comparetypical architectures of
existing Internet routers: an MGR router made by BBN, the badplane of a Cisco
12000Gigabit Switch Router, and IXP1200{ a network processorfrom Intel. They
all exemplify successfukengineeringe®ortsin making high-performancerouters. The
MGR router was one earliest multigigabit routers built, and it was a researth e®ort
basedon the Butter®y switching matrix, funded by ARPA, with Craig Partridge
was involved. MGR forwards up to 32 million padkets per seconddepending on
con guration. The Cisco 12000Gigabit Switch Router is a crossmint switch and
router available with 4, 8 and 12 slots. It supports IP over SONET aswell as ATM
and connectsdirectly into b er infrastructure with OC-3 or OC-12 speeds,later on
OC-48. During dewelopmer it was known asthe BFR (Big Fast Router). Finally,
IXP1200 and its successolCastine are the °agship network processorsof the Intel

Internet ExchangeArchitecture.

16



Switch

Input Packets packets r Output
o [ ‘ }——{ Packet Processor | ——
Packets Headers Packets

TSU FSU

Headers

Input

Output
e ‘ Packet Processor I——{ |_._ - - e

FSU TSU

Line Card Line Card

s1opeay

-

Reply Fifo TSU

—

Req Fifo FSU
Forwarding Engine

Route
Memory

Processor

Route
Memory

Figure 2-2: An outline of the MGR router (Adapted from [17)).

2.2.1 Router Layout: An MGR Router from BBN

This sectiondescribesa router designedby BBN and called MGR [17]. This router
achieves up to 32 million padet per secondforwarding rates with 50 Gbps of full-
duplex badplane capacity.

An outline of the MGR router is shavn in Figure 2-2. It consistsof multiple line
cards eadt supporting one or more network interfaces,and forwarding enginecards,
all pluggedinto a high speedswitch. When a padet arrivesat a line card, its header
is removed and passedthrough the switch to a forwarding engine. The remainder
of the padet remains on the inbound line card. The forwarding enginereadsthe
headerto determine how to forward the padket and then updates the headerand
sendsthe updated headerand its forwarding instructions badk to the inbound line
card. The inbound line card integratesthe new headerwith the rest of the padet,
and sendsthe ertire padet to the outbound line card for transmission. Not shavn in
Figure 2-2 but an important pieceof the router is a network processorthat provides
basic managemen functions sud as link up/down managemenh and generation of
forwarding enginerouting tables for the router.

The Forwarding Engines. When aline card receivesa new padet, it sendsthe

17



padet headerto a forwarding engine. The forwarding enginethen determineshow
the padet should be routed. At the heart of ead forwarding engineis a 415 MHz
Digital Equipment Corporation Alpha 21164processorwhich is a 64-bit, 32-register,
super-scalarRISC processor.

The Switc h. The MGR usesa 15-port switch to move data between function
cards. The switch is a point-to-p oint switch. The major limitation to a point-to-p oint
switch is that it doesnot support the one-to-mary transfersrequired for multicasting.
Multicast padketsin the MGR router are copiedmultiple times, onceto eat outbound
line card. The MGR switch is an input-queued switch in which ead input keepsa
separateFIF O and bids separatelyfor ead output. Keepingtrack of tratc for eat
output separatelymeansthe switch doesnot su®erHead-of-Lineblocking and it has
beenshown by simulation and more recerily proven that sud a switch can achieve
100% throughput. The key design choice in this style of switch is its allocation
algorithm { how one arbitrates amongthe various bids. The MGR arbitration seeks
to maximize throughput, at the expenseof predictable latency.

Line Card Design. A line cardin the MGR can have up to sixteeninterfaceson
it. Howewer, the total bandwidth of all interfaceson a single card should not exceed
appraximately 2.5 Gbps. The di®erencebetweenthe 2.5 Gbps and the 3.3 Gbps
switch rate is to provide enoughswitch bandwidth to transfer padket headersto and
from the forwarding engines. The 2.5 Gbps rate is suxcient to support one OC-48c
(2.4 Gbps) SONET interface, four OC-12c (622 Mbps) SONET interfacesor three
HIPPI (800 Mbps) interfaceson one card. It is also more than enoughto support
sixteen 100 Mbps Ethernet or FDDI interfaces.

The Network Pro cessor. The network processoris a commercialPC mother-
board with a PCI interface. This motherboard usesa 21064Alpha processorclocked
at 233MHz. The Alpha processorwas chosenfor easeof compatibility with the for-
warding engines.The motherboard is attached to a PCI bridge which givesit access
to all function cardsand alsoto a set of registerson the switch allocator board. The
processorruns the 1.1 NetBSD releaseof UNIX, which is a freely available versionof

UNIX basedon the 4.4 BSD software release.
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Managing Routing and Forwarding Tables. Routing information in the
MGR is managedjointly by the network processorand the forwarding engines. All
routing protocolsare implemerted on the network processorwhich is responsiblefor
keeping complete routing information. From its routing information, the network
processorbuilds a forwarding table for eat forwarding engine. These forwarding
tables may be all the same,or there may be di®eren forwarding tables for di®erer
forwarding engines.One advantage of having the network processorbuild the tables
is that while the network processomeedscompleterouting information suc as hop
courts and who ead route was learned from, the tables for the forwarding engines
need simply indicate the next hop. As a result, the forwarding tables for the for-
warding enginesare much smallerthan the routing table maintained by the network

processaor.

2.2.2 Switc h Fabric: Cisco 12000 GSR Backplane

In this sectionwe will focuson the switched badkplane deweloped for the Cisco12000
SeriesGigabit Switch Routers (GSR) [12, 4, 3]. This router has a high-performance
switched badkplane architecture capable of switching 16 ports simultaneously eat
with a line rate of 2.4 Gbps. The badkplane usesa number of new technologiesthat
enable a parallel, compact design providing high throughput for both unicast and
multicast tratc. Integrated support for priorities on the badplane allows the router
to provide distinguished qualities of servicefor multimedia applications. Figure 2-3
shaws the structure of a typical crossbarswitch.

Why Fixed Length Packets. Padkets may be transferred acrossthe switched
badkplane in small xed sized units, or as variable length padkets. There are sig-
ni cant disadwantages against using variable length padets, and so the highest-
performancerouters segmehn variable length padketsinto xed sizedunits, or \cells",
before transferring them acrossthe badplane. The cells are reasserhled bad into
variable length padets at the output beforebeing transmitted on the outgoing line.

Let's examinethe choice betweenusing xed, and variable length padets, as shavn

in [12.
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Figure 2-3: A four-way parallel crossbar switch, interconnecting multiple line cards. A
certralized scheduler connectsto ead line card, and determines the con guration of the
crossbarswitch for ead time slot (Adapted from [12]).

There are no problemsif we use xed sizecells{ the timing of the switch fabric
is just a sequenceof xed sizetime slots. The scheduling algorithm allocatesall of
the resourcesof the switch fabric at the beginning of every time slot, and there is
no needto keeptrack of when ead and ewery data transfer ends, which make the
hardware simple and faste. Howewer, with variable length padkets things are getting
much more complicated,especially for the sdheduler{ it must do a lot of bookkeeping
to keeptrack of available and unavailable outputs. It often needsto decidewhether
to allocate an idle output or wait for a busy one to becomefree, in order to both
minimize starvation and maximize aggregatethroughput.

It is shawn that using xed length padets (\cells") allowsup to 100%of the switch
bandwidth to be usedfor transferring cells. If variable lentgh padets are used,the
systemthroughput is limited to appraximately 60%. [12]

Why Virtual Output Queueing. Even though a crossbarswitch is always
internally non-blocking, there are three other typesof blocking that canlimit its per-
formance[12]. The rst type of blocking is called head-of-line(HOL) blocking; the
other two are input-blo cking and output-blocking. HOL-blocking cansigni cantly re-
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ducethe performanceof a crossbarswitch, wasting approximately 40% of the switch
bandwidth . Fortunately, there is a solution for this problem called virtual output
gueueing,that eliminatesHOL-blocking ertirely and makes100%of the switch band-
width available for transferring padets.

The other typesof blocking, input- and output-blocking, are presen in all crossbar
switches. They arise becauseof cortention for accesgo the crossbar:ead input line
and ead output line of a crossbarcan only transport one cell at a time. If multiple
cellswishto access line simultaneously only onewill gainaccessvhile the otherswill
be queued. Input- and output-blocking do not reducethe throughput of a crossbar
switch. Instead, they increasethe delay of individual padkets through the system,
and perhapsmore importantly make the delay random and unpredictable.

Thereis asimple x to the HOL-blocking problemknown asvirtual output queue-
ing (VOQ), rst proposedin [19]. At ead input, a separateFIF O queueis maintained
for eat output. After aforwarding decisionhasbeenmade,an arriving cell is placed
in the queuecorrespnding to its outgoing port. At the beginning of ead time slot,
a certralized sdeduling algorithm examinesthe cortents of all the input queues,and
‘nds a con’ict-free match betweeninputs and outputs.

It is shawvn that if VOQs are used,instead of the corvertional FIFO queuesthen
HOL blocking can be eliminated ertirely. This raisesthe systemthroughput from
60%to 100%.[12]

Crossbar Scheduling Algorithm.  The Cisco 12000GSR Badkplane usesthe
iISLIP sdheduling algorithm [13],which attempts to quickly corvergeon a con’ict-free
match in multiple iterations, where ead iteration consistsof three steps. All inputs
and outputs are initially unmatched and only thoseinputs and outputs not matched
at the end of one iteration are eligible for matching in the next. The three steps
of ead iteration operate in parallel on ead output and input. The steps of eath

iteration are:

1. Request. Ead input sendsarequestto every output for which it hasa queued

cell.
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2. Gran t. If anoutput receivesany requests,t choosesthe onethat appearsnext
in a xed, round-robin schedulestarting from the highestpriority elemen. The

output noti es ead input whether or not its requestwas granted.

3. Accept. If aninput receiwesa grant, it acceptsthe onethat appearsnext in
a xed, roundrobin schedule starting from the highest priority elemen. The
pointer to the highest priority elemen of the round-robin schedule is incre-
merted (modulo N) to onelocation beyond the acceptedoutput. The pointer to
the highest priority elemen at the correspnding output is incremeried (mod-
ulo N) to onelocation beyond the granted input. The pointers are only updated

after the rst iteration.

By consideringonly unmatched inputs and outputs, ead iteration matchesinputs
and outputs that were not matched during earlier iterations. It is shavn that if a
single scheduleris usedto sdhedule both unicast and multicast tratc, then: (a) the
stheduling decisionscan be made at greater speed, and (b) the relative priority of
unciast and multicast tratc canbe maintained, preverting either type of tratc from
starving the other. Also, if multicast tratc is queuedseparately then the crossbar
may be usedto replicate cells, rather than wasting preciousmemory bandwidth at
the input, and if the crossbarimplemerts fanout-splitting for multicast padets, then

the systemthroughput can be increasedby 40%. [12]

2.2.3 Network Pro cessor: Intel 1XP1200

In this sectionwe will take a look at the current °agship network processorsof the
Intel Internet ExchangeArchitecture { IXP1200 and Castine ! [1]. Intel IXP1200 is
shavn in Figure 2-4. This processorruns at 232 MHz and forwards padets at the
rate of 3.5 Mpps. It hasa 2K cortrol store in ead of the 6 microengines,eat of
which is a RISC microprocessor.In order to keepthe microenginepipeline busy, the

microprocessomeedsto run in a multi-threading mode.

1The material of this sectionis taken from Matthew Adiletta's talk on Intel network processors
given at the MIT Laboratory for Computer Science,April 2002
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Figure 2-4: Intel IXP1200 network processor(Adapted from [1]).

Intel Castinewill be a 3rd Generation Network Processorto comeout from Intel.
It will have 16 microengines,ead running at 1.4 GHz (over 23,100Mips). It will
have an Integrated 700MHz XScaleControl Plane Processora 10+ Gbpsfull duplex
Media Interface, 50 Gbps padet memory bandwidth, 30 million padkets per second
L4 forwarding, 60 million enqueue/dequeueoperations per second,and advanced

hardware support for queueing,tratc shaping, SARing, and policing.

2.3 Why Not Use an ASIC?

The MGR usesan o®-the-shelprocessorto make forwarding decisionswhich is often
the casefor many cortemporary Internet routers. One can ask whether there is any
reasonnot to usean ASIC for that purpose,and implemen a forwarding engineand
a network processorin a more cost e®ectie way. Indeed, the IPv4 speci cation has
beenaround for quite a while, and it is very stable. Sowhat is a problem with an
ASIC?
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The answer to this question depends on the speci ¢ location where the router
might be deployed. If arouter is targeted at a corporate LAN, then an ASIC may be
a good solution. However, ISPs often require their equipmert to be °exible and easily
upgradable{ for instance,ready to work with IPv6 { which is why a programmable

non-ASIC approad in building IP routers wins.

2.4 Software Routers on General-Purp ose Pro ces-

Sors

Another approat was exploredin the Click Router [14, 10]. The ideawasto build
a software router running on a general-purpsearchitecture that would be °exible,
con gurable, and cheap. Unfortunately, corvertional general-purmpseprocessorsio
not provide enough of input/output bandwidth to carry out multigigabit routing,

which is why most fast routers nowadays work on special-purposeprocessors.
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Chapter 3

A Brief Description of the Raw

Pro cessor

This chapter describes the Raw general-purmse processoron which our router is
built, including its Instruction Set Architecture, communication medanisms, and
performance. The Raw processoris a general purpose processordesignedto take

advantage of Moore's Law { the availability of large quartities of fast transistors.

3.1 Pro cessor Layout

The general organization of the Raw Processor(Figure 3-1) is as a chip multipro-

cessowith multiple ne grain, rst class,registermapped communication networks.
The processorcortains 16tiles in a 4£ 4 meshgrid. A tile consistsof a tile processor,
memory, two dynamic network routers, two static switch crossbarsand a static switch

processor.Tiles are connectedto ead of their four nearestneighbors by two setsof
static network interconnectand two setsof dynamic network interconnect. The Raw
instruction setarchitecture works togetherwith this parallel architecture by exposing
both the computational and communication resourcesup to the software. By expos-
ing the comnunication delays up to the software, compilers can do better jobs at

compiling becausethey are able to explicitly managewire delay and spatially map

computation appropriately. This is in sharp cortrast to approadesof other instruc-
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Figure 3-1: The Raw Processorwith 16 tile processorsn a 4£ 4 grid.

tion sets,which e®ectiely maskwire delay. Becausecommunication delay is exposed
up to the software, this allows for larger scalingof functional units wherecornvertional
superscalarprocessorsvould break down becausethesewire delays would exist, but
would have no way to be managedby software. The Raw project is examining larger
con gurations and henceRaw Processorgan be seamlesslyconnectedto build fabrics

of up to 1,024tiles.

3.2 Raw Instruction Set Arc hitecture

Eadh Raw chip has 16 tile processorsonein ead tile. A tile processoris a 32-bit
8-stagepipelined MIPS-like processor.Ead tile processorcortains a fully pipelined
two-stageinteger multiplier, and a pipelined four-stagesingle precision®oating point
unit. The tile processor'dnstruction setis roughly equivalert to that of a R4000with
a few additions for comnunication applications, such asbit level extraction, masking
and population related operations. The tile processorusesstatic branch prediction
instead of delay slots. It hasno branch penalty for properly predicted branchesand

a three-cycle penalty for mispredicted branches. The tile processoris also tightly
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integrated with its corresppnding communication resources.Each network is directly
mapped into the register space. Network registerscan be usedas both a sourceand
destination for instructions.

The Raw processorhas 2,048 kilobytes of SRAM on-dip, with ead tile having
8,192words (32-bit word) of local instruction memory, and 8,192words (64-bit word)
of switch memory A tile hasa 8,192word (32-bit word), 2-way set-assaciative, 3
cycle latency data cade with 32-byte lines. The cahe usesa two-elemem bypassing
write bu®erto deferstoresuntil after the tag hasbeenchedked. The memory can be
in two modes,caded and uncaded, and it cando 16 parallel accessexyneaccesger

tile. There is no cate coherencesupport in the Raw processor.

3.3 Comm unication Mec hanisms

The main communication medanismin the Raw Processoris the static switch net-
work. The code sequenceshonn in Figure 3-2takes v e cyclesto execute.In the rst
cycle, tile 0 executesthe OR instruction, and the value arrivesat switch 0. On the
secondcycle, switch 0 transmits the value to switch 4. On the third cycle, switch 4
transmits the valueto the processor.On the fourth cycle,the value erters the decale
stageof the processor.On the fth cycle,the AND instruction is executed. Sincetwo
of those cycleswere spert performing useful computation, the send-to-usdatency is
three cycles.

The static network is cortrolled by a simple six-stage switch processorwhich
con guresatile's static network crossbaron a per cyclebasis. The Raw static network
is °ow-cortrolled and stalls when data is not available. The static network relies
on compile time knowledgeso that it can be programmedwith appropriate cortrol
instructions and routes. The namestatic network is somewhatof a misnomerbecause
it is very programmable. The static switch network has a completely independen
instruction streamand is ableto take simple branches. Thus, it is very well suited for
compile-time known comnunication patterns and is able to handle thesewithout the

needfor headerswhich are found in dynamic networks. Ead tile cortains oneswitch
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route $csto->$cSo2

and $5, $5, $csti 2

Figure 3-2: The switch and tile code required for a tile-to-tile sendto the South from tile
0 to tile 4.

processotbut two switch networks. The oneswitch processorcan cortrol the crossbar
on ead of v e directions (North, South, East, West, and into the tile processor)for
eat switch network independerily.

The dynamic networks on Raw are there to assistcommunication patterns that
cannot be determined easily at compile time. Examplesof this are external asyn-
chronousinterrupts and cade misses.Ead tile hastwo identical dynamic networks.
The dynamic network is a wormhole routed [5], two-stage pipelined, dimension-
ordered network. The dynamic network usesheader words to dynamically route
message®n a two-dimensionalmesh network. Messageson this network can vary
in length from only the headerup to 32 words including the header. Nearestneigh-

bor ALU-to-ALU communication on the dynamic network takesbetween15 and 30
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cycles.

3.4 Performance

The Raw ProcessorPrototype is fabricated on IBM's SA-27E, 6 layer metal copper
0:15' process.The Raw Processoris expectedto operate at 250 MHz, and have 3.6
GOPS/GFLOPS of peak performance. It has 230 Gbps of bisection bandwidth and
201 Gbps of external chip bandwidth. Accessto this o®-dip bandwidth is provided
through the Raw Processor'snetworks. To connecto®-tip, the native internal net-
works are multiplexed through 1080signal input/output pins. More information on

the Raw microarchitecture can be found in the Raw ProcessorSpeci cation. [20]
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Chapter 4

An Overview of the Raw Router

Arc hitecture

This and the following chaptersexaminethe Raw Router architecture and a complete
router con guration. This chapter presertts the chosenpartitioning of the Raw pro-
cessor,the path that the padets take through the router, and other generalissues,

sudh as bu®ermanagemen

4.1 Research Goals

The goalof this researt wasto designa multigigabit single-tip router solution using
the Raw Processorand devisea switching algorithm for it. Someassumptionsand
practical considerationshave in°uencedthe designof this router. First of all, the goal
of this designwasto build an edgerouter or a scalableswitch fabric of a corerouter,
but not a complete corerouter. Many of the ideas preserned here can be leveraged
to build core routers, but considerations,sud as limited internal bu®er spaceand
complexIP routing lookups require more analysis. Another designpoint is that this
designis for a 4-input and 4-output router, and larger con gurations are still to be

exploredin the future.
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Figure 4-1: Mapping router functional elemens to Raw tiles. Each of the four ports is
comprisedof four elemerts: an IngressProcessora Lookup Processora CrossbarProcessor,
and an EgressProcessor.
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4.2 Partitioning of the Raw Pro cessor

The ability to carry out complex communication patterns quickly and exciently is
critical to implemert a high-bandwidth router. The ability to statically orchestrate
the computation and commnunication on the Raw processor'ssoftware-exmsedpar-
allel tiles and software-corirolled static comnunication networks makesthis general-
purpose processorwell suited for suc an implemertation. Thus, the rst task in
designinga router on Raw is to partition the router componerts and map them on
to the Raw tiles. This mapping should balancethe computation load betweenthe 16
tile processorf Raw. More importantly, the mapping hasto exciently support the
communication patterns of the router.

Figure 4-1 shaws graphically the mappingthat waschosen.Ead of the four ports
usesfour tiles. An Ingress Pro cessor is usedto streamin and bu®erdata coming
from the line card, as well asto perform the necessaryprocessingof the IP header,
including the cheksum computation and decremenm of the \Time to Live" eld. This
tile is alsousedfor fragmertation of IP padetsif their sizeexceedghe internal tile-
to-tile data transfer block on the Raw chip. A Lookup Pro cessor is necessaryfor
accessinghe routing table in the o®-&ip memory. Crossbar Pro cessors form a
Rotating Crossbar andthey areutilized to transfer data betweenports. An Egress
Pro cessor is usedto perform the reasserbly of large IP padets fragmerted by the
IngressProcessor,babysit the output line, and stream data to the output line card.
The architecture of the Raw processorlendsitself to straightforward replication of

the port four times resulting in a4 £ 4 IP router.

4.3 Data Path Logistics

The path that data travels through this router is as follows. First data streamsin
on the static network from an o®-tip input line card. The IP header,but not the
data payload, of this padket is sert over the static network to the Lookup Processor

to do classi cation and route decisionmaking. While the routing decisionis being
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made, the rest of the data payload streamsinto the local data memory of the Ingress
Processor. After the routing decisionis made, the padet is sert into the Rotating
Crossbar,which is implemerted over the static network of the Raw processor. This
data transfer may take multiple phaseson the crossbarand hencea padcket may be
fragmerted asit travels acrossthe Rotating Crossbar. After the Rotating Crossbar
hasbeentraversedthe EgressProcessobu®ershe padket in its internal data memory
until all of the fragmerts are available. Then it streamsthe completedIP padket to

its output port, which is connectedto an output line card.

4.4 Bu®er Managemen t

Practical designconsiderationghat hinder and shape this designinclude the fact that
ead tile's data cae only hasone port. Thus accessing tile's data cade requires
tile processorcycles,sincethere is no built-in Direct Memory Accessenginefrom the
networks into the data cade. For example,bu®eringdata on a tile's local memory
requirestwo processorcyclesper word. Also, code running throughout this design
is carefully unrolled, becauseeven though there is no branch penalty for predicted
branches,a branch still usesonecycleto executeon the tile processor.

This designis rather consenative with regardsto computational resourcesand it
leavesroom to grow and hencepossibilities of using this samebasic designfor a core
router. One of the challengesof this designis the aggravation of problem of padet
gueueingwhen doing corerouting. This designassumeghat there is large amourt
of bu®eringon the input and output external to the Raw Processor. This needsto
be done becausethe maximum internal storageof the Raw Processorprototype is 2
megalytes. While this is a large amourt for a single processorthe bandwidth-delay
product for multigigabit °ows is two to three orders of magnitude larger. There-
forein this designprototype, rst-in- rst-out delivery is implemerted, with dropping

assumedo be occurring externally to the Raw chip.
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Chapter 5

Switc h Fabric Design

This chapter movesfrom generaldescriptionsto speci cs, describingthe designof the
router's switch fabric and the Rotating Crossbaralgorithm. Seeral sectionsshaw the

properties of this algorithm, including fairnessand absenceof possibledeadlacks.

5.1 Rotating Crossbar Algorithm

A part of the problem was to designan algorithm that would allow the use of the
fast static networks to do dynamic routing.

It hasbeenshaown that Raw was suitable for streamingand ILP applicationswith
patterns de ned at compiletime [11, 8], but the approadesto building dynamic ap-
plications were still to be researbied. Se\eral techniqueswere created and analyzed
[2, 22], but unfortunately most of them either led to underutilization of the Raw
processor,an unbalancedload distribution acrossthe tiles, or to complicated con-
“guration analysisin order to determine and avoid possibledeadlaks of the static
networks.

The following is an explanation of the Rotating Crossbaralgorithm with global
knowledge,which is similar to a well-known Token Ring algorithm [7] that hasbeen
widely usedin networking. In this case,howewer, it is nicely applied to the domain
of router microarditecture. The Rotating Crossbaralgorithm allows to arbitrarily

connectfour IngressProcessorgo four EgressProcessorsprovided there are no con-
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°icts for EgressProcessorsand Rotating Crossbarstatic networks, for the duration
of one quartum of routing time, which is measuredby the number of 32-bit words
to be routed around the Rotating Crossbar. Fortunately, this algorithm avoids the
aforemenioned undesirablefeaturesand is very excient.

The algorithm is basedon the idea of a token, which denotesthe ultimate right
of a CrossbarProcessorto connectits respective IngressProcessorto any of the four
EgressProcessorsof the Raw chip. The token starts out on one of the Crossbar
Processors,called the master tile. Howewer, there are no slave tiles, since, if the
master tile is not sendingits data, which can happen is caseits incoming queueis
empty, every downstreamtile has an opportunity to 1l in the existing slots in the
static network, though the probability to send data is decreasingwith every step
down the stream. By using a token, we can avoid starvation of IngressProcessors,
sinceit guararteesthat ead input will sendat least onceewery four routing cycles.
It is alsoimportant to notice herethat the token doesnot actually get passedaround
the crossbartiles. Instead, it is implemerted as a syndironouscourter local to eah

of the CrossbarProcessors.

5.2 Rotating Crossbar lllustrated

In the beginning of ead routing phaseall four Crossbar Processorsread their re-
spective padcket headers,which cortain output port numbers preparedby the Ingress
Processorsafter route lookup. In the next phasethe CrossbarProcessorsexchange
theseheaderswith ead other. In the following phasethey streamtheir local data into
the Rotating Crossbardepending on currert tile's privileges, which are determined
by a local copy of a global routing rule for a given combination of the mastertile and
four padket headers. We pipeline the processby overlapping the processingof the
current headerwith the streaming of the previous padet's body into the crossbar.
After the routing of the current time quantum is over, the tokenis passedo the next
downstream crossbartile, and the sequenceaepeats.

Figure 5-1 illustrates the idea of the Rotating Crossbaralgorithm. Imagine that
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IngressProcessorf Ports 0, 1, 2, and 3 have padets destinedto Ports 2, 3, 0, and
1 respectively in their cades,and Port 0 has a token { shown is gray (seethe top
of Figure 5-1). There is a full-duplex tile-to-tile connectionon Raw static network
1 between neighboring Crossbar Processors,which allows to simulteneously route
data from all IngressProcessordo all EgressProcessorsas shownn in the botton of
Figure 5-1. Here, the light gray illustrates the clockwise transfer of data, and the
dark gray demonstratesthe cournterclockwise one. Port 1 needsto route data in the
courterclockwise direction becausePort 0, which is situated upstream, has already
usedthe clockwise connectionbetweenCrossbarProcessorl and CrossbarProcessor
2. The samesituation happenswith Port 3 { it needsto usecourterclockwiserotation

to transfer its data aswell.

5.3 Suzciency of a Single Raw Static Network

It is important to notice that Figure 5-1 shows a best-casescenario,when all ports
are able to send. Howeer, an interesting topological property of the systemis that
whene\er there is no contention for output ports, a single full-duplex connectionbe-
tweenCrossbarProcessorgs sutcient to provide enoughof interconnectbandwidth,
and the use of the Raw secondstatic network doesnot improve the performanceof

the router.

5.4 Fairness

An obvious and immediate advantage of this algorithm is its natural fairness,which
eliminates the danger of starvation obsened in other non-token-basedalgorithms.
When there is no global cortrol over the transmissionof padkets, upstream crossbar
tiles can °ood the static network and prevernt downstreamtiles from sendingdata.
Furthermore, there are advantageousside e®ectf this approad. One of them is the
easeof augmeriing the functionality of the IP router with sud important features

as Quality of Service, °ow prioritization and traxc shaping. These additions can
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Figure 5-1: Rotating Crossbar illustrated. In this con guration all of the four Ingress
Processorsare sendingdata to EgressProcessors.

be achieved by using a weighted round robin modi cation of the Rotating Crossbar
algorithm. This canbe donesimply by allowing di®eren ports a weighted amourt of

di®eringtime with the token.

5.5 Deadlo ck Av oidance

While starvation can be overcomeby using more complex macro-patterns proposed
in other algorithms, another far more dangerousproblem of deadlacking the static
network is solved with this algorithm. The deadlack can occur when the data-°ow
betweenthe CrossbarProcessordorms a loop, and the static networks are not sded-
uled properly. Howewer, the descriked algorithm can not deadlack the static network,
becausdt only allows non-blocking crossbarsdedulescarefully generatedat compile

time (seefurther on for more information).
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Chapter 6

A Distributed Scheduling
Algorithm for the Rotating

Crossbar

This chapter introducesa distributed scheduling algorithm for the Rotating Crossbarr,
and explainshow the constrains onthe memorysystemof the Raw processoin°uence
on the implemertation, and shov a minimization of the con guration spacemadein
orderto t the codein atile's local instruction memory This chapter alsodescrikes
the timing of the algorithm at run-time, aswell asthe programmingtechniquesused

on the CrossbarProcessors.

6.1 Dening Con guration Space

In the current router layout there are four input ports sendingto four output ports,
asshawn in Figure 4-1. Therefore,assumingthat the input queuecan alsobe empty,
and letting the number of possibletoken positions be equalto the number of crossbar
tiles, the con guration spacecan be de ned as

SPACE = jHdroj £ ::: £ jHdr3j £ jToken;;

wherejHdroj = ::: = jHdr3 = 5;

and jToken] = 4;

38



which givesus SPACE = 5*£ 4= 2;500

Thus, the necessarynumber of individual CrossbarProcessorcon gurations is
equalto 2,500. Howeer, ead tile of the Raw processotasonly 8,192words of local
instruction memory and 8,192 words of switch memory, and storing the Crossbar
Processorcode outside of the chip is too slow for a gigabit router. Therefore, there
are approximately 3.3 instructions left per ead con guration, which is obviously not
enough. Hencethere needsto be an optimization applied to the con guration space,

which would allow us to implemert the router.

6.2 Minimizing Con guration Space

As an optimization of the con guration spacewe propose the de nition given in
Table 6.1. Rather than de ning the spacethrough possibleconbinations of padet
headersand token owners, we changethe focusto erumerating clients, or potential
incoming occuparns, of a CrossbarProcessor'sservers { static networks connecting
a CrossbarProcessorto its outgoing neighboring tiles, as shovn in Figure 6-1.

The meaningof sener namesis the following: "out" is connectionfrom a Cross-
bar Processorto an EgressProcessor,\cwnext" and \ccwnext" are the clockwise
and courterclockwise downstream networks around the crossbarrespectively. Corre-
spondingly, the meaning of the client namesis: \in" is the network connectingan
IngressProcessomwith a CrossbarProcessor\cwprev" and\ccwprev" arethe incom-
ing networks to a CrossbarProcessoifrom clockwise and courterclockwise neighbors.

Fortunately, not all possiblecon gurations are used by the compile-time sched-
uler, which allows to decreasehe number of distinct con gurations even more. The
aforemernioned minimization cuts down the number of con gurations by 78times and
createsa self-suxciert subsetof 32 entries. Here, \out”, \cwnext" and \ccwnext"
have the samemeaning,asin the previousparagraph. There alsois a speci ¢ expan-
sion number of a particular combination of clients which is necessaryto keeptrack of
relative distancesof data sourcedo a CrossbarProcessoi(the asserbly code of switch

processorof the crossbarneedsto be carefuly software-pipelined or loop-unrolledin
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Figure 6-1: Network connectionsof a crossbartile. Each Crossbar Processorhas three
incoming (\client") and three outgoing (\server") connections.

seners | out, cwnext, ccwnext
clients | ;, in, cwprev, ccwprev

Table 6.1: Clients and seners of a CrossbarProcessor.

order to avoid the deadlack of Raw static networks), as well as a special boolean
value, which is setto TRUE in casean IngressProcessorcan not senddata in a given

con guration.

6.3 Phases of the Algorithm

The sequencef everts happeningin CrossbarProcessorss shavn in Figure 6-2. They
both areintendedto facilitate the understandingof the asserbly code examplesgiven

in the following section.
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Figure 6-2: Phasesof the Rotating Crossbar algorithm.

6.4 Designing an Automatic Compile-time Sched-
uler

In order to simplify code generationof the IP switch, we built a tool for automatic
compile-time scheduling of crossbarcon gurations. The idea of this sdeduleris a
sequetial walk starting from the master tile downstream acrossall crossbartiles
and Tling in resenations for inter-crossbarand crossbar-to-output static network
connections. When the resenations are fully Tled with IDs of requesting crossbar
tiles, there is another simpli caion passimplemerted in accordancewith the afore-
mertioned spaceminimization. The resulting sdhedule is then corverted to Raw

asserbly by the third pass.
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6.5 Programming Tile Pro cessors of the Rotating
Crossbar

Ead of the Raw tiles looks very much like a MIPS R4000,and the instruction setsof
thesetwo processorsre alsosimilar. The tile processorcode is programmedwith the
useof software pipelining: the tile processorf the crossbartile computesthe address
into the jump table of con gurations while the switch processoris routing the body
of the previouspadket, then receivesa con rmation from the switch processorstating
that the routing is nished, readsthe new set of headersand loadsthe addressof the
con guration into the program courter of the switch processorto immediately route
the current body.

The secondRaw static network, as well as the dynamic network, have not been
usedin the algorithm. As it was mertioned earlier, the addition of the secondstatic
network to the systemdoesnot improve the performanceof the router becauseof the
limiting factor of contention for output ports rather than insutciency of inter-tile
bandwidth.
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Chapter 7

Results and Analysis

This chapter descrikesthe results of our work { the peak and aggregateperformance
of the Raw Router comparedto the Click router, which is anotherrouter implemerted
on a general-purppseprocessor. The chapter shavs that we have adchieved the goal
of building a multigigabit router on Raw. This chapter also studiesthe e+ciency of
the current implemertation and explains the utilization of the Raw processoron a
per-tile basis. The analysisalso suggestsa generalapproad to obtain the maximum

utilization of the router.

7.1 Gathering of Data

Due to the fact that the Raw processoris not physically available yet, we have im-

plemerted the router and testedit on the Raw simulator.

7.2 Peak Performance

Figure 7-1 demonstratesthe peak performancecomparedto the Click Router. The
performanceof the router built on Raw general-purpse processoris two orders of
magnitude better than the results obtained on Intel general-purpseprocessorsnak-

ing Raw general-purpseprocessora viable candidate for networking applications.
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7.3 Average Performance

Figure 7-1 also shows the averageperformancecomparedto the Click Router. Note
that the average performanceis only about 69% of the peak performancedue to
the cortention for output ports. It is alsoimportant to notice that theseresults are

obsened under completefairnessof the tratc.

7.4 Ezxciency Study

There are se\eral factors which cortribute to the growth of performancewhen using
larger padet sizes, but the most important one of them is certainly the relative
amourt of time that the static network is kept busy. In order to achieve better
performanceof the algorithm it is neededto decreasethe processingoverhead by
spending lessrelative time in the tile processorand more on streamingdata through
the Raw processometworks. To seethat this is true, let ustake a look at Figure 7-3,
which shows the utilization of the Raw processorwhen routing 64- and 1024-lyte
padkets (the mapping of functional elemens of the router to Raw tile numbers is
givenin Figure 7-2).

When routing 64-hyte (the top of Figure 7-3) and 1024-tyte (the bottom of the
“gure) padkets, gray on tiles 4, 7, 8, and 11 meansthat the input ports are blocked
by the crossbar. The top graph shows that Raw utilization is considerablylower for
smaller padket sizesthan for bigger padket sizes. It is possibleto get closeto Raw

static network bandwidth limit when routing larger padets.
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Figure 7-1: Router performancecomparedto the Click Router.
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Figure 7-3: Utilization of the Raw processoron a per-tile basis. The top graph is for
64-byte padkets, and the bottom graph is for 1,024-kyte packets, both plotted for 800 clock
cycles. The numberedhorizontal lines correspond to Raw tile processors.Gray color means
that atile processoris blocked on transmit, receiwe, or cache miss.
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Chapter 8

Future Work

This chapter decribesthe future improvemeris that we are planning to add to the
existing router, including new designspursuing full utilization of the Raw processor,
the implementation of the IP route lookup on Raw, the issuesof scalability and
support of multicast traxc in the switch fabric, °ow prioritization to deploy Quality
of Service,as well asthe application of the current router layout for routing in low

eard orbit satellite systems.

8.1 Pursuing Full Utilization of Raw

The results obtained sofar are quite promising, but the Raw processorcan do better,
and there areresourcedo attain this goal. First of all, there is another static network
waiting to be usedfor routing. Secondly while the two static networks will be busy
streamingdata from inputs to outputs, the dynamic network of Raw canprovide much

help for cortrol messagingand recon guration to reac the optimal performance.

8.2 Implemen ting IP Route Lookup

The previous sectionsdescribed the solution to the problem of switching, but there
still remains an issue of route lookup. We would like to look at various lookup

algorithms with the hope of being ableto support enoughroutesto compete asa core
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router, sud asthe onegivenin [6]. To be able to do this, one or se\eral tiles per
input port will act asthe route resolvingentities. While network processorgleisgned
to do route resolution are multi-threaded, the Raw architecture is not multi-threaded,
but its exposedmemory systemallows for the sameadvantagesas a multi-threaded
architecture. This main advantage is the ability to get work donewhile the processor
is blocked on external memory accessesOn the Raw Processor,memory is simply
implemerted in a messaggassingstyle over one of the dynamic networks. Typically
when accessingRAM with loads and stores, the cade is badked in a write-back
manner by main memory, which is accessedy a small state madine that generates
and receives message®n the memory dynamic network. If the programmer wants
to usethe systemin a non-blocking nature, dynamic messagegan be created and
sert to the memory systemwithout using the cade. Thus this provides the same

advantage of non-blocking readsthat a multi-threaded network processorprovides.

8.3 Adding Computation on Data

Another future implemertation feature is the building of an infrastructure to provide
the ability to implement streamingbasedcomputations, sud asencryption, inside of
the switch fabric asit wasdescrilked earlier. This will take the form of special bits in
the headersthat are exdhangedaround the routing ring. Thesebits descrile to the

switch fabric what form of computation needsto be applied.

8.4 Building Intelligen t Routers

Onemorereseart direction that holdspromiseis the application of the computational
power of Raw to more intelligent routers, sud as providing endpoint network users

more cortrol over their communications. [25]
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8.5 Scalabilit y

The work presettied heredescrikesan architecture for a 4-input 4-output port router.
While this is a good starting point, one goal of this researt is to also examine
larger con gurations. The Raw architecture itself was designedto be a scalable
computational fabric, and this is the route that will be neededto be followed to build
a scalablerouter. Building this larger fabric of processorss as simple as gluelessly
connectingmultiple Raw chipsin atwo dimensionalmeshgrid. Onesolutionis simply
to build a larger router out of multiple of thesesmall 4-port routers, or at least out

of multiple 4-port crossbars.

8.6 Supporting Multicast Trazc

It is becomingincreasinglyimportant for a router to support multicast tratc, and
we are planning to add this functionality to the existing Rotating Crossbaralgorithm
by allowing a single IngressProcessorto senddata to seeral EgressProcessorssi-
multaneously This modi cation is trivial consideringthe easeof programmability of

the switch fabric.

8.7 Qualit y of Service

As mertioned earlier, we are alsogoingto implemert the prioritization of padket “ows
from IngressProcessors. This is easily done by letting Ingress Processorsinclude
priority information into the local headersert to CrossbarProcessors,and adding

the arbitration code into the code running on the switch fabric.

8.8 Routing in Low Earth Orbit Satellite Networks

Se\eral strategieshave beenproposedfor routing in a low earth orbit (LEO) satellite

system[9, 16, 23 24]. Someof them are basedon the Internet Protocol (IP) and
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asyndironoustransfer mode (ATM) switching. Howewer, issueslike memory require-
merts of the satellitesin the LEO network and the overheadsinvolvedin transmitting

padets over the network have frequertly beenignored. We are planning to look at
deweloping an excient solution to the routing issuein a LEO network using general-

purposeprocessordike Raw.
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Chapter 9

Conclusion

The preserted work shaws that excient routing can be done on the programmable
static network of the Raw general-purmseprocessor.The resultsobtainedin the sim-
ulation demonstratethat a 4-port edgerouter running on a 250MHz Raw processolis
ableto switch 3.3million padketsper secondat peakrate, which resultsin the through-
put of 26.9gigabits per secondfor 1,024-lyte padets, suggestinghat it is possibleto
usethe Raw Processorasboth a network processorand switch fabric for multigigabit
routing. Mixing computation and communication in a switch fabric lends itself to
augmering the functionality of the router with encryption, compression,intrusion
detection, multicast routing, and other valuable features. The preserted Rotating
Crossbaralgorithm displays good properties, sud asfairnessand scalability, and al-
lows for further improvemert by taking advantage of the secondstatic network of the
Raw general-purpse processor. It is also naturally capable of accommalating the
implemenrtation of Quality of Service. Therefore,we concludethat the Raw processor

will be further exploredin order to add more of thesefeatures.
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