The Chaos Router Chip: Design and Implemen tation of an

Adaptiv e Router

Kevin Bolding, Sen-Ching Cheung, Sung-Eun Choi, Carl Eb eling, Soha Hassoun,

T on Anh Ngo and Rob ert Wille

Department of Computer Science and Engineering, University of W ashington,

Seattle, W ashington, USA, 9819 5

In Pr o c e e dings of VLSI ’93, IFIP

, 1993, pp. 311{3 20 .

Chaotic routers are randomizing, non-minimal adaptive packet routers designed for

use in the communication networks of parallel computers. Although adaptive routing,

and, sp eci�cally

, chaotic routing, has b een shown to b e sup erior to oblivious routing in

most cases, the practical application of adaptive routing to multi-computer networks has

b een di�cult to achieve due to the complex nature of adaptive routers. A prototyp e

two-dimensional (mesh and torus) chaotic router chip has b een designed and is b eing

fabricated in a 1:2�m CMOS pro cess. The chip exhibits high bandwidth, limited only by

the sp eed of the o�-chip drivers, and low input-to-input latency . T o achieve this, much

attention is given to reducing the critical path complexit y of the router. The resulting

chip is shown to b e as go o d or b etter than state-of-the-art oblivious routers in almost all

cases.

Keyword Co des: B.4.3; B.7.0; C.2.1

Keywords: Interconnections; Integrated Circuits; Network Architecture and Design

1. INTR

ODUCTION

Chaotic routing is a randomizing, adaptive, packet routing technique that has

previously b een shown (in simulations) to b e e�ective for the binary n-cub e (hyp ercub e)

[1] and two-dimensional torus top ologies [2]. The technique is nonminimal, so packets do

not necessarily take minimal-length paths to their destinations, and randomization plays

a critical role in preventing packets from continually circulating in the network without

b eing delivered (livelo ck ) [3]. Though the principles apply as well to batched message

communication, chaotic routing assumes a continuous workload where messages are

presented at the no des for injection into the network at random real (or �ne-grain discrete)

times. Routing decisions are made lo cally in the routing no des based on the destination

address stored in the headers of the packets and the av ailability of outgoing channels.

Packets can \cut-through" no des if an outgoing channel is immediately av ailable, but

they may also b e stored in the no de if all outgoing channels are blo cked, motiv ating

short, e.g. 40 byte, packets.

Although simulation studies have shown chaotic routing to have equal low-load

p erformance to oblivious routing and sup erior high-load p erformance, the practicality

of building such a router has b een questioned due to the router’s complexit y . Sp eci�cally ,

state-of-the-art routers are of a simple, oblivious design [4]. The simplicit y of oblivious

routers allows for a high bandwidth, low latency design. On the other hand, adaptive

Twrouterdatapathrouters must make complex may b e slower

However,pip techniques careful design, it b e p to build a comp etitive canswthis question, whave built a prototyp e crouter chip designed

\head-to-head with oblivious using similar tecchaotic router implemented this wis two-dimensional router which suitable for mesh or networks crouter three comp onents:

ames, a crossbar, and the multiqueue

(see

Figure

Eacmultiqueue slot is of one �xed-size

(20- it) packet.

op eration of the crouter is similar to a typical cut-through packet packenter the router inan input frame, are connected through the crossbar an frame have their header up dated on the waout to re ect their

Virtual allows packets to pro ceed through the as so as their received and deco it is necessary the entire packet to b e b mothe next Two critical enhancementhe router distinguish the cThe is to allow the decision to b e adaptive that it longer sp eci�es single channel traverse but instead sp eci�es a set of equally cThe av ailable pro�table channel b e chosen second enhancementhe of small

(�ve packet) bu�er, the multiqueue, which holds packets which no channels immediatelyav mopackets out of frames the multiqueue, critical cresources are freed up other packets can Packmultiqueue until pro�table output frame b ecomes

Packcrouters are moved from input into the multiqueuetw

o packexcdeadlo ckpreventionandpackexcdeadlo ckprevention proto col mandatesthatifoneither side of link have packets send to each other, b packetsmb esent,ratherthanone side sending a packorderto guarantee this, the chaos router implements followingproto apacket sent to the frame for channel i and the frame for channel i has an incoming packet, packet input i is moved queuesecond o ccasion on which packets are moved into queue is when have stalled for \reasonably time at an frame while wa output p erformance stalled packets moved the queue to up the channel for other packchaos determines that a packet stalled when the entire packet in a single input frame, can longer

Packin queue havpriority over packets in frames when comp for outgoing can frame by more packets the multiqueue b av ailable, a packet is routed out of the multiqueue to that one such packet exists,

FIFO priority is also, all packets in the multiqueue

have precedenceover packets input router is in a where a packet must b e into the multiqueue,but the multiqueue full, a packet is selected from the multiqueueb e d the next av ailable frame, ro om for the new packof packets the only mechanism for packnon-minimal paths in netwTwprimary govern network lolatency chaotic routing to b e viable, it must p erform b etter comp routers.

Presenmulti-computer networks simple and fast oblivious so we have the crouter meet or surpass their p erformance levelork

When a network uncongested there are few for resources, so should b e equal to the applied in all Thp erformance is limited bminimum for packets going through the netwchance routing is small, packets will b routed on minimal-length paths in b oth chaos e are concerned with the minimumnetwork latency given packet { the minimum

time p ossible the injection of packet into the network until it is entirely receiveat its Twfactors which the minimumlatency the netwcycle

time, c, and the delay message at eacno de (in cycles), dminimum

for a message of length L its traveling D hops is then c[(+ 1)d + � the header of the packet is delayed cycles each of the D hops

(plus one \hop" for delivery) and then the remaining � its folloin cut-through the numb er hops the packet takthe packet length will b the with chaotic or oblivious when is light, only factors which may v are Packets from injection frame not enthe due to deadlo ck prevention constrain dcomparetheseforobliviouschaotic

Cycle networkcycletimeis a criticalfactor in p erformance, itamultiplicative

factor a�ecting the time to transfer each of the packfundamental limit network cycle time is imp osed by the chip-to-chip interface the netwdata get on o� the chip at rate than the I/O and wires connecting them b e cycled.

b oth oblivious and chaotic must communicate o�-cusing same tec, they b face the cycle-time imp by the o�-cdrivers.

In oblivious pip elining of the simple routing decision, in the Caltech

MRallows the router to run fast or faster the pad driverslimit clearly achiev able the given tecchaotic routing, the design presented

Section 4 achieves using a three stage synchronous pip Thfor b oth and chaotic routers, the network cycle time, c, is the Routing second in the minimumlatency is dthe routing latency p er no represents time header of a packet sp ends entering a no de and wto b e routed an outgoing link, there is no contenEssen,re ects complexitythe routing decision, we should exp ect it to b e higher the crouter than the oblivious oblivious router with minimal the time allowed mb e least cycle the header to arrive on the inputs, one cycle the decision b one cycle the header b e routed the and up gives minimum of three so � 3 p erformance exhibited by Caltec\Elko" MRC is consistent our observ ation, having an async\cycle time"

14.5 ns and um input-to-output latency ab 44.5 ns (c = 14.5 ns and d = cycles)[4].

With chaotic routing, the two cycles of a pip eline are used to make the followed by third cycle for the packet to cross the and enter the is minimal absenincoming packets

(after cycledelay the incoming link) immediatelyenthe pip eline and have no extra delaThus, the crouter, d = 4 Therefore, input-to-input latency an oblivious router with bu�ering is more cycles is cycles for a cthis delais added only to routing of the header it, the minimum will b only one cycle p er chaotic than oblivious ork network congestion fewer and fewer packets exp erience the minimum

p network con icts the imp ortance of making decisions increases as well.Since coblivious have equal racapabilities, we exp ect crouting to give b etter results to its adaptive whicroute packets

Simresults illustrate cMRC a self-timed cso are no explicit clo c sup erioritwithnetworkschaotic routingsaturatingathigher throughputslowerlatenciesand hyp ercub e networks [2, OUTER As outlined in Section to comp ete with oblivious router, crouter must have comparable capability all and match minimum

latency exp erienced light of equal resulted a which the channels can b e driven at the maximumrate allowed by teclengthening of the cycle time to the is achieved bstraightforward pip elining techniques at the exp ense of additional The crouter can b viewed as two communicating comp onenand the multiqueue.Since latency-criticalop eration

(during low will utilizethe router, its op has b een streamlined packets enter multiqueue, the deladue to resource contenare high enough allow a slower, simpler, hardwRouter In to minimize, of routing pip eline is kept to a um.

several packmay b waiting b e routed the router any givmatching each the at once while arbitrating b etween con icting requests a very p only one route at a time, decision is and can b e achieved reasonable amount of time.

This is achieved bpicking a \action dimension", sp eci�ed by ctionDim vector, which packet mab during cycleis cycled through all output dimensions hapackets wb e to them from either an input frame the multiqueue.

main decision the chaos router is controlled by ActionDim, whicop as follows

(refer to Figure incremented the next esting dimension in a robin A dimension i is interesting if frame i is av ailable

(has ro om for a packet) packet the multiqueue some input frame desires output channel multiqueue full is mo packet in input frame i is le di.e., it is completely stored in the frame, and the multiqueue used detect packets whichave stalled and b e read into the multiqueActionDim = iIf a packet the multiqueue output channel i, and frame av ailable, the multiqueue selects oldest packet whiccan ci sends it to its output stalls for three cycles wfor this pro cess to the multiqueue is full and no packets wan channeli,apacket randomly selected b e to channel andActionDim �ve cycles.of op eration are presented

Section

Otherwise, if a packet in frame j desires output channel and frame is av ailable, the packet directly takonly a single cycle.

of whether a packet if a packet present input frame iread into the multiqueueThis op eration ts packet-excproto and also provides the mechanism for reading

\stalled" packets inis concurrent the ab ove two op and takes a unless the multiqueue in which

ActionDim stalls until packet can b e into the multiqueue.

The ab ove routing pro cedure forms the �rst two stages of the routing pip consists of transmitting the packet across the crossbars and decrementing incrementithe header the way of the Tha packet exp eriencing routing con icts and cutting the no de will have delay of three cycles cycle delay to b e transmitted the ccycles um if packtravels through the multiqueue.

the multiqueue is a set of FIFO queues holding packets waiting eacoutput packet may desire multiple output frames, it may b present mqueues simHowevb etween logical queues must b maintained so that single packet routed to multiplethe logical multiqueue, and control logic are The multiqueue datapath consists of �ve queue slots, each of holding packet. The control sets from frames to queue

(via input and from queue slots output frames

(via the main transmission is set up, pro ceeds autonomous in fashion until is The multiqueue scoreb oard manages information ab out messages in the multiqueue.header of a packet enthe multiqueue,an entry made the scoreb queue the packet in, relativeto other packets the multiqueue,the packet’s primary units in the scoreb are two matrix and the age matrixEacis a two-dimensional matrix

�vcolumns, one for each slot in the multiqueue

Figure relative age of entry is determined bits column p osition, the oldest packet b in the righp entries inthe matrices made the side, the righthe of packet leaves multiqueue,entry the scoreb oard and the matrices compressed the righ

0 0 0 0

0 0

0

0 0 0

0

0

0

0

1

0 0 0 0 0

0

+X

-Y

P

-X

+Y

0

0

0

0

1

OR

OR

OR

OR

OR

OR

0

0

0

1

0 1 1

1 0 1

1

0 1 1

AND

AND

AND

AND

AND

OR OR OR OR

Dimension

Action

Newest Oldest

Header Match (In the Action Dimension)

1

0

0

1

1

Wants

Queue

0

OR

Destination Matrix

0 0 0

1

0

0 1

1

AND AND AND AND

0 1 0

Slot 2

Slot 3

Slot 4

Slot 1

0

0

0

0

0 0

0 0 0

1

0 0

0

AND

0

0

0

1

AND

0

0

0

0

1

Out

Queue

0

0

OR

OR

OR

OR

Slot 5

0 0 0 0 00 0

OR

0 0 0 0 0 0

OR

Slot 6

Newest Oldest

Priority (Oldest Header Match)

Storage Matrix

storagematricesmatrices multiqueuewith capacity of six packets, currently conpackpacket in queue and waiting for the -Y +Y dimension matches tw(those in the third and �fth oldest these two is given prioritand its (queue slot 3) is selected for The destination matrix two distinct request sp output frames and to messages which can pro�tably the channel indicated bcolumns re ect the relativeof particular and its rodimensions the message would like b routed

Eacrow is tha cfor particular anis an output vector the output dimensions desired bat one packet in multiqueueelement the ants vector

‘1’, then at packet the multiqueue use the corresp output cderouting, the \wanany aailable cexcept the pro channel, so elements of the ants vector except the element corresp onding the channel are set 2 shows an example this

HeaderMatcvector indicating packets in the multiqueuedesire the cbThif ith t HeaderMatch asserted, the ith packet in matrix can use channel[ActionDim] for corresp queue slot b e lo cated the matrix b eloshows an example of this

Storage The storage matrix keeps track which queue each packet is the packet enters multiqueue, vector is into the storage matrix the queue columns the storage matrix lo cked together the

thedestinationmatrixsothe columns corresp to the same packPrioritisan vector indicating the highest priority message selected

HeaderMatch vby the destination is the matched except when it is Ththis vector indicates the matrices corresp onding to the selected packto out the multiqueue

the channel indicated bmatrix transforms this vinto the QueueOut vector, which indicates the queue holding the appropriate packet.

An example of this computation is shoin

Figure multiqueue is not on the critical path of the router, optimization p is extremely imp ortanThthe multiqueuemay take several complete op are two primary op and sendop eration, the control sp eci�es a packet b e read into multiqueue.

Since the multiqueuehas to select an empty to place the packet op eration usually takes only single cycledo es not stall the fact, it b e p erformed concurrently with the routing of another across the main

Only if multiqueue full, must in packet, do es the stall unro is aailable in multiqueue.On other hand, a send the multiqueue

is more a packet b e sent requires three cycles during op derouting, two extra cycles are to randomly pick a packthe queue read in its replacement,resulting in a delay of �ve Each the �ve external cis implemented using one set bi-directional The decision to one set bi-directional wires instead of two of wires is based pin the same numb er pins p er crequires the it size b one half what it would b e using directional network loading is heavy the channel in demand in b directions, of the wires b eing used all of the time in either the is However,the network is lightly loaded and latency is by length the packet its), packets using the uni-directional cwill exp erience

much greater latency due their smaller it arbitration b etwthe two sides sharing a channel not trivial and, thus, there a p enalty to sharing cresults a cycle,when neither side can transmit data, o when changing the direction of the cAlthough the serialization of the routing decision the chaos router to sp end many �ve cycles to route single packet, constraindo es not seriously a�ect p erformance.

Throughput through the no would b e a�ected if this serialization a backlog packets to queue

However,b the packets are comp osed of multiple

there limit hofrequently, average, a new packet arrive on a cIn order to keep up with newly arriving packets, all that is is each c

logo Crossbar Unit OutF

OutF

OutF

OutF

OutF

Qslt Qslt Qslt Qslt Qslt MQCtl

InF InF InF InF InF

Flo (left)die photo(right)the prototyp e crouter cis visitedat least once everycyclespacketsoflengthonlytime

�vcycles are sp enduring routing decision is derouting mo this wcase situation, the router may stall �ve cycles at each of the + channels in a d Howevewhen in derouting mo the pro channel is considered, d may b e used instead in this resulting in each cb eing once every 5d cycles. In 2-D chaos router, L = 20 its d = 4, so throughput not worst-case situation only likely to happ en when tra�c is heathough, the bi-directional care likely b fully utilized b This means that new packets only arrive once every 2L (or cycles, alloplenty

of time the to all packets with no baclatency added by the serialization the decision trivial to latency due routing network load is high there are manpackets waiting in the multiqueue, the latency exp erienced bsingle packwill b extended by many 5d cycles.However,this very when compared exp erienced due to con icts at high loading is light medium, packets will enter multiqueue thus, the router will b able to route a new packevery cycleand little delay will b A study the p erformance of chaotic routing, a prototyp chip has b een chose a two-dimensional

(mesh and torus) top , requiring �ve c tation uses

1:2�m

CMOS in a pin pacstated

Section we intend supp ort a clo ck sp eed which is as fast as the pads b e this tecthe pads cannot b e run faster ab out 66 MHz ns Thwe have designed a ns cycletime, which has b een achieved simFigure shothe o orplan and layout the chaos router c

FIFthecrossbar unit, and themultiqueueconare implemented in logic.remainderofthechipimplemented usingapproximately

3800cells,

resultinginchip approximately

10500� monahavedemonstratedthefeasibility of adaptivebybuilding achaoswhich is comp etitive with state-of-the-art oblivious b een achievethrough carefulminimizethecomplexity onthe critical of the through extensive pip achieve a cycle the cycle chip is limited bsp eed of the drivers, complexity of the chip do es a�ect the raw bandwidth when compared with simpler latency across cb een kept four cycles which is comparable the three cycle latency across oblivious

Thwe havdesigned chip with the anof adaptive but with only minimal additional cost to oblivious e to thank

Smaragda

Konstantinidou for the original of chaos and LaSnyder for guiding the c initial design of chaos chip wdone a class ject by and ShChen,

PChou,

DaHubb ell,

Donald

Lob o ,

Miles

OhlricaOhlrich,

Ross

Ortega

Peter , wto Larry

McMurchie for his supp in the myriad design to ols necessary for this

Konstantinidou and Lawrence

SnArchitecturep Pro the

18th

International

Symp osium on Architecture,212{2 IEEE, May Lawrence

Snand torus chaotic

ResearcVLSI and Parallel

Pro the

Bropages

333{34 7,

March

Konstantinidou and Lawrence

Snchaos of randomization in network

Pro the 2nd Symp on

Parallel

Algorithms and Architectures, pages

21{30.

ACM,

Seitz and en-King family of routing and communication cbased the Integrated

Pro of the 1993

Conf.,

Kermani and L. Kleinro cnew computer commswitching tecComputer

Networks,

3:267{2 86, ulgham

Lawrence

Snof chaotic nonuniform ecRep ort

CSE-93-06 -01 ,

Universitof

KonstanDeterministiand

Chaotic

Adaptive

Multicomputers.thesis,

University of ashington,

Seattle, Ma