The Reliable Router: Reliable and High-P erformance Comm unication Substrate for arallel Computers William J. Dally Larry R. Dennison, Da vid Harris, Kinhong Kan and Th ucydides Xan thop oulos. Arti�cial In telligence Lab oratory Massac usetts Institute of ec hnology Cam bridge, Massac usetts 02139 In tro duction In terconnection net orks pla ma jor role in erformance and reliabilit of massiv ely parallel pro cessors (MPPs). Previous ork on net ork switc hing elemen ts implemen t- ing oblivious routing suc as the J-Mac hine Router ], and the Caltec Mesh-Routing Chips 11 did not address the issue of reliabilit in part ecause of the inheren un- reliabilit of oblivious routing. ast ork on adaptiv elemen ts suc as the Chaos Router exploited adaptiv- it for erformance reasons only without pro viding fault handling mec hanisms. The Reliable Router (RR) uses adaptiv routing coupled with link-lev el retransmission and unique-tok en proto col to increase oth erformance and reliabilit The RR can handle single no de or link failure anywher in the net ork without in terruption of service. Other unique features include queueless lo w- latency plesio hronous hannel in terface, and sim ultane- ous bidirectional signalling. Arc hitectural Ov erview The Reliable Router is designed for o-dimensional mesh top ologies. Its organization is sho wn in Figure 1. There is one Input Con troller and one Output Con troller for ev ery direction. Moreo er, there is pro cessor input/output and diagnostic input/ output. Comm unication et een an input and an output ort ccurs through crossbar switc h. Most of the functionalit of the hip has een pushed in to the Input Con troller. simpli�ed blo diagram of the Input Con troller is sho wn in Figure 2. Flits en ter the mo dule after eing assem bled and sync hronized in the ron End and then are stored in Flit Queue that corresp onds to their virtual hannel. If the it is head it and its data pa yload con tains routing information, it is fed through the Router whic calculates ossible next step route dep ending on the destination address and on curren ailabilit of output virtual hannels. The route is computed in terms of an Output Con troller iden ti�er (0-5) and Virtual Channel iden ti�er (0-4). This routing decision is not �nal and call it \optimistic". If another Input Con troller an ts to route an incoming head it to the same Output Con troller, then the Crossbar Arbiter has to decide whic one of the head its is allo cated the resource. This researc is supp orted the Defense Adv anced Researc Pro jects Agency under con tracts N00014-88K-0738, F19628-92-C- 0045, and N00014-91-J-1698. Figure 1: Organization of the Reliable Router Ev ery cycles decision ust made as to whic Flit Queue virtual hannel gets hance to push it through the crossbar. round robin sc heduler pic ks among the eligible virtual hannels. virtual hannel is considered eligible in cases: 1. If the next it of the hannel is data or tail and the corresp onding head it of the pac et has already gone through establishing the route. In this case, o con trol implemen ted the Coun ter Bank ust also consen t. 2. If the next it is head and the Router indicates that ossible next step route can computed based on hannel state information at that time. The selection of the virtual hannel to opp ed is made the Con trol x. When it is pic ed to pushed through the crossbar, the new virtual hannel iden ti�er whic is computed as part of the next step route is ap- ended the Flit Munger. The Output Con trollers simply app end certain ac kno wl- edgmen information, compute parit and transmit the it accross the link. Adaptiv Routing ast researc on adaptiv routing has su�ered from exp o- nen tial dep endence of resources on net ork dimension 10 ], carrying and up dating message state along the route ], and ad ho fault-handling mec hanisms incapable of han- dling faults along the edges of the net ork 10 ], ]. The RR routing algorithm minimizes resource requiremen ts and message state using Duato’s metho ]. The fault-handling prop erties of the routing algorithm are de- coupled from the adaptiv prop erties using di�eren

Figure 2: Input Con troller Blo Diagram set of virtual hannels and di�eren adaptiv algorithm the urn Mo del for fault-handling. One can think of net ork of RRs as the sup erp osition of three separate virtual net orks: minimally adaptiv net ork. pac et using this net ork is able to route to an pro ductiv hannel hannel whic will bring it closer to its destination. This virtual net ork tries to exploit adaptivit for erformance reasons and is susceptible to deadlo ks. The RR allo cates virtual hannels to the adaptiv net ork. dimension-ordered net ork. ac ets in this net- ork are routed in strict dimension order. Dimension- ordered routing is pro ably deadlo k-free ]. This virtual net ork exists in order to break deadlo ks in tro duced in the previous net ork as suggested in ]. The RR has dimension-ordered virtual hannels one used pac ets of priorit and one used pac ets of priorit one. fault-handling net ork. This net ork ermits non- minimal adaptiv steps and it is used to exploit the fault- handling prop erties of adaptiv routing. restrict the um er of turns pac et can mak and this net ork can pro ed to deadlo k-free as suggested in ]. The RR allo cates one hannel for fault-handling purp oses. All three virtual net orks share the same ph ysical net- ork using di�eren sets of virtual hannels. The rout- ing algorithm consists of three separate computations c- curing in parallel. The whole route computation tak es single clo cycle. Eac computation results in next step virtual hannel from one of the three virtual net orks describ ed ab e: Computation The switc hing no de attempts to �nd non-busy minimally adaptiv hannel. If suc hannel is found, then the message will use it as the next step of its path. Otherwise, the algorithm will pic the hannel from Computation 2. Computation The pac et is routed to the unique dimension-ordered hannel corresp onding to the curren osition and the destination of the pac et. If this hannel is busy the pac et blo ks for one cycle and tries again to �nd hannel using Computation 1. The only case where Computation fails to select the unique dimension- ordered hannel is when that particular hannel has gone do wn due to fault. Only then do select hannel from Computation 3. Computation The pac et is routed to fault-handling hannel. This can an hannel, pro ductiv or unpro- ductiv e, except for hannel that will cause the message to mak 180-degree turn. After the pac et has een for- arded to the next switc hing no de the algorithm either rev erts to pic king hannels starting from Computation or stic ks to Computation hannels only and the pac et reac hes its destination through fault-handling hannels. This decision dep ends on the pac et dimension at the time Computation fails to select hannel and is essen- tial for the algorithm to deadlo k-free. The Unique ok en Proto col End-to-end proto cols ma solv the reliabilit problem when coupled with adaptiv routing, but require extra erhead and the necessary resources do not scale lin- early with the size of the mac hine ]. or this reason decided to use link-lev el retransmission in com bina- tion with unique-tok en proto col (UTP) to guaran tee fault-toleran exactly-once deliv ery of all pac ets in the net ork. This link-lev el proto col o�ers signi�can adv an- tages er end-to-end proto cols ecause it do es not re- quire ac kno wledgmen pac ets and do es not eep copies for ossible retransmissions at the pac et source. In this e�ectiv net ork bandwidth is increased and stor- age requiremen ts at the no des decrease. Moreo er, the proto col reduces the amoun of storage required at the destination no des for duplicate message detection. These prop erties allo the proto col resources to scale linearly

Figure 3: Bu�ering and forw arding under the UTP Figure 4: ault Handling under the UTP with the um er of net ork no des as opp osed to end-to- end proto cols. An example of pac et forw arding under the UTP is sho wn in Figure where source no de sends pac et to destination no de C. The pac et is bu�ered and forw arded through switc hing no de B. The pro cess ust ensure that at least copies exist in the path et een the source no de and the destination no de at all times. This can ac hiev ed �rst cop ying the pac et forw ard one no de, and then allo wing the release of the storage in the rear- most no de as sho wn in Figure 3. When the pac et is �rst injected in to the net ork, tok en is injected righ ehind the pac et. The in arian that no copies of the pac et ex- ist ehind the tok en is alw ys preserv ed. ac et cop ying and tok en passing is carried out exactly as sho wn in Fig- ure 3. Note that although multiple opies of the acket ar kept in the network, every no de eives acket only onc e. Th us, in the absence of faults, the arriv al of the tok en at the destination implies that the pac et has een deliv ered exactly once. When no de in the net ork fails, comm unication e- een the adv ance and rear copies of the pac et ma sev ered. Eac cop no ust mak its to the desti- nation without kno wing the fate of the other cop When pac ets arriv at the destination they ust mark ed in suc so that the destination kno ws that it needs to lo ok for duplicates. or this reason establish yp es of tok ens: Unique, and replica. If the net ork needs to use ultiple paths while forw arding the pac et, the to- en is hanged to yp replica for all copies of the pac et. When the tok en is hanged, forw arding pro ceeds in the usual of alw ys eeping copies of the pac et er path. Suc an example is sho wn in Figure 4. Due to fault link, comm unication et een the copies of the pac et has een brok en. As result, eac cop hanges its tok en to replica, or generates replica tok en and pro ceeds to the destination using di�eren paths. When the des- tination receiv es pac et with replica tok en, it kno ws that it should lo oking for duplicates. This sc heme is based on the assumption that pac ets ha unique iden- ti�ers so that duplicates can detected and eliminated. or simplicit the UTP as describ ed at the pac et lev el only The Reliable Router implemen ts the UTP at the it lev el, and the proto col is bit more in olv ed. Plesio hronous Data Reco ery One of the more di�cult tasks in putting together large scale MPP has een the global clo distribution. The RR addresses this problem using plesio hronous tim- ing. Eac router is clo ed using di�eren lo cal oscilla- tor with the same nominal frequency There is no single global clo and asso ciated single oin of failure and the clo distribution problem is en tirely oided. In system of Reliable Routers, the clo ks are all free running. mo data bits, the transmitter sends the clo along with the data. The receiv er uses this clo to sample the data wires. Tw latc hes are used to mo data from the transmit clo domain to the receiv clo do- main. Ho ev er, without some additional proto col, these latc hes will ery quic kly undersample or ersample its. use lo w-lev el proto col that imp oses maxim um data rate on an wire whic is elo the minim um carrier rate of an wire in the system. The minim um carrier rate is determined the lo est actual frequency of an of the lo cal oscillators. The transmit limit is implemen ted in the router turning o� the crossbar one out of thousand times. The Output Con trollers send non-data frame called adding it whenev er there is no data to send. The receiv er erforms FIF adjustmen ts dep ending on the errun/underrun case. When tending to ard er- run, the receiv er do es not en ter padding its in to the FIF O. When tending to ard underrun, the receiv er in- serts extra padding its in to the FIF O. The Input Con- troller simply ignores all padding its. This proto col, if implemen ted in the naiv fashion, ould ccup large amoun ts of area for the FIF and add con- siderable latency ha implemen ted it using ranks of latc hes and o-state state mac hine. The la- tency enalt is ab out 1.5 baud.

Figure 5: Sim ultaneous Bidirectional Signalling Bidirectional Signalling The input and output orts sho wn in Figure require large amoun of in terc hip bandwidth. allo the use of con en tional hip carrier with few er than 300 pins, emplo sim ultaneous bidirectional signalling ]. This metho allo ws bidirectional oin to oin digital signal comm unication on the same hip carrier pin and at the same time. Figure sho ws the blo diagram of pair of sim ultane- ous bidirectional transceiv ers. The prin ted circuit oard connection is mo delled as transmission line, with oth ends of the line terminated with an in ternal resistor. logic or logic is transmitted as ositiv curren or negativ curren resp ectiv ely; the signal across the hip oundary is th us sup erp osition of the curren streams. receiv the digital signal from another trans- mitter, lo cal transmitter generates an in ternal cop of its wn transmitted signal as reference. The reference oltage is then subtracted from the sup erimp osed signal to generate the receiv ed signal. The small oltage swing (i.e. 250mV) of the signalling metho calls for noise reduction tec hniques suc as on- hip termination con trol, curren steering and rise-time con trol. The curren source for generating the lo cal refer- ence oltage, on the other hand, is scaled do wn to reduce er dissipation. Conclusion ha in tro duced the Reliable Router, net ork switc h- ing elemen whic pro vides reliable and high erformance comm unication et een no des of parallel computers. The Reliable Router uses simple and e�cien routing algo- rithm with minimal resource requiremen ts. It also em- plo ys link-orien ted retransmission proto col with signif- ican adv an tages er con en tional end-to-end proto cols. The coupling of these features enable the RR to han- dle single no de or link failure without in terruption of service. Other erformance features include queueless lo w-latency plesio hronous hannel in terface and sim ulta- neous bidirectional signalling. The Reliable Router is designed to run in ternally at 100 MHz, with the links clo ed at 200 MHz. It can ac hiev maxim um useful bandwidth of 3.2 Gbit/sec er link er direction. ha full sc hematics for the system along with la y- out for most ey mo dules. are curren tly in the testing stage and will ship the design for fabrication in the e- ginning of April. References [1] Andrew A. Chien and Jae H. Kim. Planar Adap- tiv Routing: Lo w-cost Adaptiv Net orks for Mul- tipro cessors. In Pr dings of the 19th International Symp osium on Computer chite ctur pages 268{ 277, Ma 1992. [2] William J. Dally et al. The Message-Driv en Pro- cessor: Multicomputer Pro cessing No de with E�- cien Mec hanisms. IEEE Micr April 1992. [3] William J. Dally and Hiromic hi Aoki. Deadlo k-F ree Adaptiv Routing in Multicomputer Net orks using Virtual Channels. IEEE ansactions on Par al lel and Distribute Systems ol. 4, No.4, April 1993. [4] William J. Dally and Charles L. Seitz. Dead- lo ree Routing in Multipro cessor In terconnection Net orks. IEEE ansactions on Computers C- 36(5):547{53, Ma 1987. [5] Larry R. Dennison. Reliable In terconnection Net- orks for arallel Computers. MIT AI Lab oratory ec hnical Rep ort 1294, Octob er 1991. [6] Larry R. Dennison, Wha S. Lee and William J. Dally High erformance Bidirectional Signalling in VLSI Systems. In ese ar ch on Inte gr ate Systems: Pr dings of the 1993 Symp osium. [7] Jose Duato. On the Design of Deadlo k-F ree Adap- tiv Routing Algorithms for Multicomputers: De- sign Metho dologies. In Par al lel chite ctur es and anguages Eur op Pr dings pages 390-405, June 1991. [8] Cristopher J. Glass and Lionel M. Ni. The urn Mo del for Adaptiv Routing. In Pr dings of the 19th International Symp osium on Computer chi- te ctur pages 278{287, Ma 1992. [9] S. Konstan tinidou and L. Sn yder. Chaos Router: Arc hitecture and erformance. In Pr dings of the 18th International Symp osium on Computer chi- te ctur pages 212{221, Ma 1991. [10] Daniel H. Linder and Jim C. Harden. An Adaptiv and ault oleran ormhole Routing Strategy for -ary -cub es. IEEE ansactions on Computers C-40(1):2{12, Jan uary 1991. [11] Charles L. Seitz and en-King Su. amily of Routing and Comm unication Chips Based on the Mosaic. In ese ar ch on Inte gr ate Systems: Pr o- dings of the 1993 Symp osium.