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A Flat Neighborhood Netark (FNN) is a ne interconnection netwrk architecture that can
provide wery low lateng and high bisection bandwidth at a minimal cost foigéarciusters.
However, unlike more traditional designs, FNNs generally are not symmefrs, although an
FNN by deEnition f#rs a certain baseud of performance for random communication patterns,
both the netwrk design and communication (routing) schedules can be optimized ® mak
speciCEc communication patterns aehggniEcantly more than the basic performance.

The primary mechanism for design of both the meknand communication schedules is a set of
genetic search algorithms (GAs) that derigpod designs from speciCEcations of particular
communication patternsThis paper centers on the use of these GAs to compile th@metw
wiring pattern, basic routing tables, and code for speciEc communication patterns that will use an
optimized schedule rather than simply applying the basic routing.

1. Intr oduction

In order to use compiler techniques to design and schedule use of FNNSs, it is (Erst necessary to
understand precisely what a FNN is andywiaich an architecture is bene@Ecigward that, it is

useful to brieey discuss o the concept of a FNN aros&.hroughout this papewe will use

KLAT2 (Kentuck Linux Athlon Testbed 2), the Erst FNN clustsr an example. Thoughot

huge, KLAT2 is lage enough to &kctively demonstrate the utility of FNNSt unites 66 Athlon

PCs using a FNN consisting of 264 NICs (NetkInterface Cards) and 10 switches.

There are tw reasons that the processors of a parallel computer need to be confiEctecend

data between them and (2) to agree on global properties of the compufetiare discussed in
[1], the second functionality is not well-se/using message-passing haacev Herewe focus

on the Erst concerfurther we will restrict our discussion to clusters of PCs, sinee fjeople

will have the opportunity to design theiwa traditional supercomputerhetwork.

In the broadest terms, we need to distinguish only sigrdifit classes of netwk topologies (and
two minor variations on the last)These are shn in Figures 1-8.
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The ideal netwrk con@Egurationauld be one in which each processor is directly connected to
eveay other node, as st in Figure 1.Unfortunately for anN-node system this ould require

N-1 connections for each nodé&lsing standard motherboards and NICs, there are asislots

for a maximum of 4-6 NICsUsing relatvely expensve 4interface cards, the upper bound could
be as high as 24 connectionsit lven that would not be usable for a cluster with more than 25
nodes.

Accepting a limit on the number of connections per node, direct connections between all nodes
are not possibleHowever, it is possible to use each node as a switch in the ar&fwouting
through nodes for some communications general, the interconnection pattern used is
equivalent to some type ofypermesh; in Figure 2, a deee 2 ersion (a ring) is pictured.
Because NICs are generally cheaper than switches, this structure minimizestabatso yields

very large routing delays S ery high lateng.

To minimize lateng without resorting to direct connections, the ideal ekwvould connect a
high-bandwidth NIC in each node to a single wire-speed switch, agnsimoFigure 3. For
example, using anof the various Gb/s netark technologies (Gapit Ethernet [2], Myricons
Myrinet [3], Giganets CLAN [4], Dolphin's SCI [5]), it is now possible to hild such a netark.
Unfortunately the cost of a single Gb/s NIGeeeds the cost of a typical node, the switclvime
more e&pensve per port, and wide switches are notitable at all. Most Gb/s switches are
reasonably cheap for 4 portxpensve for 8 or 16 ports, and only aweare available with as
mary as 64 ports. Thusthis topology varks only for small clusters.

The closest scalable approximation to the single switch solution substitutes a hierarchical
switching fbric for the single switch, as st in Figure 4. Some Gb/s technologies allanore
sexibility than others in selecting thaljric's internal topology; forxample, Gb/s Ethernet only
supports a simple tree whereas &igt CLAN can use highg@erformance topologies such as f

trees S at the apense of additional switche$lowever, any switching fabric will have a ligher

lateny than a single switchFurther the bisection bandwidth of the entire system is limited to
the lesser of the bisection bandwidth of the switch(es) at the top of the tree or the total bandwidth
of the links to the top switch(es).his is problematic for Gb/s technologies because the ™uplinkss
that interconnect switches within thabfic are generally the same speed as the connections used
for the NICs; thus, half of the ports on each switch must be used for uplinks teeattde
maximum bisection bandwidth.

Fortunately 100Mb/s Ethernet switches do not share this last probletne-speed 100Mb/s
switches often ha CGb/s uplinks. Thus, it is possible toudd signi@Ecantly wider switclalfrics
that preserg hisection bandwidth at a relatly low cost. Theproblem is that a single 100Mb/s
NIC per node does not prde enough bandwidth for marapplications. Figures shows the
standard Linux-supported solutioruse multiple NICs per node, connect them to identical
fabrics, and treat the set of NICs in each node as a single, parallel,TR&Gsoftvare support for
this, commonly knan as ™channel bondigvas the primary technical contution of the



original Beavulf project. Unfortunately the switch &bric lateng is gill high and lilding very

large clusters this ay yields the same bisection bandwidth and cost problems discussed for Gb/s
systems bilt as shavn in Figure 4.Further because channel-bonded NICs are treated as a single
wide channel, the ability to send tofdifent places by simultaneously usingeli&ént NICs is not

fully utilized.

The Flat Neighborhood Netwk (FNN), shavn in Figure 6, soles all these problem$Because
switches are connected only to NICs, not to other switches, single switchylatehoelatively
high bisection bandwidths are achéd. Costalso is signiEcantlyier. Howevea, FNNs do
cause tw problems. TheErst is that some pairs of nodes onlyehgngle-NIC bandwidth
between them with the minimum latgneathough etra bandwidth can be obtained with a higher
latengy by routing through nodes to ™hop$ neighborhodts. second problem is that routing
becomes aery comple issue.

For example, the Erst dwmachines in Figure 6 ke o neighborhoods (subnets) in common, so
communication between them can be done much asutdwbe for channel bondind-dowever,

that bonding of the Erst machinBlICs would not work when sending a message to the third
machine because those nodes share only one neighborBwed. without the equalent of
channel bonding, routing is complicated by thetfthat the apparent address (NIC) for the third
machine is dierent depending on which node is sending to it; the Erst maadhite: tadk to the

Erst NIC in the third nodeytithe last machine auld talk to the second NICrurther dthough

this very small &ample has some symmetry which could be used to simplify the speciEcation of
routing rules, that is not generally true of FNNs.

At this point, it is useful to abstract the fully general deEnition of a FNN: arketsing a
topology in which all important (usuajljput not necessarilyal) point-to-point communication
paths are implemented with only a single switch latenio practice, it is comenient to augment
the FNN with an additional switch that connects to the uplinks from the $-Bitches, since
that switch can pnade more efEcient multicast support and I/O witkteenal systems (e.g.,
workstations or other clusters)his second-lel switch also can be a ceenient location for
™hot spare$S nodes to be connecldw FNN with this additional uplink switch is sk in
Figure 7.

In the special case that one of the FNN switches h&@Saeht portsvailable, it also is possible to
™foldS the uplink switch into one of the FNN switchidss folded uplink FNN conCEguration is
showvn in Figure 8. Although the gamples 4-port switches wuld not be wide enough to be
connected as shm in this Egure, if the switches are wide enoughyéyalis possible to design
the netvark so that sUEcient ports are resedvon one of the FNN switches.

Thus, FNNs scale well, easily pide multicast and»aernal 1/0, and dér high performance at
low cost... lut require cleer routing and can be impved by tuning the placement of the paths
with extra bandwidth so that tliecorrespond to the communication patterns that are most
important for typical applicationsIn other words, FNNs require compiler technology for



analysis and scheduling (routing) of communication patterns in order tovechieir full
performance. Therequire this technology not only for their usat hlso for their design.

Although design of an FNN for a small group of machines is easily done by hand, thexitymple
of the design problenxplodes when a lger system is being designed with a set of optimization
criteria. Optimizationcriteria range from information about relegi importance of arious
communication patterns to nodeygical placement cost functions (intended to redugesipéal
wiring compleity). Further mary of these criteria interact in ponderouays that only can be
evduated by partial simulation of potential desigrsis for these reasons that our FNN design
tools are based on genetic search algorithms (GAs).

2. The FNN Compiler

The Erst step in creating a FNN system is the design of yeglmetvork. Logically, the

design of the netark is a function of tw separate sets of constraintiste constraints imposed by
physical hardvare and those derd from analysis of the communications that the resulting FNN

is to perform. Thus, the compiles task is to parse speciCEcations of these constraints, construct
and eecute a GA that can optimize the design according to these constraints, and Enally to
encode the resulting design in a form tleailftates its pisical construction and use.

The current grsion of our netark compiler uses:

f AspeciCEcation of homary PCs, the maximum number of NICs per PC (all PCs do na# ha
to hare the same number of NICs!), and a list @hikable switches speciEed by their width
(number of ports \ailable per switch). Additional dummy NICs and/or switches are
automatically created within the program to walloneven use of real NICs/switch ports-or
example, KLAT2's aurrent netwrk uses only 8 of 31 ports on one of its switches; the other
switch ports appear to be occupied by dummy NICs that were created by the program.

f A designersupplied galuation function that returns a qualityalue denved by analysis of
speciEc communication patterns and other performance meathise$unction also marks
problem spots in the proposed netlwcon@Eguration so thatyten be preferentially changed
in the GA process.

In the near future, wexpect to distrilnte a ersion of the compiler which has been enhanced to
additionally include:

f Alist of switch and NIC hardare costs, so that the selection of switches and NIC counts also
can be automatically optimized.

f Aclean language intexte for this speciCEcation.

Currently we modify the GA-based compiler itself by including C functions that redeEne the
search parameters.



2.1. The GA Structure

The GA is not a generic GAubis highly specialized to the problem of designing the otw

The primary data structure is a table of bitmasks for each PC; easlifA@sk has a 1 only in
positions corresponding to each neighborhood (switch) to which that PC has a NIC connected.
This data structure does not alloa RC to have multiple NICs connected to the same
neighborhood, hweever, such a conCEgurationowld add nothing to the FNN connefty.
Enforcing this constraint and the maximum number of NICs greatlywsitite search space.

Written in C, the GA bitmask data structureafilitates use of SIMD-within-a-gister
parallelism [6] when eecuted on a single processdt also can be xecuted in parallel using a
cluster KLAT2's aurrent network design vas actually created using our (Erst Athlon cluster
Odie S four 600MHz Athlon PCs.

To more quickly comerge an a good solution, the GA is applied in ewdistinct phases.Large
network design problems with complesvaluation functions are (Erst weried into smaller
problems to be sobéd for a simpliCEed/@uation function. This rephrased problem often can be
solved \ery quickly and then scaled up, yielding a set of initial conEgurations that wélltmeak
full search cowerge faster

The simpliEed cost weighting onlglues basic FNN connegitly, making each PC directly
reachable fromwery other The problem is made smaller byidiing both the PC count and the

switch port counts by the same number whéeping the NICs per PC unchangéar example,

a design problem using 24-port switches and 48 PCs is (Erst scaled to 2-port switches and 4 PCs;
if no solution is found within the alloted time, then 3-port switches and 6 PCs are tried, then
4-port switches and 8 PCs, etd. number of generations after Ending a solution to one of the
simpliCEed netwvk design problems, the population of netkv designs is scaled back to the
original problem size, and the GA resumes using the desipeeiEed/duation function.

If no solution is found for anof the scaled-dwn problems, the GA is directly applied to the full-
size problem.

2.2. The Genetic Algorithm Itself

The initial population for the GA is constructed for the scaledrd@roblem using aery
straightforvard process in which each BQNICs are connected to thewest-numbered switch
that still has portsvailable and is not connected to the same PC via another Ntfditional
dummy switches are created if the process runs out of switch ports; singlamigy NICs are
assigned to virtual PCs to absorly amused real switch portsThe resulting scaled-dm initial
FNN design satisEes all the constrainte@ PC-to-PC conneetly. Because the full-size GA
search typically bgins with a population created from a scaledadgopulation, it also satisCEes
all the basic design constraintscept connectity.



By making all the GA transformations preserinese properties, thevauation process only
needs to check connegty, not switch port usage, NIC usage, etc.

The GAs generation loop kgns by &auating all nev members of a population of potential FNN
designs. Determiningvhich switches are shared byawCs is a simple matter of bitwise AND
of the two bitmasks; counting the ones in that result measuresvlilalde bandwidth. Which
higherlevel evaluation function is used depends on whether the problem has been seahed-do
The complete population is then sorted in order of decreasing (Etness, so thaBitPEmiries

will be used to bild the net generatiors population. Inorder to ensure some genetariety, the

last FUDGEFNN designs that auld be lept intact are randomlyxehanged with others that
would not hae been lept. Ifa new NN design is the best Et, it is reported.

Aside from the GA using dirent eauation functions for the full size and scaledsaio
problems, there are also fdifent stopping conditions applied at this point in the G#ce we
cannot knw what the precise optimum designalue will be for full-size search, it terminates
only when the maximum number of generations has elapaerbntrast, the scaled-do search
will terminate in fever generations if a FNN design with the basic conwiggis found earlier in
the search.

Crosswer is then used to synthesiZROSSen FNN designs by combining aspects of pairs of
parent FNN designs that were madkto be kpt. Theprocedure used pas by randomly
selecting tw different parent FNN designs, one of which is copied as the starting design for the
child. Thischild then has a random number of substitutions made, one at a time, by randomly
picking a PC and making its set of NIC connections match those for that PC in the other parent.
This forced match processovks by &changing NIC connections with other PCs (which may be
real or dummy PCs) in the child that had the desired NIC connecfidnss, the resulting child

has properties tak from both parents, yetvays is a complete speciEcation of the NIC to
switch mapping.In other words, crosseer is based onxchange of closed sets of connections, so
the nev conCEguration whys satisCEes the desigapeciCEed constraints on the number of
NICs/PC and the number of ports for each switch.

Mutation is used to create the remainder of the pepulation from the &pt and crosser
designs. Wo dfferent types of crosser operation are used, both applied a random number of
times to create each mutated FNN design:

1. The Erst mutation technique &g indvidual NIC-to-switch connections between PCs
selected at random.

2. Thesecond mutation technique simplyagyg the connections of one PC with those of another
PC, essentiallyxhanging PC numbers.

Thus, the mutation operators are also closed and peeterbasic NIC and switch port design
constraints.



The generation process is then repeated with a population consisting epttoeg&igns from the
previous generation, croseer products, and mutated designs.

2.3. The FNN Compiler's Qutput

The output of the FNN compiler is simply a tablEach line bgins with a switch number
followed by a , which is then follaved by the list of PC humbers connected to that switch.

This list is gven in sorted orderbut for ideal switches, it mas no diference which PCs are
connected to which ports, ptided that the ports are on the correct swittthalso males \ery

little difference which NICs within a PC are connected to which switbhwever, to construct
routing tables, it is necessary to knavhich NICs are connected to each switch, so we End it
corvenient to also order the NICs such that, within each PC, theskenumbered NIC is
connected to the Veest-numbered switch, etc.

We wse this simple td table as the input to all our other toolBus, the table could be edited, or
even created, by hand.

3. The FNN Translators

Once the FNN compiler has created the nekwdesign, there are anety of forms that this
design must be translated into in order to createrking implementationFor this purpose, we
have aeated a series of translators.

3.1. Physical Wiring

One of the wrst features of FNNs is that thare plysically difCEcult to wireThis is because, by
design, thg are irregular and often he vey poor plysical locality between switches and NICs.
Despite this, wiring KLA2's RCs with 4 NICs each took less than a minute per cable, including
the time to neatly route the cables between the PC and the switches.

The trick that allaved us to wire the system so quickly is nothing more than-colding of the
switches and NICs.As described abhe, dl the ports on a switch can be considered
interchangeable; it doegmhatter which switch port a NIC is plugged intGateyory 5 cable, the
standard for &st Ethernet, isvailable in dozens of colors at natea cost. Thus, the problem is
simply hav to label the PCs with the appropriate colors for the NICs it contains.

For this purpose, we created a simple program that translates the FNN switch connection
representation into an HTML EI€his Ele, which can be loaded inty 8WWW browser and
printed, contains a set of peC colorcoded labels that kia a ©lor patch for each NIC in the PC
shawing which color cable, and hence which switch, should be connektediT2's wiring, and

the labels that were used to guide thggital process, are sla in Figure 9.



For KLATZ2, it happens that half of our cables were transparent colors; the transparent colors are
distinguished from the solid colors by use of a double triam@fecourse, a monochrome gogpf

this paper mads it difEcult to identify speciEc colorg, the colofcoding of the wires is afious

when the coloecoded labels are placedxtéo the NICs on the back of each PC case, as you can
see them in the photo in Figure 9.
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Figure @ FNN wiring of KLA T2's 64 PCs with 4 NICs each

3.2. Basic Routing Tables

In the days of the Connection Machines (CMs), Thinking Machines gegsdooften could be
heard repeating the mantrallthe wiresall the timeS The same focus applies to FNN designs:
there is tremendous bandwidtveable, kut only when all the NICs areegt busy. There are tw
ways to keep all the wiresusy One way is to hae dngle messageswdded into pieces sent by
all the NICs within a PC, as is done using channel bondifige other way is to hae
transmission of seral messages to @rent destinationsverlap, with one message per NIC.
Because FNNs generally do notveaufCEcient connettty to keep all the wiresusy using the
Erst approach, the basic FNN routing centers@nieft use of the second.

Although I[P routing is normally an automatic procedure, the usual means by which it is
automated do not evk well using a FNN.Sending out broadcast requests to End addresses is an



exceedingly bad way to use a FNN, especially if an uplink switch is used, because that wél mak
all NICs appear to be connected rather than just the ones that share s\Wmsésstill, some
software systems, such as LAM MPI B], try to avoid the broadcasts by determining the
locations of PCs once and then passing these addresses to allRACapproachdils because

each PC actually hasweeal addresses (one per NIC) and the proper one to use depends on which
PC is communicating with itFor example, in Figure 6, the Erst PG talk to the third PC via

its address on subnet lytkthe last PC wuld talk to it via the address on subnetThus, we

need to construct a unique routing table for each PC.

To oonstruct these routing tables, we must essentially select one path between each pair of PCs.
According to the usespeciCEed communication patterns, some PC-to-PC paths are more
important than othersThus, the assignments are made in order of decreasing path importance.
However, the number of alternat paths between PCs alsaries, so among paths of equal
importance, we assign the paths with thedst alternaties (Est.

For the PC pairs that ka aly a single neighborhood in common, the selection of the path is
trivial. Oncethat has been done, the translator theanmgnes PC pairs with vneighborhoods

in common, and tries to select the the path whose NI€s has far appeared in the i@st
assigned pathsThe process then continues to assign paths for pairs with three, theadqur
neighborhoods in commorThe complete process is then repeated for thké mest important
pairs, and so forth, untilery pair has been assigned a path.

KLATZ2's aurrent network was designed partially optimizingwoand column communication in

an 8x8 logical conCEguration of the 64 processors (thddivspares are on the uplink switch).
Although the translator sofeawe actually bilds a shell script that, wherxeeuted, lilds the
complete set of host routing tables (actygihe-loading of each ARP cache), that output is too
large to include in this papeA shorter ersion is simply a table that indicates which subnets are
used for each pairwise communication, assshim Figure 10.

3.3. Advanced Routing Bbles

As discussed abve, in a typical FNN, mawg pairs of PCs will share multiple neighborhoods.
Thus, additional bandwidth can be aefeikfor a single message communication by breaking the
message into chunks that can be sent vierdifit paths and sending the datarall available

paths simultaneous!y t he FNN equialent of channel bondingWhat males FNN adsnced
routing difEcult is that, unkkanventional channel bonding, the FNN mechanism must be able

to correctly manage thadt that NICs are bonded only for a speciCEc message destination rather
than for all messages.

For example, in Figure 9, P&OO is connected to the blue, transparent purple, transparent blue,
and transparent magenta neighborhoodhe second PCKkO01, shares three of those
neighborhoods, replacing the transparent magenta with ordigethird PCk02, has only tvo
neighborhoods in common wit00: blue and transparent bludhus, wherk00 sends t01,



Figure 10: BasicFNN routing for KLA T2

three of its NICs can be used to create one wider data pativhien sending frork00 to k02,
only two NICs can be used togethdif kOO needs to send a messageké®, there is only one
neighborhood in common and only one NIC can be used.

Although sending message chunks througfediht paths is not trial, the good ne&s is that the
selection of paths can be done locally (within each PC) without loss of optimality yor an
permutation communicatiorBy de(Enition, gncommunication pattern that is a permutation has
only one PC sending to wamparticular PC. Because there is no other sendegeting the same

PC, and all paths are implemented directly through wire-speed switches, there is no possibility of
encountering interference from another #@mmunication. Furthemearly all Fast Ethernet

NICs are able to send data at the same time thattbeaecering data, so there is no interference
within the NIC from other messages being sent ddt.course, there may be some memory
access interference within the PQgt that is relatiely unimportant.

A simple translator can encode the FNN topology so that a runtime procedure can determine
which NICs to specify as the sources and destinatidimés is done by translating the switch
neighborhood de(Enitions into a table of NIC tuplesch tuple speciCEes the NIC numbers in the



destination PC that correspond to each of the NICs in the sourc&dP@ample, the routing
from k0O to kO1 would be represented by a tuple of 1-3-4-0 meaning kiis st NIC is

routed tokO1's st NIC, kO0's second NIC is routed to the third NIC BD1, the third NIC of
kOO is routed to the fourth NIC 01, and the (Enalalue of 0 means that the fourth NICk&f0

is not used.

To improve aching and simplify lookup, each of the NIC tuples is encoded as a singjerinte
and a set of macros tateact the indridual NIC numbers from that irger. Extraction of a (Eeld
is a shift follaved by a bitwise AND.With this encoding, the complete adiced routing table
for a node in KLA2 is just 128 bytes long.

3.4. Problems and Toubleshooting

Unfortunately the unusual properties of FNNs neak somevhat dilEcult to dely the system.
Although one might xpect wiring errors to be common, the color coding essentially eliminates
this problem. Empirically, we have developed the follaving list of FNN problems and
troubleshooting techniques:

f The numbering of NICs depends on the PG$ probe sequence, which might not be in an
obvious order as the PCLb slots are pfsically positioned on the motherboaror example,
the slots in the FIC SD11 motherboards are probed in ty&iqath order 1-2-4-3 Fortunately
the probe order is consistent for a particular motherboard, so it is simply a matter of
determining this order using one machine beforesgially wiring the FNN.

f [Fthe FNN has an uplink switch, onintended broadcast t(&fc, especially ARPs, can cripple
network performance.Looking at the Ethernet status lights, it isry easy to recognize
broadcasts; unfortunatelg switch failure also can result in uanted broadcast ti@c. Using
a retwork analyzer and seleedly pulling uplinks males it fairly easy to identify the source(s)
of the broadcastsTypically, if it is asoftware problem, it will be anxéernal machine that sent
an ARP into the clusterThis problem can be @kby appropriately adjusting ARP caches or
by Erealling S which we strongly recommend for clusters.

f Application-level software that assumes each machine has a single B/Nddress
independent of the originating PC will cause snesutes to go through the FNN uplink switch,
whereas normal clustémternal communications do not use the uplink switdH.application
code should use host name lookup (e.g., in the local ARP cache) on each node.

Given that the system is functioning correctly with respect to theeapwblems, plsical wiring
problems (typicallya bad cable or NIC) are trially detected bydilure of a ping.



4. Peformance

Although the asymmetry of FNNs deCEes closed-form analysis, it is possible eoa nieak
analytic statements about performanddsing KLAT2, we also ha peliminary empirical
evidence that the bene(Ets predicted for FNNs actually arereeli

4.1. Latency and Rairwise Bandwidth

Clearly, the minimum lateng between ap pair of PCs is just one switch delay and the minimum
bandwidth sailable on ay path is neer less than that pwided by one NIC (i.e., 100Mb/s
unidirectional, 200Mb/s bidirectional forabt Ethernet). The bandwidth eilable between a pair
of PCs depends on the precise wiring pattermelier, it is possible to compute a tight upper
bound on theawrage bandwidth as folles.

PCs communicate in pairBecause no PC canveatwo NICs connected to the same switch, the
number of vays in which a pair of connections through &port switch can be selected is
S*(S-1)/2 Only switch ports that are connected to NICs cowBitmilarly, if there areP PCs, the
number of pairs of PCs B*(P-1)/2. If we sum the number of connections possible through all
switches and dide that sum by the number of PC pairs, weeha tght upper bound on the
aveage number of links between a PC pdince both the numerator and denominator of this
fraction are diided by 2, the formula can be simpliCed by multiplying all terms by 2.

For example, KLAT2's retwork design described in this paper uses 4 NICs, 31 ports on each of 8
switches and 8 ports on the ninth, and has 64 PCs (théMuwt spareS PCs are placed on the
uplink switch). Thus, we get (((31*30)*8)+(8*7))/(64*63), or about 1.859 bidirectional
links/pair. In fact, the FNN design stvm for KLAT2 achiees precisely this @erage pairwise
bandwidth. UsinglOOMb/s Ethernet, that translates to 371.8Mb/s bidirectional bandwidth per
pair.

An interesting side &ct of this formula is that, if some switch ports will be unused, the
maximum &erage pairwise bandwidth will be acteel when all lut one of the switches has all
its ports used.Thus, the GA naturally tends to result in FNN designs theitithte the folded
uplink conCEguration.

4.2. Bisection Bandvidth

Bisection bandwidth isafr more di€Ecult to compute because the bisection isetdelny dividing

the machine in half in the avst way possible and measuring the maximum bandwidth between
the hales S the pairwise communications are not speciEed and it canariaige diference

which PCs in each half are paired reasonable upper bound on the bisection bandwidth is
clearly the total number of NICs times the number of PCs times the unidirectional bandwidth per
NIC; for KLAT2, this is 4*64*100, or 25.6Gh/df we select pairwise communications between
the two halves using a random permutation, thxpexted bisection bandwidth can be computed



using the werage bandwidth\ailable per PC, computed as describedvabd-or KLAT2, this
would yield 371.8Mb/s*64, or 23.8Gb/s.

Of course, the alve computations ignore the additional bandwidtiilable by hopping subnets
using either routing through PCs or the uplink switéithough a folded uplink switch adds
slightly more bisection bandwidth than an unfolded one, it is easy to see that a non-folded uplink
switch essentially adds bisection bandwidth equal to the number of non-uplink switches used
times the bidirectional uplink bandwidtlror KLAT2's 9 svitches with st Ethernet uplinks, an
unfolded uplink switch adds 1.8Gb/s to the 23.8Gb/s total, yielding 25.68bygever, note that

the routing techniques described in this paper ignore the communication pathsulthtoute
through the uplink switch.

4.3. Empirical Performance

The FNN concept isery nav and we hae rot yet had time to fullyeluate its performance nor
to clean-up and release the public-domain compiler and runtimeaseftivat we ha hkeen
developing to support it. Thus, we hae rot yet run detailed netwk performance benchmarks.
However, KLAT2's NN has enabled it to achie vey high performance on geral applications.

At this writing, a full CFD (Computational Fluid Dynamics) code, such as normallydabe run

on a shared-memory machine, is running on KRAvell enough that it is a Enalist for a Gordon
Bell Price/Performance wvard. KLAT2 also achiges over 64 GFLOPS on the standard
LINPACK benchmark (using ScalLAEK with our 32-bit eoating-point 3DNow! SWAR
extensions).

Why is performance so goodThe (Erst reason is the bandwidls. described ab@, KLAT2's

FNN has about 25Gb/s bisection bandwiSitla n ideal 100Mb/s switch the full width of the
cluster would pravide no more than 6.4Gb/s bisection bandwidth, and such a swaiicll wost

far more than the FNNAIlthough Gb/s hardare can praide higher pairwise bandwidth, using a
tree switch &bric yields less than 10Gb/s bisection bandwidth at an order of magnitude higher
cost than KLA2's ANN.

Additional FNN performance boosts come from the& lateny that results from hang only a

single switch delay between source and destination PCs and from the semi-independent use of
multiple NICs. Having four NICs in each PC allgs for parallel werlap in communications that

the normal Linux IP mechanismsowld not preide with channel bonding or with a single NIC.
Further because each hardve interéce is bffered, the FNN communications bene(Et from
greater bffered werlap.



5. Conclusion

In this paperwe haveintroduced a ariety of compileravored techniques for the design and use
of a nav type of scalable netwk, the Flat Neighborhood Netrk (FNN).

The FNN topology and routing concepts mak exceptionally cheap to implemest t he
network hardvare for KLAT2's 64 (plus 2 spare) nodes cost about $8,0Q0s not only much
cheaper than Gb/s alternas that it outperforms, it also is cheaper than a wentional
100Mb/s implementation euld have keen using a single NIC per PC and a clusiieith switch.

The lov cost and high performance are not an accidantale features designed using a genetic
search algorithm (GA) to create a netw optimized for the speci®Ec communications that are
expected to be important for the parallel programs the system willAdditional compiler tools
also were desloped to manage the reblatly exotic wiring compleity and routing issuesWith
these tools, it is easy and codieefive o customize the system natvk design at a el neve
before possible.

KLAT2, the Erst FNN machine, is described in detail at;

http://aggregate.org/KLAT2/
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