Design of a Router for F ault-T olerant Net w orks

Kevin Bolding and William Y ost

?

Department of Computer Science and Engineering

University of W ashington, Seattle, W

A 98195

In Pr o c e e dings of the 1994 Par al lel Computer R outing and Communic ation

Workshop, May 1994, pp. 226{240.

Abstract. As interconnection networks grow larger and larger, the need

for reliable message delivery in the presence of faults grows as well. Unfor-

tunately

, most network routing schemes currently in use do not provide

graceful tolerance of even the most common faults. Because routing mes-

sages around failed comp onents requires non-minimal routing, it makes

sense to examine routers which, by design, allow packets to take non-

minimal routes. Such routers provide a basic level of fault-tolerance by

allowing messages to b e routed around faults, without requiring a pri-

ori knowledge of their lo cations. However, the mechanisms can b e slow

and clumsy at times. W e augment Chaotic routing, a non-minimal adap-

tive routing scheme, with a limited amount of hardware to supp ort fault

detection, identi�cation, and recon�guration so that the network can au-

tomatically recon�gure itself when faults o ccur. W e present a high-level

design of these mechanisms, driven by the goal of achieving reasonable

reliability without exorbitant cost.

1 In tro duction

As multicomputers grow larger, the need for fault-tolerant interconnection net-

works grows as well. Because of the sheer numb er of comp onents and links in a

large multicomputer with thousands of pro cessing no des, the likelihoo d of a sin-

gle failure in the network b ecomes to o large to ignore. F or instance, a 64�64-no de

torus network contains 16,384 links, and the same size hyp ercub e contains 49,152

links. Since these links are often implemented as cables with plug-in connections

to PC-b oards, they are esp ecially vulnerable to faults. Thus, any interconnec-

tion network designed for future large systems must incorp orate mechanisms for

coping with the relatively large numb er of faults that will o ccur.

Most multicomputer networks have built-in redundancy in the form of mul-

tiple p ossible paths from the source to the destination of a message, so it is

p ossible for the network routers to pick paths which avoid faulty network links.

Unfortunately

, this task is not easily achieved for two reasons. First, routers

must make their decisions very quickly

, so complicated algorithms cannot b e im-

plemented. Second, global information on the presence of faults in the network is

?

This work is supp orted in part by O�ce of Nav al Research grant N00014{91{J{10 07

and National Science F oundation grant MIP9213469 .

not av ailable, so decisions must b e based on lo cal information. Because of these

constraints, the goal of building a fault-tolerant network router has b een di�cult

to achieve.

Non-minimal adaptive routing has shown promise for providing simple, on-

line mechanisms for fault avoidance [15, 2]. However, the fault-tolerance provided

by such systems is not entirely robust, and can b ene�t from supplemental hard-

ware that targets fault-tolerance capabilities. W e prese nt hardware and software

mechanisms which b o ost the ability of the Chaos router to avoid faults. These

mechanisms are designed to b e inobtrusive and not interfere with the ordinary

routing capabilities and p erformance of the routing network. Although the de-

sign presente d here is sp eci�c to Chaotic routing, many elements of the design

are applicable to other routing networks, b oth minimal and non-minimal, as

well.

2 F ault T oleran t Routing

W e de�ne \fault tolerant routing" as a metho d of providing reliable message de-

livery b etween any no des in the network connected by a functional physical path.

Interconnec tion networks v ary in the numb er of redundant paths they provide

b etween no des. However, in any network, multiple failures may render commu-

nication b etween two no des imp ossible regardless of the routing algorithm.

The goal of fault tolerant routing has three parts:

1. Provide reliable message delivery b etween all pairs of no des that have some

non-faulty path b etween them.

2. Detect when a fault has o ccurred , and alert the op erating system.

3. Provide mechanisms to recon�gure the network around faulty areas to ensure

quick and reliable message delivery to all non-faulty areas of the network.

W e use a high-level fault mo del in this work. Three basic classes of faults are

considered: link failures, no de failures and router failures, corresp onding to each

of the comp onents listed in the basic no de and router mo del shown in Figure 1.

An error o ccurs when a packet injected into the network is either not delivered

to its destination, or is delivered with corrupted data. Such faults may b e either

transient in nature, with only temp orary e�ects, or p ersistent, causing rep eatable

errors. F ault detection relies on discovering that packets are lost or corrupted.

Thus, if a fault o ccurs which causes neither lost nor corrupted packets, it may

not b e detected by the mechanisms intro duced in this work. Soft errors such as

transmission noise a�ecting the recept ion of a packet across a link or the loss of

state within a router are covered by our mo del and are detecte d by the same

mechanisms that detect lost or corrupted packets

Link failures refer to a fault in the physical network link b etween two routers.

This class of failures includes common physical failures such as the unplugging of

a routing cable or the unseating of a router chip from its so cket. It also includes

broken b ond wires within the chip pack age. Link failures result in either the

corruption of data or the loss of communication b etween two routers and are

Router

Processing

Communication

Co-Processor

Node

Channels Network

Processor

Channel

Fig. 1. A no de, router, and network links. ailures may o ccur in any of the comp onents

or links.

easily detecte d. A link that is found to b e faulty will b e removed from service by

the recon�guration metho ds, but the asso ciated routers will continue to op erate.

No de failures refer to any failure which causes the pro cessing no de attached to

a router to refuse to accept packets. The no de app ears ad to the network when

such a fault o ccurs. Such faults are easily detec ted, although it is not p ossible

to isolate the fault further than identifying the pro cess ing no de as faulty. Such

failures can lie either in the no de itself, the communication copro ces sor, or the

links on the path from the no de to the router. A no de that is found to b e faulty

will b e removed from service. The asso ciated router can continue to op erate so

that network service is una�ected.

A router may fail in di�erent ways, each resulting in arying loss of service.

A failure in which packets are routed success fully with prop er data, but use an

incorrect channel or exp erience unnecessar y dela, is di�cult to detect b ecause

such b ehavior is within the realm of normal op eration. , such failures

are not catastrophic b ecause they do not result in corruption or loss of data.

Some failures may result in certain channels of the router b ecoming inop erable,

and will app ear to b e the same as link failures and b e treated as such. ,

a router may fail to op erate at all. This is the most severe form of fault in

the network b ecause this renders inop erable all network links to the router and

isolates the attached pro cessing no de from the rest of the network. ,

router failures are exp ect ed to b e more rare than link or no de failures b ecause

the routers are not as vulnerable to physical e�ects as the physical links, and

their complexit, determined by numb er of chips, die size, numb er of pins or any

other measure, is much less than that of the pro cessing no de.

3 Related W ork

Most current multicomputers use oblivious routing [7, 8, 10, 17], in which the

path from a message’s source to its destination is statically determined. Although

such routers can b e made very fast due to their simplicit, they are not robust in

the presenc e of faults b ecause there is no natural mechanism for avoiding faulty

comp onents. Minimal adaptive routers [4, 6, 16, 12], in which message routing has some degree of adaptivity to congestion or faults, have app eared more re-

cently in research. Two di�culties with these schemes are that the prevention of

deadlo ck b ecomes complicated and the adaptivity of message routing is limited.

Recent extensions of minimal adaptive routers have added fault-tolerant capa-

bilities, once again with the cost of added complexity [4]. Most non-minimal

adaptive routers (except de ection routers) have a very natural metho d of fault-

tolerance: faulty links app ear the same as congestion, and these routers always

steer messages away from congestion by outing messages away from busy

links [15, 14, 5]. A shortcoming of these schemes is that the natural derouting

mechanisms are, in general, slow to resp ond when faults are present. Although

de ection routers [18, 9] are quick to deroute messages, their algorithms require

all links to b e functional and cannot tolerate faults without sp ecial hardware

considerations.

4 Chaotic Routing

Chaotic routing [14] is a form of non-minimal adaptive routing which uses ran-

domization to prevent livelo ck without requiring complex protection hardware.

It has b een shown to b e deadlo ck and livelo ck free on hyp ercub e and many

other typ es of networks, [1] including all k -ary d-cub es. The enhancements that

we prop ose here are applicable to all chaotic networks. Chaotic routing provides

excellent routing p erformance [3, 11] with a practical design [1].

Figure 2 shows a data path diagram for a two-dimensional (mesh and torus)

Chaos router. A Chaos router has three main comp onents: input/output ames,

a ar, and the multiqueue. Each frame and multiqueue slot is capable of

holding one �xed-size (20 16-bit words) packet. The basic op eration of the Chaos

router is similar to a typical oblivious cut-through packet router [13]: packets

enter a router input frame, are connected through the crossbar to an output

frame and have their header up dated as they exit to re ec t their progress. Virtual

cut-through allows packets to pro ceed through the router as so on as their header

is received and deco ded; it is not neces sary for the entire packet to b e bu�ered

b efore moving to the next router. In a Chaos router, packets may b e routed to

any output channel that brings them closer to their destination. Thus in this

mo de of op eration, the Chaos router acts as a minimal adaptive router.

Chaos routers also include a central bu�er, the multiqueue, which stores pack-

ets waiting for pro�table channels to b ecome free. Packets in the multiqueue have

priority over packets in input frames when comp eting for free channels. More-

over, whenever the multiqueue b ecomes full, a packet is selected randomly from

those in the multiqueue to b e sent out the next free output channel, d less

of the packet’s destination. By this mechanism derouting is accomplished.

4.1 ault olerance

Although the design of the Chaos router was conceived with the primary goals

of high p erformance and low complexit, a basic level of fault tolerance was a

Two-dimensionalChaosdatanatural resultof the design.

When a link a in chaotic netwp ersistenfails resp to its inputs

(i.e., b ecomes

\stuck"), the frames in neighb oring routers to the faulty comp onenwill emptas the only way for packto exit is the failed comp onenSince packmove into an output frames only there is space aailin that frame, will additional packets toward the faultcomp onenPackets which have pro�table channels b esides the faulty cb e automatically routed out an alternative minimalpath.

Those which have pro�table cwill, a dela, b e moved into the mWhen the multiqueue

�lls to capacit, packwill b e on a to b e out next aailable output channel.

Even, packdesiring failed channels will b e derouted away pro�table path out non-pro�table, working, crom its new lo cation, the routing pro for the packet will b reinitiated.

Thus, even though the minimal mab blo cked by faults, chaotic allows communication to continue bmeans of derouting mecShortcomingsthe

Chaos routing prosome fault tolerance via derouting mecanism, there is much ro om for improvement.

First of all, packets can get p nently stuck in the output waiting for faulty cPackets already output frames can nevb e

Moreover, packets may b e corrupted or to transienfaults, whicdo not the p ersistent

\stuck-at" that derouting can Evwhen derouting mechanism is applicable, it works only a forsevMessagesthat must b ederoutedaround faulty maincurlarge delaas wait the multiqueue for their chance to b derouted.

Moreover, light only a small numb of packmay lo dged b ehind a faulty link. The multiqueue may never �ll up enough to invokleaving the packets stuck in the mBecause

Chaotic routing provides the promise of fault-tolerant routing, falls of the goal, we prop a fault-tolerant

Chaos architecture to b cop e with the problems by faulty hardwIn to proe�cient fault detection and recovsevenhancemenmust b added to the Chaos router.

However, b ecause faults to b relatively rare, only enhancements whicdo not signi�cantly a�ect the fault-free case are considered. The strategy for fault that we prop dep on several key p ointo avoid complexitand to maintain exibility regard to pro cedure s relating fault tolerance, p olicy decisions were to software than hard wired into the router. or example, will p some fault detection and that information its asso pro cess but the decision to ena pro is left to the pro a similar arious watchdog timers in are to allow the router to b e tuned appropriately to maximize physical conof the Chaos router limits information that it may for diagnostic purp oses to that of lo cal sp , internal tion, or data on connecting links.

However, the actual of a detecte problem, example a missing packmay b e some distance away in the work.

Likewise, e�ect of a lo cal fault may b e felt awa.

these the Chaos router utilizes a global,synchronous pro cedure for fault The overall network fault tolerance is mainly system ware, which orchestrates fault detection, identi�cation, and recovat the tem level when hardware detects p ossible faults

[2]. The initialfault idenand recon�guration is p under the control of the lo pro cess Diagnostic pro cedures result in generation beach pro cess of map its lo cal netwlinks usable or unOn a global leva map of entire network is compiled from the lo cal information probeach pro for by the system softwThe hardware enhancemenhelp in the four of fault-toleranpro cedure s. A sp communication network is needed to allow quication for management.

Hardwis also for ction of and diagnosis of their lo cations.

Finally, once identi�ed, mecfor of faulty cout of the system must b pro

CommCommunicatisyncrelatedtofaultmanagementproby a bidirectional p network cthat the signal. The primary purp ose of this signal to notify the entire netwthat a fault may havo ccurred so that action can b taken to recovsignal may b e asserte by any no in system, and is each of neighb ors of the no des. The do es not originate signal but a signal it receives from asso ciated pro cess ing no or from any other input channel.

Each no that receivthe red-alert marks the channel from whicthe arrived and the signal all other channels. By this means red-alert is to all elements the network in prop ortional to the diameter of network.

Marking al direction allows the no de that originated of control its This facilitates control of the red-alert network by this no and allows to use red-alert line signal of the fault pro while maintaining synchronization within network. A watctimer at eacno de ensures that a stuck red-alert line will continually status on the netwThe pro cess channel contains a similar line some additional alitrouter may strob e the d in to signal to pro cessing no de that the router‘s fault detection circuitry has detecte a p sible problem. The pro initiates the red-alert by signalling the Error-detecte line.

signalled to the pro generates condition which, dep up on the conand nature of fault, maresult in the initiation the red-alert by the pro cess There are sevmechanisms by whicChaos router detect s p ossible the amount of that router output frame must wait until grancontrol of channel is b watchdog on each output channel indicate a channel is unresp onsivand probably fault.timeout will to strob the

Error-detec ted line the pro cess The

Chaos cproto col only requires that the tail packet b e markby the assertion of End-of-message signal.

Otherwise, transfer of word each clo ck cycle. A cthat failed with a packet in transmission could generate a packof p otenunb length.

packet-switched routing assumes b length packwe can situation bcounting wfor each packet transmission. If b larger maximum packet size, router will strob the

Error-detecte d The b o dy of a message is protected by checwhich is generated vby injection and delivery no resp ectiv.

However, packcontains dynamic routing information which is up dated on eacnetwhop and cannot b included in checksum calculation. The router parityforeachop and checeach incoming packpacket whicfails parity check is immediately delivered to pro cessing no de asso the router which detects the problem, the routing information likhave b corrupted.

When a packet is received by the Chaos map of pro�table routing directions is which is in making

Parity detection forces the map to indicate that only delivchannel is Drain.

Up rece of a the halts the injection new packets into the network.

only injection cpro cess to b e disabled. A drain during whicpackwithin network delivered and network The drain is nated by the expiration of watchdog or the network is emptFigures 3 and 4 show drain times for 256 and 1024 no de torus was function of numb er of packin network. The worst time the signi�cant numb in a drain timeout p erio d. An upp b on time it will take to p a drain in a netwcan b e calculated by assuming single destination for all packall in eacwere

�lled with packheaded for the same tion, the b ottleneck in the network would b e the single delivery cfrom destination to the destination pro cess no de through whicall would havto The at whicpackcould pass on would drain time.

Giva 32 no network with 15 p er router and 20 word packit would tak� 20 � 15 307200 to drain network.

drain time in a faulty netwmay b e unb During system drain the red-alert signal used to indicate is incomplete.

Eacrouter the signal that still tains undelivered packets. of signal ball routers is an that the network drained and next phase of activitmay b e enthe drain has not after maximum drain p erio d, there must b packremaining network that undeliverable due to dead no des or a pattern of failures that prevent the packets from reactheir is by the expiration of timeout p erio d within eacrouter. In event, remaining packwill b e delivered the lo cal pro no de . All no des will then enter the diagnosis pro cedure to check for faults. of those packets misdelivered at termination of the system drain will b determined at a higher levThe drain provides for fault of characteristics

of a non-minimal adaptive is packets will not necessarily b e delivin The communication copro ces sor must the packets in reconstr uct the message. a of so doing, missing packets are detecte any signi�cant additional cost in hardwIf bu�er in whicmessage is reordered over ows or if missing packet do esn’t show within timeout p erio d, system drain b e initiated. If packet is simply slow arriving, then the drain will facilitate deliv. it is in fact missing, then

NetwPopulation(pack256-No deDrain

NetwPopulation

(pack256-No de

Drain

(Hotsp drain times for � no torus network.

Packare injected uniform destinations in the top and with tra�c containing hotsp ots in the lower al of drain will b e cause to pro to the fault a red-alert has b een signaled and system drained, fault diagnosis b goal of diagnosis to identify as many faults p by a quicdistributed algorithm. The pro is straightforward: All no des inject packfor eacof neighb ors.

When a no receiva pack

NetwPopulation

(pack1024-No Drain

NetwPopulation

(pack1024-No Drain

(Hotsp

4. System drain times for � no de torus network.

Packets are injected uniform destinations in top and with containing ten hotsp ots in the lower it an acknowledgment bacto the sender.

This tests the path shown

Figure in b directions. If the is not or is it could b due to failure either the link, b oth of or the receiving pro cess no de. A no that p a test in which it do not receiva go o d will ag the target link bad. and no will b e tested by more than one test, each no is connecte to more than link, and all links The combination test may procon icting information ab out no de or status. If the case, op erating system will resolv

Node

Router Router

(b)

Router Router

Node

Node (a)

Router

Node

ault diagnostictesting.(a)One-hoppath, which requires no to b for the link the test.

Two-hop testing allows to the test even if no des

There are two problems with this design.

First, packintended to b routed on sp eci�c links order to those links may b derouted faultbthe

Chaos and still reacprop er destination the target link.

avoid router will b con�gured to derouting during the diagnosis

This is easily implemented in the hardware.

problem is since the pro no de must b e alivto participate in testing, a no de will cause the of each of from its to failure.

would render a router attached to a missing no de useless. A way to work around this is to add a of In this phase, all two-hop paths would b e tested, as in Figure

More hardware must b e functional for this test to but the inattached no de do not play anpart in test.

Thus, if link two-hop but failed the one-hop test, it b e that the is working, but that the no is dead.

This pro cedure could b e extended tests of than twhops, howevthe quickly b ecomes un. numb er of syndromes that must b e deco ded based up on results grows tremely quic.It app ears undesirable to allow extended paths through without activasso ciated pro cess Because the control of network tolerance is emb in the lo cal pro cess ors, the numb er of such no des inactive pro cessor s must b e limited order to maintain reliability, wrecommend that adjacent with inactivpro cessors b e avoided.

This is p olicy that do es not hardware supp by the diagnostics describ ed ab ove are only run when tem b drained and in a sp \diagnostic" triggered by of the fault mechanisms. In order to provide more timely fault tion, b e run on-line as well. In on-line testing, no des inject messages to each of neighb ors, as ab ove, during normal netwop eration. no resp onse receivafter sp eci�ed time p erio d, the no can a and enthe o�-line diagnostic phase.

This solution, , requires substantially hardwsupp ort than o�-line est messages must b e identi�ed such so that the network in andnottopassthemto pro cess as normal messages.

easily done, dedicating space in of packA problem is the requirement that test messages not b e Since packets must b e senalong ordinary op erational packets, the cannot b e put in \no-deroute" mo to solve this problem.

accomplish test packets must b marked such in their header, and hardwmust identhese packets and them along minimal paths.

Moreover, derouting a critical of deadlo ck-freedom of Chaotic routing, the packets b e allowed create deadlo ck.

This can b solved with additional hardwdestroys test packets after some time limit has b een reached.

However, b the hardware and complexity of on-line quite large, is likely b e a practical addition to the est Covdiagnostic tests describ e d ab ove provide simple of the routing netwThe will most static failures in netwand will detect when no fail enough to upset the testing proto Router failures are not cov.the path do not covall of the p ossible message paths through router, faults may escap e

Moreover, only a rudimentary of router’s abilityto correct packets is made.

ransient faults cannot b found any of testing, this scis no exception to that, transienerrors will b e detected by our fault detection scheme. It is most network failures will lie in faulty links b ecause these require o�-cb oard-to-b oard which esp ec ially vulnerable to

Thour diagnostics aimed primarily at link and provide a loand quick metho d of diagnosing such

Recon�gurdiagnosis complete, each no has knowledge of the status of the connecte d to router.

This data used to the by faulty as \dead." The router masks out channels making ing This can b e done in a straightforwmanner little hardwA mask corresp to the functional channels is at ration time.

When packets arrive at the router, their pro�table channels determined and logicallyAND’ed with the functional cmask, so that will avoid channels. If packet’s channel list is zero, that are functional pro�table channels, it mb e derouted.

This done by pro�table clist this packfunctional channel mask, the that the channel that the packentere d on excluded.

This prevenpackets from b back to source of previous route.

hardware for is quite logical a for zero, and a register load, it will impact critical path of packets through the This short-circuits the normal mechanism for derouting pacaround faults.

Packdo have to wait to b randomly by

mtoaroundfaults,andpackwill notgetstuckb ehind even ifthere is no other tra�c in the netwIntopreserve information onfaultsfor thelong eacno de mcommunicate fault data a central controller. a single conmay b fault,can b e a of twor redundant controllers, eacserving same purp ose.

Each controller construct s a map all faulty comp onenin the network.

information can b used for several purp Saglobalinformation faults that it b e taken into accounwhen recon�guring after a system re-b o Comminformation on faults the the administrator ab new or unreachable no des out of system . no should not ever b e the destination of any Remofor dead no By recon�guring system around faulty no the network still run ciently despite the presence of many faulty comp onen are total amount additionalhardware that is to implement p osal a small fraction of the basic router in hardwThe commnetwone line p channel and sevlatches a small amount logic eacchannel.

Considering each channel mbu�er 20 w16 bits, incremental is small. The parity checking and takonly a gates p er channel. The output channel timers are not large, less 10 bits the worst case watchdog for any purp ose is than 20 o detect when drain has completed, each must b able to rep if is bu�ering any packAgain, internal hardwfor this is small.

small state machine is to control router during system diagnostic pro cedure s.

There is also a small cost in augmenting the that implements the routing the mask of dead channels must b including decision.

Also, a numb of must b handled sucas delivery the current no de of packwith header parity as was the delivery of undelivered packets to the currenno de at the of a drain.

These functions �t smo othly into basic routing circuitry and the incremental is small.

prop design provides solutions many of reliabilitcomputer networks, problems remain.

Most of these are to di�cultof the problem, solving of whicthe addition of signi�cancomplexity to the network, the lo cal of information a ailable solutions.

Some knoshortcomings

OrphanedIfno destopsreadingmessagestoit thenetwork,messageswill bacup into network without evb delivered. e have way to detect suca problem except by the presence

of messages in the network after a drain problems. our solutions work �ne for isolated faults onvex-shap ed fault certain patterns of faults can cause where messages get stuck in network. o recognize such fault and solve requires globaltecError correction.

Currenour system only detect s data and forms the op erating system when one has o ccurre d.

correction, whicrequires more hardwand ovwould reduce the need for messages and applications from checkp oinRouter failures.

system center around data errors and link

Coverage of failures is vlimited. The test we for test the multiqueues at all, leave many paths router untested.

Solutions diagnose failures will b may any additional hardwlarge numb er of comp onents in massively-parallel mmakreliabilitimp ortant

However, most interconnect networks currenhaving b designed exclusively for p do not proevthe most levels of fault-tolerance.

Networks with non-minimaladaptivrouting, sucas

Chaotic routing, are exceptions and provide a go o d fault-toleranBy augmenting the natural fault-tolerant mecsmall amount hardware, whave a router that proa level of fault The architecture of the fault-tolerant has b designed a goal of providing with nearly the same p as tecte Chaos netwo achievthis, whave a simple rudimencommunication scheme to in fault detection and diagnosis, small nb er of hardwtimers to check if hardware functions are op erable, and architectural mo di�cations to routing logic to provide e�ciennetwork faults. The remaining functions provided by netwinterface and software, in manners which are e�cient or infrequensum of these parts is a which proreliable delivof sages, as well as automatic of errors and diagnosis fault lo cations a reasonable wish

LaSnyder for and direction as well many the ideas presenin work.

McKenzie’s network interface design also driven many of resulting in this

Reference outing:DesignImplementationofan daptive omputer outerthesis, Universityofashington, Seattle,JulyKevin and Lawrence

SnOvof fault handling for the c dingsof the 1991

InternationalWorkshop on ct ault e

VLSI

Systems, pages

124{127,

Novemb er and Lawrence

Snand torus c dvanech in VLSI and Systems:dingsof the 1992 own/MITe, pages

333{347,

March A. H. Planar-adaptivrouting:

Low-cost adaptivnetwfor multipro c.

Int.

Symp. on Computer

A ce,268{277,MayCoates,Al

Daand

Stevp ost exp erience:

large asynchron ous chip.

In dingsof the HICSS,

Rob Cypher and Luis

Gra Adaptivdeadlo cpacket routing in networks with minimal c.

Conf. lelessing,Wire-e�cienVLSI multipro cessor commnetwPLosleb en, editor, dings of Stanf de on dvandch

VLSIpages

391{415. MIT Press,

MarcDally and C. Deadlo ck-free routing in multipro cessor innetworks.

IEEE ans. on Computers,

C-36(5):547{553,

MaChien ang ed of routing in mregular networks. dings of IEEE

INFOCOM

’91,

859{868,

April mesh routing thesis,

Institute ecMay L. Lawrence

SnPof chaos and routers under non-uniform ecRep ort

CSE-93-06-01,

University ashington ,

Seattle,

June J. Glass and Lionel M. turn mo for adaptiv Int.

Symp. on Computer

A cte,

Kermani and L. Kleinro ccut-through: A new computer commtion switching tecNetworks,3:267{286,

Smaragda

Konstantinidou and Lawrence

Sncrouter: A application of randomization in network c.

Symp. lel

Agorithms and A ctes, pages

21{30, fordaptiveouting in omputer

Networksthesis,

California of ec, PCA, May GustavD.

PifarrLuis

Gra A.

elp erin,

Jorge L. C. adaptive minimal deadlo cpacket routing in hyp ercub meshes and netw c.

Symp.

on lel

Algorithms

A ces, pages

290, L. Seitz and Su. A family and commcbased on the on ated

Systems: c. the 1993

Washington

Conf.,

Arcand of HEP multipro system. dingsof

SPIE,

articlewpro cessed usingtheXmacropac with st