The Message-Driv en Pro cessor: Multicomputer Pro cessing No de with E�cien Mec hanisms William J. Dally Ro Da vison J.A. Stuart Fisk e, Greg Fyler John S. Keen, Ric hard A. Lethin, Mic hael Noak es, eter R. Nuth Arti�cial In telligence Lab oratory Platform Arc hitecture Group Massac usetts Institute of ec hnology In tel Corp oration 545 ec hnology Square 3065 Bo ers Av en ue Cam bridge, MA 02139 San ta Clara, CA 95052-8131 Abstract The Message-Driv en Pro cessor (MDP) is an in tegrated ulticomputer no de that pro vides e�cien mec hanisms for parallel computing. It incorp orates 36-bit in teger pro cessor, mem- ory managemen unit, router for 3-D mesh net ork, net ork in terface, 4K-w ord 36-bit SRAM, and an ECC DRAM con troller in single 1.1M transistor VLSI hip. Rather than eing sp ecialized for single mo del of computation, the MDP incorp orates e�cien primitiv mec ha- nisms for comm unication, sync hronization and naming. These mec hanisms e�cien tly supp ort most prop osed parallel programming mo dels. Eac pro cessing no de of the MIT J-Mac hine consists of an MDP with MByte of DRAM. MDPs ha een op erational since June 1991 and J-Mac hines built from them ha een on-line since July 1991. In tro duction The Message-Driv en Pro cessor (MDP) is 36-bit single-c hip micro computer sp ecialized to op erate e�cien tly in ulticomputer. The MDP hip includes the pro cessor, 4K-w ord 36-bit memory and net ork ort. An on-c hip memory con troller with ECC ermits lo cal memory to expanded to 1M-w ords adding external DRAM hips. The pro cessor is message driven in the sense that pro cessing is erformed in resp onse to messages (via the dispatc mec hanism). There is no eive instruction. task is created to handle eac arriving message. computation is adv anced (driv en) the messages carrying tasks ab out the net ork. The design of the MDP as driv en primary goals: 1. implemen general-purp ose ulticomputer pro cessing no de that pro vides the comm unica- tion, sync hronization, and naming mec hanisms required to e�cien tly supp ort sev eral di�eren parallel programming mo dels. 2. create an inexp ensiv jel lyb an VLSI comp onen that can used to build cost-e�cien parallel computers. The no des should inexp ensiv and plen tiful VLSI commo dit parts (lik real jellyb ean candies) that can net ork ed together to form Jel lyb an Machine (J-Mac hine) ulticomputer. E�cien arallel Mec hanisms Supp ort Man Programming Mo dels: Me chanisms are the primitiv op erations pro vided computer’s hardw are. The abstractions that mak up programming system are built from these mec hanisms 15 ]. or example, most sequen tial mac hines pro vide some mec hanism for push-do wn stac to supp ort the last-in-�rst-out (LIF O) storage allo cation required man sequen tial programming mo dels. Most mac hines also pro vide some form of memory relo cation and protection to allo sev eral pro cesses to co exist in memory at single time without in terference. The prop er set of mec hanisms can pro vide signi�can impro emen in erformance er brute-force in terpretation of programming mo del. Ov er the past 40 ears, sequen tial on Neumann pro cessors ha ev olv ed set of mec hanisms appropriate for supp orting most sequen tial programming mo dels. It is clear, ho ev er, from e�orts to build concurren mac hines wiring together man sequen tial pro cessors, that these highly-ev olv ed sequen tial mec hanisms are not adequate to supp ort most parallel mo dels of computation. These mec hanisms do not e�cien tly supp ort sync hronization of ev en ts, comm unication of data, or global naming of ob jects. As result, these functions, inheren to an parallel mo del of computation, ust implemen ted largely in soft are with prohibitiv erhead. or example, sequen tial mac hines require undreds of instructions to create new pro cess. This cost prohibits the use of �ne-grain programming mo dels where pro cesses ypically last only few tens of instructions. The MDP supp orts broad range of parallel programming mo dels (including shared-memory 16 ], data parallel 17 ], data o 26 ], actors ], and explicit message-passing ]) pro viding lo w- erhead primitiv mec hanisms for comm unication, sync hronization, and naming. Comm unication mec hanisms are pro vided that ermit user-lev el task on one no de to send message to an other no de in 4K-no de mac hine in s. No pro cessing resources on in termediate no des are consumed and bu�er memory is automatically allo cated on the receiving no de. On message arriv al, task is created and dispatc hed in s. Sync hronization is pro vided presence tags on all storage lo ca- tions. Three separate register sets allo fast task switc hing. The translation mec hanism main tains bindings et een arbitrary names and alues; it ma used to supp ort global virtual address space. These mec hanisms ha een selected to oth general and amenable to e�cien hard- are implemen tation. supp ort �ne-grain concurren programming systems, the mec hanisms are designed to e�cien tly handle small ob jects (8 ords) and small tasks (20 instructions). 3-D Arra of Fine-Grain Pro cessing No des is Ph ysically E�cien t: The MDP is an ex- ample of an inexp ensiv �ne-grain ulticomputer building blo k. Being �ne-grain do es not mean no de has slo pro cessor; comp eten pro cessor can built in fraction of mo dern VLSI hip’s area. �ne-grain no de implies an inexp ensiv no de with small amoun of memory The result is greater arithmetic erformance and lo cal memory bandwidth er unit cost. The fast comm unica- tion and global address space prev en the small lo cal memories from limiting programmabilit or erformance. In ulticomputer, system cost is ery sensitiv to pro cessor cost. less exp ensiv no de results in comparably priced system with more pro cessors and, to �rst order, higher erformance. In these systems, costly features that giv small incremen tal return in pro cessor erformance (suc as large cac hes) are oided in fa or of building systems with more no des, an option not ailable to the designer of sequen tial computer. The 3-D net ork that connects MDPs giv es the highest throughput and lo est latency for giv en wire densit 10 ]. This net ork mak es use of all three dimensions of ph ysical space. It allo ws the pro cessing no des to pac ed densely and results in uniformly short wires. No comm unication bandwidth is asted em edding an esoteric top ology in to ph ysical space. Messages tra eling through the net ork follo Manhattan shortest path in ph ysical space; they nev er bac ktrac k. Bac kground: The MDP builds on previous ork in ulticomputer design. Lik the Caltec Cosmic Cub ], the In tel iPSC ], the N-CUBE 24 ], and the Ametek ], eac MDP in the J- Mac hine has lo cal memory and comm unicates with other no des passing messages. Because of its lo erhead, the MDP can exploit concurrency at uc �ner grain than these early message- passing ulticomputers. Deliv ering message and dispatc hing task in resp onse to the message’s arriv al tak es on the J-Mac hine, as opp osed to 5ms on an iPSC-1 or 300 on an iPSC-2. Lik the BBN Butter y 19 and the IBM RP3 ], the MDP supp orts global virtual address

Figure 1: MDP Pinout: The MDP has memory ort (26 pins), six net ork orts (15 pins eac h) and diagnostic ort (3 pins). space. The same IDs (virtual addresses) are used to reference lo cal (on the same no de) and remote (on di�eren no de) ob jects. Lik the InMOS transputer ], the Caltec MOSAIC 20 ], and the In tel iW ARP ], the MDP is single hip pro cessing elemen in tegrating pro cessor, memory and comm unication unit. The MDP is unique in that it extends these previous e�orts with e�cien primitiv mec hanisms for comm unication, sync hronization and naming 15 ]. The MDP uses direct comm unication net ork based on the ork rep orted in 12 10 14 ]. The MDP as built as part of collab orativ pro ject et een MIT and In tel Corp oration. The pro ject as funded the Defense Adv anced Researc Pro jects Agency Outline: The next section describ es the system arc hitecture of the MDP from hardw are and soft are oin ts of view. Section describ es the MDP instruction set with emphasis on instructions that supp ort parallelism. The net ork arc hitecture is discussed in Section 4. Section brie y describ es the implemen tation of the MDP with atten tion giv en to the subsystems that implemen the MDP’s mec hanisms. MDP soft are is addressed in Section 6. System Arc hitecture Hardw are View: the hardw are designer, the MDP app ears as comp onen with memory ort, six bidirectional net ork orts, and diagnostic ort as sho wn in Figure 1. The memory ort pro vides direct (no glue) in terface to up to 1M-w ord of ECC DRAM memory consisting of 11 ultiplexed address lines, 12-bit data bus, and con trol signals. Static-column or page mo de DRAMs are cycled three times to access 36-bit data ord and fourth time to hec or up date the ECC hec bits. Curren J-Mac hines use 1Mx4 memory parts to form 4-c hip pro cessing no de with 260KW of memory that measures 2x2.75 inc hes as sho wn in Figure 2. The net ork orts are used to connect MDPs together in to 3-dimensional mesh net ork. Eac of the six net ork orts corresp onds to one of the six cardinal directions (+ and consists of nine data and six con trol lines. Eac ort connects directly to the opp osite ort on an adjacen MDP Details of the 3-D net ork are giv en in Section 4. The diagnostic ort is used to issue sup ervisory commands and to read and write MDP memory

Figure 2: An arra of four J-Mac hine pro cessing no des. Eac no de consists of one MDP hip and three 1Mx4 static-column DRAMS. With con en tional pac aging, the no de measures 2x2.75 inc hes.

Figure 3: com bining tree sums results pro duced distributed computation. Eac no de sums the input alues as they arriv and then passes result message to its paren t. from console pro cessor. The ort consists of con trol lines, serial input, and serial output. Using this ort, console pro cessor can read or write an lo cation in the MDP’s address space, as ell as reset, in terrupt, halt, or single-step the pro cessor. Soft are View: systems programmer, bare J-Mac hine app ears as collection of no de memories and register �les that can op erated on an instruction set that includes comm unica- tion, sync hronization, and naming mec hanisms. The systems programmer uses these mec hanisms to implemen programming mo del. or example, one can build shared memory mo del that giv es the application programmer single, shared address space. The implemen tation of com bining tree 27 illustrates the use of the MDP mec hanisms. The com bining tree (Figure 3) consists of um er of no des eac con taining alue, coun t, and oin ter to paren no de. The alue is initialized to zero and coun is initialized to the um er of inputs exp ected. Summing set of alues computed um er of pro cesses distributed across the no des of the mac hine is accomplished eac pro cess sending combine message con taining its result to com bining no de. When the message arriv es at the pro cessor con taining the com bining no de, task is created that executes combine routine. The routine adds the message alue to the no de’s alue and decremen ts the coun t. When the coun reac hes zero, combine message is sen to the no de’s paren t. The MDP supp orts comm unication using SEND instruction for message formatting, fast net ork for deliv ery automatic message bu�ering, and task creation up on message arriv al. series of SEND instructions is used to send message of arbitrary length to an no de in the mac hine. Up on arriv al, the message is bu�ered in hardw are queue. When the message arriv es at the head of the queue, task is dispatc hed to handle the message. In the com bining tree example, pair of SEND instructions is used to send the combine message to no de. Up on message arriv al, the MDP bu�ers the message and creates task to execute the combine routine. Sync hronization in the MDP is erformed using message dispatc and presence tags on all state.

The dispatc of pro cess on eac message arriv al allo ws messages to used to signal ev en ts on remote no des. or example, in the com bining tree example ab e, eac com bine message signals its wn arriv al and causes the combine routine to executed. Presence tags are used to sync hronize on the arriv al of data. or example, access to the alue pro duced the com bining tree ma sync hronized initially tagging as empty the lo cation that will hold this alue. An attempt to read this lo cation efore the com bining tree had written it ould raise an exception and cause the reading task to susp ended un til the alue is written the ro ot of the tree. Sync hronization on data ailabilit in this manner is quite common in man parallel programs. The MDP supp orts naming with segmen ted memory managemen and with translation instruc- tions. In the com bining tree example, memory segmen ould allo cated to hold the state of eac com bining no de. Accesses to the no de ould relo cated and protected using segmen descriptor. mak com bining no des relo catable across pro cessing no des, no de’s virtual address ould translated to �nd the pro cessing no de on whic it resides. Up on reac hing this no de, second translation ould lo cate the segmen descriptor for the com bining no de. Instruction Set Arc hitecture The MDP extends con en tional micropro cessor instruction-set arc hitecture (ISA) with instruc- tions to supp ort parallel pro cessing. Sp eci�cally the MDP pro vides e�cien hardw are mec hanisms for comm unication, sync hronization and naming. This section describ es the MDP ISA with partic- ular emphasis on these mec hanisms. urther details of the MDP ISA are describ ed in 11 ]. Register Set: The MDP pro vides separate register sets to supp ort rapid switc hing et een three execution lev els: bac kground, priorit P0 ), and priorit P1 ). The MDP executes at the bac kground lev el when there are no ending messages. Eac arriving message creates task and initiates execution at P0 or P1 dep ending on the priorit of the message. The MDP executes the highest priorit task at an oin in time. Th us, the arriv al of P1 message while the MDP is executing P0 task will cause the MDP to switc execution lev els (and th us register sets). When the P1 task completes, execution at P0 is resumed switc hing to the P0 register set whic holds the register state of the susp ended task. The register set at eac priorit lev el includes: general-purp ose data registers: R0-R3 address registers: A0-A3 ID registers: ID0-ID3 instruction oin ter: IP Most instructions op erate on the general registers R0-R3 Eac address register A0-A3 con tains segmen descriptor consisting of base and length �eld. Memory addresses are sp eci�ed an o�set and an address register. or example, the op erands [R0,A1] and [3,A2] sp ecify an indexed access to the segmen describ ed A1 and displacemen of in to A2 ’s segmen t. ID registers are less accessible general registers that con en tion are used to hold ob ject IDs. The instruction oin ter includes pro cess status bits that con trol virtual addressing, yp hec king, and fault handling. Placing these bits in the instruction oin ter enables con trol and execution state to hanged loading single register. Quic task switc hing within an execution lev el is facilitated the relativ ely small size of eac register set. The bac kground register set do es not include ID registers. They only exist at P0 and P1

Figure 4: MDP Instruction ormat ags: ags in the MDP are used for yp hec king and sync hronization. Ev ery 36-bit ord of register and memory state holds 32-bit alue and 4-bit tag that indicates the yp of the alue. ag alues are de�ned for primitiv user data yp es (suc as SYMBOL INTEGER BOOLEAN etc.) and for system data yp es (suc as IP ADDR (a segmen descriptor), MSG (a message header), etc.). our tag alues are user-de�nable. If yp hec king is enabled, the MDP hec ks op erand tags to determine whic form of an instruction to execute. An exception is raised if the op erands are not compatible with the instruction. Tw tags, FUT and CFUT supp ort in ter-task sync hronization. lo cation is initially mark ed empt writing it with CFUT tag. When task pro duces the alue for the lo cation, it erwrites the CFUT with the �nal alue and tag. An attempt to read from the lo cation efore the alue is pro duced in ok es the CFUT fault handler whic ypically susp ends the reading task un til the lo cation is written. FUT is used for global sync hronization, and CFUT for lo cal. Hardw are supp ort for tags mak es soft are more e�cien and robust. program can erform an op eration without ha ving to hec that op erands are presen or of the correct yp e. or the \normal" cases in whic no fault ccurs, execution pro ceeds more quic kly than if sp ecial test and branc instructions ere required to hec for yp and presence. Only exceptional cases incur the erhead of running fault handler. Instructions: The MDP executes 17-bit, �xed format, three-address instructions with the format sho wn in Figure 4. Eac instruction sp eci�es an op eration, register op erands, and third op erand that ma register, memory lo cation, or constan t. Tw 17-bit instructions are pac ed in eac 36-bit ord. An instruction-stream ord not tagged as an instruction is loaded as constan in to register R0 This pro vides ery e�cien means to load arbitrary 36-bit constan ts. The MDP instruction set is summarized category in Figure 5. Naming: Naming is supp orted in the MDP via translation instructions and segmen ted addressing. Addressing memory through segmen descriptors ermits arbitrary sized ob jects to relo cated and protected. The ENTER instruction en ters an arbitrary translation from 36-bit ey to 36-bit data alue in set-asso ciativ cac he (translation table) mapp ed in to the on-c hip memory The XLATE instruction lo oks up the data alue (if an y) asso ciated with ey These instructions can used to translate an ob ject’s name in to ph ysical segmen descriptor or no de um er to supp ort global virtual address space. Comm unication: The MDP pro vides hardw are supp ort for end-to-end message deliv ery includ- ing formatting, injection, deliv ery bu�er allo cation, bu�ering, and task sc heduling. An MDP transmits message using series of SEND instructions eac of whic injects one or ords in to the net ork at either priorit or 1. ypical message send is sho wn in Figure 6.

General Mo emen and yp Instructions: READ WRITE READR WRITER WT LDIP LDIPR CHECK Arithmetic and Logic Instructions: CARR ADD SUB MULH MUL ASH LSH OT AND OR OR FFB NOT NEG LE GE GT EQUAL NEQUAL EQ NEQ Net ork Instructions: SEND SENDE SEND2 SEND2E Asso ciativ Lo okup able Instructions: XLA TE ENTER PR OBE Sp ecial Instructions: NOP INV AL SUSPEND CALL Branc hes: BR BNIL BNNIL BF BT BZ BNZ Figure 5: Six Categories of MDP Instructions. SEND R0,0 send net address (priority 0) SEND2 R1,R2,0 header and receiver (priority 0) SEND2E R3,[3,A3],0 selector and continuation end msg. (priority 0) Figure 6: MDP assem bly co de to send ord message uses three arian ts of the SEND instruction.

Figure 7: Message dispatc h. In three clo cycles, new task is created (1) setting the IP to hange the thread of con trol and (2) creating message segmen to pro vide the initial addressing en vironmen t. The �rst SEND instruction reads the absolute address of the destination no de in x; format from R0 and forw ards it to the net ork hardw are. The SEND2 instruction reads the �rst ords of the message out of registers R1 and R2 and enqueues them for transmission. The �nal instruction enqueues additional ords of data, one from R3 and one from memory The use of the SEND2E instruction marks the end of the message and causes it to transmitted in to the net ork. This sequence executes in clo cycles (250ns). An injected message is deliv ered to the destination no de the net ork (Section 4). the destination, it is bu�ered in hardw are-managed FIF queue in the in ternal RAM of the MDP Separate queues are main tained for P0 and P1 messages. ask Sc heduling: When message reac hes the head of the highest priorit non-empt queue, task is created to handle it hanging the thread of con trol and creating new addressing en vironmen as sho wn in Figure 7. Ev ery message header con tains an op de and the message length The message op co de is loaded in to the IP to start new thread of con trol. The length �eld is used along with the queue head to create message segmen descriptor (automatically written to A3 that represen ts the initial addressing en vironmen for the task. The message handler co de ma op en additional segmen ts translating ob ject IDs in the message in to segmen descriptors. Creating task to handle message tak es cycles. The dispatc mec hanism is used directly to pro cess messages requiring lo latency (e.g., com- bining and forw arding). Other messages (e.g., remote pro cedure call) sp ecify handler that lo cates the required metho d, using the translation mec hanism describ ed ab e, and then transfers con trol to it. or example, remote pro cedure call message is handled the CALL handler co de as sho wn in Figure 8. The execution of this handler is depicted in Figure 9. The �rst instruction gets the metho ID (o�set in to the message segmen referenced A3 ). The next instruction translates this metho ID in to segmen descriptor for the metho and places this descriptor in A0 In one of its op erating mo des, the MDP can use A0 as oin ter to segmen of co de, and IP as an index in to that segmen t. This allo ws co de to easily relo cated at run time. The �nal instruction of the CALL

MOVE [1,A3],R0 get method id XLATE R0,A0 translate to segment descriptor LDIP INITIAL_IP load instruction pointer to transfer control to method Figure 8: MDP assem bly co de for the CALL message. Figure 9: The CALL message in ok es metho translating the metho iden ti�er to �nd the co de, creating con text (if necessary) to hold lo cal state, and translating argumen iden ti�ers to lo cate argumen ts. handler transfers con trol to the metho loading the IP with short in teger o�set. Thereafter, the MDP will fetc instructions from the called metho d. The metho co de ma then read in argumen ts from the message queue. The argumen ob ject iden ti�ers are translated to ph ysical memory base/length pairs using the XLATE instruction. If the metho needs space to store lo cal state, it ma create con text ob ject. When the metho has �nished execution, or when it needs to ait for reply it executes SUSPEND instruction whic dequeues its message and passes con trol to the next message in the queue. An example of direct message handler is the com bine routine of Figure in Section 2. The co de for this routine is sho wn in Figure 10. If the no de is idle, execution of this routine egins three cycles after message arriv al. The routine loads the com bining no de oin ter and alue from the message, erforms the required add and decremen t, and, if count reac hes zero, sends message to its paren t. This 12-instruction routine tak es 21 cycles to execute. It demonstrates sev eral ys in whic the MDP’s comm unication mec hanism reduces the erhead of message passing to the oin where it can used for simple op erations suc as com bining. MDP hardw are dispatc hes the com bine task setting the instruction oin ter to COMBINE and initializing message oin ter A3 to allo direct access to message ords. This oids the erhead otherwise asso ciated with con trol transfer and with setting up an addressing en vironmen t. 10

COMBINE: MOVE [1,A3], COMB get node pointer from msg MOVE [2,A3], R1 get value from msg ADD R1, COMB.VALUE, R1 MOVE R1, COMB.VALUE store result MOVE COMB.COUNT, R2 get count ADD R2, -1, R2 MOVE R2, COMB.COUNT store decremented count BNZ R2, DONE MOVE HEADER,R0 get message header SEND2 COMB.PARENT_NODE, R0 send message to parent SEND2E COMB.PARENT, R1 with value DONE: SUSPEND Figure 10: MDP Assem bly co de for the com bining tree example. The SEND instructions transmit the four ord message to the paren task. The message is transmitted directly from register and memory ariables without an need to �rst format it in memory The SUSPEND instruction terminates the task and sim ultaneously dequeues the message. If another message is ending in the queue, task to handle it will dispatc hed cycles after the execution of the SUSPEND instruction. Net ork Arc hitecture The Message Driv en Pro cessor con tains net ork in terface and router that supp ort comm u- nication net ork closely in tegrated with the pro cessor. In J-Mac hine comp osed of MDPs, the net ork pro vides end-to-end message deliv ery with lo latency in 4K-no de net ork) and high bandwidth (288 Mbits/sec er hannel). Message deliv ery is handled en tirely within the routers of the mac hine and consumes no pro cessor or memory resources at in termediate no des. Structure: The J-mac hine net ork is three dimensional grid, with bidirectional hannels, dimension-order routing, and blo king o con trol. (See Figure 11). Addressing limits the size of the net ork to 64K no des (32 32 64). Our initial protot yp is 1K no de mac hine (8 16). The faces of the net ork cub are left op en for use as I/O orts to the mac hine. Eac hannel can sustain data-rate of 288Mbits/sec. All three dimensions ma op erate sim ultaneously for an aggregate data rate of 864Mbits/sec er no de. The net ork logic is comp osed of three mo dules as sho wn in Figure 14. The netout mo dule bu�ers ords and injects them in to the net ork. The three routers, one for eac dimension of the net ork, route messages from no de to no de. The netin mo dule reassem bles messages at their destination and bu�ers them in to message queue. Section con tains more implemen tation details. Engineering: The three-dimensional mesh top ology of the J-Mac hine net ork as hosen as the most e�cien arrangemen sub ject to constrain ts of wiring densit and comp onen pinout 10 ]. These constrain ts set the width of the six bidirectional hannels er MDP no de at data bits plus con trol bits. The J-mac hine is built as stac of oards with dense oard-to-b oard in terconnections (Section 5) to implemen the 3-D net ork with short wires. 11

Figure 11: The J-Mac hine Net ork is 3-D mesh or -ary 3-cub e. The net ork erforms e-cub or destination tag routing. Messages are routed in eac dimension in turn to the prop er co ordinate in that dimension. In this �gure, message is routed from (1,5,2) to (5,1,4) routing �rst in x, then then z. The MDP router is sync hronous and op erates at wice the rate of the pro cessor sending pair of 9-bit phits et een no des eac 62.5ns pro cessor cycle Eac of the six bidirectional hannels can turned around on alternate cycles with no con ten tion enalt no el pad design tolerates clo sk ew et een routers and eliminates the oten tial for conduction erlap when the hannel is turned around 23 ]. Messages are routed through the net ork with latency of one 62.5ns pro cessor cycle er hop. Th us message latency is giv en (2 (1) where is the pro cessor cycle time, is message length in ords, and is the distance (n um er of no des) message ust tra erse. or example, in 1K-no de mac hine, an =6 ord message to random destination tra erses an erage of =10 no des for latency of =22 cycles or 1.4 s. The bisection bandwidth of 1K-no de mac hine is 18.4Gbits/s, the aggregate bandwidth of the net ork hannels is 864Gbits/s, and the I/O bandwidth is 184Gbits/s. Routing Flo con trol: The J-mac hine uses deterministic dimension-order routing (also called e-cub routing). As sho wn in Figure 11, all messages are �rst routed in the dimension, then in Y, then in Z. Since messages are routed in dimension order and messages running in opp osite directions along the same dimension do not blo k, there are no resource cycles, and the net ork is pro ably deadlo free 13 ]. Figure 12 sho ws the format of message. The �rst three its of the message con tain the X, and addresses. eac no de along the path, the address in the head it of the message is compared with the no de’s index in the curren dimension. If the indices matc h, the head it is stripp ed o� the message, and the rest is routed do wn to the next dimension. The MDP’s This breaks with tradition of async hronous net ork routers 12 14 ]. phit is ph ysical digit, the width of the ph ysical hannel. pair of phits form it or o w-con trol digit, the gran ularit of o w-con trol in the net ork. An 18 bit it is half an MDP data ord. The bandwidth across plane dividing the mac hine in to equal halv es. 12

Flit Con ten ts Remark 5:+ address 1: address 4:+ address MSG:440 Metho to call INT:23 Argumen to metho INT: 1:5:2 :T Reply address Figure 12: ypical message in the J-mac hine. The �rst three its con tain the destination address. The �nal it in the msg is mark ed as the \tail". Figure 13: The J-Mac hine Net ork erforms blo king o con trol with stages of queueing er no de. (a) Message arriv es at busy hannel. (b) Message ecomes compressed queueing. (c) Channel is ailable; message con tin ues adv ancing. netout blo formats the address its of the message. It also precomputes the direction (p ositiv or negativ e) in whic the message ust tra el along eac dimension, setting additional bits in the address its. This reduces the latency and complexit of the router no des. The net ork uses blo king o con trol to resolv con ten tion for ph ysical hannel (Figure 13). When message arriv es at router path that is already in use message of the same priorit it is blo ed. The blo ed message compresses in to routers along its path, ccup ying one no de er ord (2 its) of the message. When the blo age clears, the message uncompresses and pro ceeds to its destination, at rate of one hop er cycle. Tw priorities of messages share the ph ysical wires, but use completely separate bu�ers and routing logic. This allo ws priorit messages to pro ceed through blo ages at priorit 0. Without this abilit there ould no to redistribute data that has caused hot-sp ots in the net ork. MDP Implemen tation The ma jor subsystems in the MDP are sho wn in Figure 14. The hip includes con en tional micropro cessor with prefetc h, con trol, register �le and ALU (RALU), and memory blo ks. The comm unication system comprises the routers and net ork input and output in terfaces. The ddr ess 13

Figure 14: MDP blo diagram. rithmetic Unit (AA U) pro vides addressing functions. In addition, DRAM in terface and con trol blo and diagnostic in terface are included. Comm unication Subsystem: The comm unication subsystem con tains the net ork output, the net ork input, and the routers. The net ork output blo bu�ers messages from the RALU and injects them in to the net ork. FIF bu�er is used to matc the sp eed of message transmission to the net ork. On eac SEND instruction, the RALU transfers one or ords to the FIF O. When the message is complete, or the eigh t-w ord bu�er is full, the message is launc hed in to the net ork. In cases where the MDP cannot send message ords as fast as the net ork can transmit them, the FIF prev en ts bubbles (absence of ords) from en tering the net ork pip eline and degrading erformance. The net ork input blo transfers messages from the net ork to the MDP’s memory Data from the net ork arriv es in 18-bit its, whic are comp osed in to four ord Queue ow Bu�er (QRB). When the QRB �lls, its con ten ts are written to the on-c hip memory in one cycle. riting memory ro (4 36 bits) at time reduces the um er of memory cycles consumed the net ork, lea ving more memory bandwidth for the CPU. The routers form the switc hes in J-Mac hine net ork and deliv er messages to their destinations. As sho wn in Figure 15A, the MDP con tains three indep enden routers, one for eac bidirectional dimension of the net ork. Eac router is split in to separate virtual net orks with di�eren priorities that share the same ph ysical hannels. The priorit net ork can preempt the wires ev en if the priorit net ork is congested or jammed. Eac of the 18 router paths (Figure 15B) con tains bu�ering, comparators and output arbitration. On eac datapath, comparator compares the lead it, whic con tains the destination’s address in 14

Figure 15: Blo diagram of the routers. (A) The priorities er dimension are completely separate except where they share the ph ysical hannels. (B) Eac priorit con tains forw ard, rev erse, and previous to next dimension datapaths. this dimension, to the no de co ordinate. If the head it do es not matc h, the message con tin ues in the curren direction. Otherwise the message is routed to the next dimension. Messages en tering the dimension comp ete with messages con tin uing in the dimension at 2-to-1 switc h. Once one message is gran ted this switc h, the other input is lo ed out for the duration of the message. Once the head it of the message has set up the route, subsequen its follo directly ehind it. Address Arithmetic Unit: The Address Arithmetic Unit (AA U), the largest logic blo in the MDP erforms all functions asso ciated with memory addressing. supp ort naming, the AA con tains the address registers, erforms relo cation and protection of memory accesses, and implemen ts the translation instructions. Eac memory reference is o�set the selected address register’s base �eld and hec ed against its length �eld. An attempt to access through an in alid address register (whic ma ccur when an ob ject is relo cated) or to access ey ond the end of an ob ject raises an exception. tr anslation ase-mask TBM register is used to de�ne an area of memory to o-w set-asso ciativ translation bu�er used the XLATE and ENTER instructions. The AA hashes the eys used to access this table using an exclusiv e-or net ork to impro hit-rate in the translation bu�er. The AA main tains queues to bu�er incoming messages and sc hedule the asso ciated tasks. Asso ciated with eac queue are queue ase-mask QBM and queue he ad-length QHL register (Figure 16). The QBM registers de�ne the osition and length in main memory of the message queues. Queues are circular, so messages at the end of the queue wrap around to the eginning. The QHL registers oin to the eginning of the �rst message in the queue and its length �eld encompasses exactly all of the messages curren tly in the queue. When task is dispatc hed to handle message, the A3 register is loaded with segmen descriptor for the message. The MDP dispatc hes task as so on as the �rst four ords of message are written. If the task attempts to read ord of the message whic has not et arriv ed, sp ecial EARLY fault ccurs. 15

Figure 16: The AA main tains the Queue Base/Mask QBM registers whic sp ecify the lo cation of the message queue in main memory and the Queue Head/Length QHL register whic sp eci�es the eginning and end of the messages receiv ed. Only one of the queues is sho wn. La out: Figure 17 sho ws o orplan of the hip with die photograph for comparison. The area breakdo wn is sho wn in Figure 18. Metho dology: The MDP as implemen ted using In tel standard cells except for the on-c hip RAM, clo generator, and pads. Using standard cells sacri�ced factor of 3-4 in area and 2-3 in erformance er what ould ossible with full-custom design. The adv an tage as signi�can increase in pro ductivit whic as essen tial to completing the hip successfully with our small design team. Ab out 35 standard cells con taining 210 transistors ere used in the 700 sheets of sc hematics drafted at MIT. These sc hematics ere transferred to In tel for la out. Man of the datapaths ere laid out hand to exploit the regularit of the design. Less regular collections of logic ere laid out using automatic place and route CAD to ols. Arc hitecture studies leading to the MDP ere started in Octob er 1986. ork on the TL mo del of the microarc hitecture egan in June 1988. Sc hematic en try at MIT started in No em er 1988. The task of translating sc hematics in to la out commenced in June 1989. La out as completed in Decem er 1990. First silicon as receiv ed in June 1991 and as running programs within few hours. Although thoroughly sim ulated the logic design, running our alidation tests and applications on the hardw are has unco ered 12 bugs. Some of these bugs ha simple soft are ork-arounds, but for erformance reasons second revision of the la out with mo di�ed con trol logic and some metal �xes as sen for fabrication in Jan uary 1992. plan to use sev eral thousand of these hips to build researc ulticomputers at MIT. System Design: photograph of J-Mac hine pro cessor oard is sho wn in Figure 19. The oard measures 20.5 24 inc hes and con tains 64 pro cessing no des. Eac no de consists of an MDP hip (in 168-pin PGA pac age) and three 4Mbit DRAMs. Eac pair of no des shares set of elastomeric connectors to comm unicate with the corresp onding no des on the oards ab or elo the oard The remaining 890K devices are con tained in the full custom ortions of the hip; mostly in the RAM. 16

Figure 17: MDP hip o orplan and die photograph 17

Mo dule Dimensions Area ransistors mm mm mm 10 AA 25.9 75 RALU 10.7 39 DIA 1.0 3.7 PREF 1.0 3.2 CNTL 2.9 8.7 IMEM 3.9 13 EMI 2.9 NETIN 1.3 4.4 NETOUT 3.8 18 OUTERS 10.9 29 RAM 43.1 880 CLOCK 0.6 0.1 ADS 50 8.4 2.6 ull Chip 10 15 153.0 1087 Figure 18: Chip Area Breakdo wn. in stac k. total of 32 elastomeric connectors held in connector holders pro vide 2240 electrical connections et een adjacen oards. Of these connections, 960 are used for signalling and the remaining are ground returns. No er is supplied through the elastomers. er and ground are supplied to eac oard directly from bus bars. The cen ter area of the oard con tains the �nal stage of the clo distribution net ork along with diagnostic fanout and ultiplexing logic and temp erature and air o monitors. photograph of our hassis for 1024-no de system is sho wn in Figure 20. The hassis con tains stack of 16 pro cessor oards, er supplies, and distribution bus bars. The oards are held together set of 20 tie-ro ds to compress the elastomer connectors. 4096-no de system can built com bining four hassis. Eac stac is connected to its neigh oring stac ks 128 (16 8) short 60-pin ribb on cables (one for eac pair of no des on the eriphery). Eac ertical pair of stac ks shares 3000ft /min blo er for co oling. In addition to the pro cessor oard and hassis, ha also designed diagnostic in terface oard, and are in the pro cess of designing SCSI disk in terface, distributed graphics frame bu�er, and an S-bus in terface. More details of the J-Mac hine system design are giv en in 22 ]. Soft are The J-mac hine is in tended as platform for soft are exp erimen ts in �ne-grained parallel program- ming. this end, ha implemen ted and are studying soft are systems for di�eren �ne-grain programming mo dels. Fine-grained programs ypically execute from 10-100 instructions et een comm unication and sync hronization actions. Reducing the grain size of program increases oth the oten tial sp eedup due to parallel execution and the oten tial erhead asso ciated with par- allelism. Sp ecial hardw are mec hanisms to reduce the erhead due to comm unication, pro cess switc hing, sync hronization, and ultithreading are therefore cen tral to the design of the MDP Soft are issues suc as load balancing, sc heduling, and lo calit remain op en questions and are the fo cus of curren researc e�orts. parallel pro cessor creates programming hallenges. It is di�cult to extract the �ne-grain parallelism needed from sto programs written in or OR TRAN. Instead of concen trating on 18

Figure 19: Photograph of 64-no de J-Mac hine System Figure 20: 1024-no de J-Mac hine Chassis 19

(defmethod size-of-tree pair () (+ (size-of-tree left) (size-of-tree right))) (defmethod size-of-tree object () 1) (defmethod size-of-tree null () 0) Figure 21: Concurren Smalltalk Source to compute the size of tree. Metho ds de�nitions sp ecify the class to whic they apply The class pair con tains elemen ts, left and right eac of whic ma hold an ob ject or another pair. the extraction of parallelism from existing programs (an activ and in teresting area of researc for man parallel programming researc hers) or on the adaptation of sequen tial languages for the parallel domain, our curren approac fo cuses on languages where the expression of �ne-grained parallelism is uc cleaner. date, languages ha een implemen ted to the J-mac hine: The actor language Concurren Smalltalk (CST) and the data o language Id. Concurren Smalltalk: CST 18 is parallel ob ject-orien ted programming language (based on the Actor mo del ]) with async hronous message send and distributed ob jects. Syn tax is similar to that of LISP or SCHEME. Metho or function in cation is erformed sending message to the �rst argumen of the metho d. The message con tains the metho selector and the rest of the argumen ts. unctions and metho ds in the language are compiled in to MDP assem bly co de an optimizing compiler, and assisted at run time small ernel called COSMOS. COSMOS pro vides global virtual namespace, ob ject-based memory managemen t, supp ort for distributed ob jects, and lo w- erhead con text switc hing. Its memory managemen system pro vides fast, transparen access to storage distributed across the mac hine. COSMOS is designed to e�cien tly supp ort �ne-grain concurren computation where tasks are ery short (40 user instructions) and data ob jects are ery small (8 ords). The CST compiler and the COSMOS run time system also pro vide oating-p oin arithmetic, simple arra ys, and garbage collection for CST programs. COSMOS manages con texts, futures, and ob jects, and therefore pla ys an imp ortan role in pro viding services that exploit the comm unication, sync hronization, and naming mec hanisms of the J-mac hine. small sample program is sho wn in Figure 21. metho called size-of-tree is de�ned for three ob ject yp es, pair the ull ob ject, and generic ob ject. When called on LISP st yle tree, these metho ds will return the um er of generic ob jects stored in the tree. or example, called on the tree ’((1 3)(4 6)(7 9)) size-of-tree returns the alue 9. Note that since pair and null are sub class of object their more sp eci�c metho ds are selected when size-of-tree is in ok ed on their yp es. When this example program is compiled, selector ob ject and three function ob jects are de�ned. The selector ob ject (sho wn in Figure 22) is list of the yp e/function corresp ondence. When metho is applied to an ob ject, the ob ject yp is examined and the appropriate function is lo cated in the selector ob ject. This function is then in ok ed on the ob ject The selector ob ject is mark ed as cop able and main tained lik an other ob ject. In cases where the compiler can infer the yp of the ob ject or when the yp of ob jects is explicitly declared, metho in cation is optimized directly to the correct function in cation. 20

MODULE OBJ:Selector.Size_Of_Tree DC Copyable|class_Selector Identify Properties of object DC OBJ:Selector.Size_Of_Tree Store own id inside object DC Number of functions DC CLASS:Object Class identifier for Object DC {function.Size_Of_Tree} Function for class object DC CLASS:Null Class identifier for Null DC {function.Size_Of_Tree_1} Function for class Null DC CLASS:Pair Class identifier for Pair DC {function.Size_Of_Tree_2} Function for class Pair END Figure 22: Selector ob ject generated the example program An example of the compiled co de for the function for the class pair is sho wn in Figure 23. When metho application directed at particular ob ject is receiv ed, COSMOS will examine the ob ject class and the selector ob ject, and ho ose the correct function to in ok e. The function �rst do es an XLATE op eration to get the address of the pair and uses that address to get the ob ject ID for left It then calls COSMOS to �nd the no de on whic left liv es. message is sen to left that recursiv ely applies the size-of-tree metho d. The slot that holds the return alue of this call is mark ed CFUT Next, size-of-tree is applied to right without aiting for the result of the �rst remote pro cedure to return. Ho ev er, when the function attempts to add the return alues, the results will probably not ha returned et, so the add instruction will fault trying to add CFUT s, and the pro cess will susp ended, sa ving its registers in to the con text. Assuming this happ ens, when the replies from the metho ds are receiv ed, after writing the alue in to the future slot, COSMOS hec ks to see if the pro cess as aiting for that particular future. If so, the con text is reactiv ated. The reactiv ated function ould then erform the sum of the results and forw ard them to the con tin uation sp eci�ed in the original metho in cation. Some in teresting oin ts: If the ob ject of the function is not presen or if the translation cac he do es not ha an en try for the ob ject, the XLATE instruction will fault and COSMOS will �nd the ob ject, mo ving or cop ying it to the lo cal no de. unctions and selectors are ob jects main tained lik an other imm utable ob ject. If they are not presen t, they will copied to the no de. This pro cess is analogous to distributed instruction cac he. If the function ere preempted and the ob ject mo ed or migrated the address registers ould in alidated, and accesses to the ob ject ould cause fault that ould attempt to re-translate or re-obtain the ob ject. The A1 register oin ts to the curren con text. The con text con tains storage that could used to spill register alues if the con text faults, and migh also con tain orking alues. In the example, the futures are constructed in the con text (and th us the name ontext-futur CFUT ). This example illustrates some imp ortan researc questions related to the e�ciency of this mo del of computation: 21

MODULE OBJ:function.Size_Of_Tree_2 DC Copyable|class_Function Identify properties of object DC {OBJ:function.Size_Of_Tree_2} Store own ID inside object ;; Incoming: A1 points to the context ;; A3 points to the message START: MOVE [2,A3],R3 Get the pair’s object ID XLATE R3,A2 Find the pair’s local addr MOVE [2,A2],R0 Get the object ID of LEFT CALL objectNode,R1 Find LEFT’s node -> R1 DC MSG:Apply_Selector Send message to LEFT to apply SEND2 R1,R0 the method specified by the DC {OBJ:Selector.Size_Of_Tree} selector for Size_Of_Tree. SEND R0 Includes our context ID SEND [2,A2] and continuation. MOVE 5,R0 SEND2E [1,A1],R0 WTAG R0,CFUT,R0 Make future for LEFT’s MOVE R0,[5,A1] result. MOVE [3,A2],R0 Do the same for RIGHT as to CALL objectNode,R1 LEFT. DC MSG:Apply_Selector SEND2 R1,R0 DC {OBJ:Selector.Size_Of_Tree} SEND R0 SEND [3,A2] MOVE 6,R0 SEND2E [1,A1],R0 WTAG R0,CFUT,R0 MOVE R0,[6,A1] MOVE [6,A1],R2 Do the sum. ADD R2,[5,A1],R1 MOVE [3,A3],R3 Get the continuation for BNIL R3,^L001 this context. Reply if DC MSG:Reply non-nil. SEND2 R3,R0 SEND R3 SEND2E [4,A3],R1 L001: SUSPEND END Figure 23: Compiled co de for the size-of-tree function for ob jects of class pair 22

When is it etter to spa wn pro cesses nonlo cally rather than lo cally? This is probably strong function of the amoun of asso ciated erhead. The MDP arc hitecture attempts to reduce this erhead, but algorithms for making this tradeo� at compile and run time still need to dev elop ed and ev aluated. Ho should ob jects placed on the mac hine, and ho should they migrate in order to reduce the erhead of comm unication? In some cases, the amoun of parallelism gro ws to uc larger than the mac hine can handle. need to study ho can e�ectiv ely and automatically throttle the parallelism eing created when the mac hine is saturated. These issues, and others related to the e�ciency of programming �ne-grained parallel pro cessors, are discussed in more detail in 18 ]. Data o Implemen tation: Id 21 is functional programming language originally designed for data o arc hitectures. An Id program can con erted in to data o graph, in whic op erators are represen ted no des and dep endencies arcs. Originally these data o graphs ere executed directly on sp ecialized data o mac hines; more recen tly researc hers ha egun compiling data o graphs to run on general-purp ose parallel mac hines[ ]. Data o programs are ell-suited to large parallel computers, ecause the abundance of �ne-grained tasks, eac of whic can as small as single data o op erator, mak es it easy to mask comm unication latency with task switc hes. Con- ersely the J-mac hine’s �ne-grained mec hanisms mak it an excellen target for data o programs. ha exp erimen ted with sev eral metho ds of executing data o programs on the J-mac hine 25 ]. The simplest of the systems translates eac no de of the data o graph in to sequence of MDP instructions. data o no de with inputs tak es 20 MDP instructions to sim ulate, i.e., to store the �rst data alue, matc it with the second alue when it arriv es, erform the data o op eration, and send the resulting alue to destinations. This mak es use of the CFUT tag and fault handler. more e�cien approac is to increase the gran ularit eac task in order to reduce sc heduling erhead. are curren tly building system on top of the Berk eley AM pro ject[ that addresses the ine�ciencies of our earlier systems. Concluding Remarks The MDP has een built to demonstrate the utilit of general-purp ose comm unication, sync hroniza- tion and naming mec hanisms in ulticomputer building blo k. Its mec hanisms ha een sho wn to e�cien tly supp ort data o 25 and ob ject-orien ted programming 18 mo dels using shared address space. Our studies ha sho wn that the use of few simple mec hanisms pro vides orders of magnitude lo er comm unication and sync hronization erhead than is ossible with ulticomput- ers built from o�-the-shelf micropro cessors. Comm unication and sync hronization erformance is comp etitiv with pro cessing no des sp ecialized to single mo del of computation suc as iW ARP (systolic) or the ransputer (CSP). Computers built from �ne-grain pro cessing no des, suc as the MDP consisting of small but erful pro cessor and small amoun of memory are more cost-e�ectiv than those built from few er coarse-grain no des. Fine-grain no des ha larger fraction of their silicon area dev oted to pro cessing and ha higher arithmetic, memory and comm unication bandwidth er unit cost. Large scale parallel mac hines built from �ne-grained pro cessors ha larger total amoun of memory within giv en latency of pro cessor. An e�cien net ork design pro vides global memory latency and bandwidth comp etitiv with coarse grain mac hines. The MDP is comp onen for building scalable computer systems. It is useful in con�gurations ranging from one no de to 64K no des. 128-no de Jellyb ean mac hine (J-Mac hine) is curren tly 23 op erational and resources are in place to build sev eral more mac hines, including 1024-no de system at MIT and mac hines at um er of other researc institutions. The MDP pro ject has demonstrated the feasibilit of building exp erimen tal computer systems with limited resources. By concen trating on the no el mec hanisms of the MDP and eeping the design simple and mo dest in other resp ects ere able to complete the design of the hip, its system lev el hardw are, and sev eral programming systems with handful 8) of graduate studen ts and engineers in 2.5 ears. With the MDP ha egun exploring mec hanisms for parallel computers. Muc ork remains to done to tune the MDP’s mec hanisms and compare them to alternativ es. The demands of parallel soft are that driv these mec hanisms are ery di�eren from the demands placed on sequen tial computers. The design of mec hanisms for parallel computers is particularly hallenging ecause there are no ell established parallel enc hmarks and most parallel programs are ery biased the mec hanisms (or lac thereof of the mac hines for whic they ere initially written. Our soft are studies ha suggested impro emen ts that could made to the MDP More registers, as ell as etter mapping mec hanisms ould useful. The curren implemen tation is ery conserv ativ e, so there are certainly opp ortunities for streamlining the implemen tation, decreasing the cycle time and um er of clo ks er instruction. commercial custom VLSI pro duct based on the arc hitectural mec hanisms in the MDP is ery plausible. As tec hnology scales, it ecomes feasible to put man erful pro cessing units on single hip. An in teresting direction for further researc is to extend the MDP mec hanisms to con trol in tra-no de as ell as in ter-no de concurrency This is the approac tak en in the MIT M-Mac hine pro ject, curren tly in its early phase, whic emplo ys pro cessor coupling mec hanism to allo lo cal pro cessors to in teract with single-cycle latency Ac kno wledgmen ts Andrew Chien, aldemar Horw at, and D. Scott Wills help ed dev elop the MDP arc hitecture. Scott urman, Shaun Kaneshiro, Ellen Sp ertus, Brian ott and Deb orah allac ere instrumen tal in dev eloping the J-Mac hine system soft are. Salim Ahmed, aul Carric k, Stev Lear, ed Nguy en and Mark estric of In tel Corp oration pro vided engineering and managemen supp ort. Discussions with Ch uc Seitz, Stev ard, Anan Agarw al, and om Knigh ere helpful during the early stages of the J-Mac hine pro ject. thank Lisa Sardegna for her help preparing this man uscript. R. Lethin is supp orted fello wship from the John and annie Hertz oundation. The researc describ ed in this pap er as supp orted in part the Defense Adv anced Researc Pro jects Agency under con tracts N00014-88K-0738 and N00014-91-J-1698, in part National Science oundation Presiden tial oung In estigator Aw ard, gran MIP-8657531, with matc hing funds from General Electric Corp oration, IBM Corp oration and T&T Corp oration, and in part assistance from In tel Corp oration. References [1] Gul Agha. Actors: Mo del of Concurren Computation in Distributed Systems. ec hnical Rep ort 844, Massac usetts Institute of ec hnology Arti�cial In telligence Lab oratory Cam bridge, MA 02139, 1985. [2] Ametek Computer Researc Division. Series 2010 Pr duct Description 1987. [3] Ram une Arlausk as. iPSC/2 System: Second Generation Hyp ercub e. In Thir Confer enc on Hy- er cub Concurr ent Computers and Applic ations pages 33{36. CM, 1988. [4] William C. thas and Charles L. Seitz. Multicomputers. ec hnical Rep ort 5244:TR:87, Computer Science Dept., Caltec h, asadena, CA 91125, 1987. 24

[5] William C. thas and Charles L. Seitz. Multicomputers: Message-P assing Concurren Computers. Computer 21(8):9 24, August 1988. [6] Iann Barron, eter Ca vill, Da vid Ma and ete Wilson. ransputer Do es Fiv or More MIPS Ev en When Not Used in arallel. Ele ctr onics pages 109{115, No em er 1983. [7] Shekhar Bork ar et al. iW ARP: An In tegrated Solution to High-Sp eed arallel Computing. In Pr d- ings of the Sup er omputing Confer enc pages 330{338. IEEE, No em er 1988. [8] W.C. Bran tley K.P McAuli�e, and J. eiss. RP3 Pro cessor-Memory Elemen t. IEEE ansactions on Computers pages 782{789, 1985. [9] Da vid E. Culler, An urag Sah, Klaus Erik Shauser, Thorsten on Eic en, and John wrzynek. Fine- Grain arallelism with Minimal Hardw are Supp ort: Compiler-Con trolled Threaded Abstract Ma- hine. In Pr dings of the ourth International Confer enc on chite ctur al Supp ort for Pr gr amming anguages and Op er ating Systems pages 164{175, 1991. [10] William J. Dally erformance Analysis of k-ary n-cub In terconnection Net orks. IEEE ansactions on Computers 39(6), June 1990. [11] William J. Dally et al. Arc hitecture of Message-Driv en Pro cessor. In Pr dings of the 14th Inter- national Symp osium on Computer chite ctur pages 189{205. IEEE, Computer So ciet Press, June 1987. [12] William J. Dally and Charles L. Seitz. The orus Routing Chip. Distribute Computing 1:187{196, 1986. [13] William J. Dally and Charles L. Seitz. Deadlo ree Message Routing in Multipro cessor In terconnec- tion Net orks. IEEE ansactions on Computers C-36(5):547{53, Ma 1987. [14] William J. Dally and aul Song. Design of Self-Timed VLSI Multicomputer Comm unication Con- troller. In Pr dings of the International Confer enc on Computer Design pages 230{234. IEEE, Computer So ciet Press, Octob er 1987. [15] William J. Dally D. Scott Wills, and Ric hard Lethin. Mec hanisms for arallel Computing. In Pr o- dings of the NA TO dvanc Study Institute on "Par al lel Computing on Distribute Memory Mut- lipr essors" Springer, 1991. [16] Allan Gottlieb, Ralph Grishman, Clyde Krusk al, Kevin McAuli�e, Larry Rudolph, and Marc Snir. The NYU Ultracomputer Designing MIMD Shared Memory arallel Computer. IEEE ansactions on Computers c-32(2):175{189, ebruary 1983. [17] W. Daniel Hillis and Guy L. Steele. Data arallel Algorithms. Communic ations of the CM 29(12):1170{1183, 1986. [18] aldemar Horw at. Concurren Smalltalk on the Message-Driv en Pro cessor. Master’s thesis, MIT, Ma 1989. [19] BBN Adv anced Computers Incorp orated. Butter y arallel Pro cessor Ov erview. BBN Rep ort No. 6148, Marc h. 1986. [20] C. Lutz et al. Design of the Mosaic Elemen t. In Pr c. MIT Confer enc on dvanc ese ar ch in VLSI pages 1{10. Artec Bo oks, 1984. [21] Rishiyur S. Nikhil. ID ersion 88.1 Reference Man ual. ec hnical Rep ort 284, Computation Structure Group, MIT, Cam bridge, MA 02138, 1988. [22] Mic hael Noak es and William J. Dally System Design of the J-Mac hine. In William J. Dally editor, Sixth MIT Confer enc of dvanc ese ar ch in VLSI pages 179{194, Cam bridge, MA 02139, 1990. The MIT Press. [23] eter R. Nuth. Router Proto col. MIT Concurren VLSI Arc hitecture Group In ternal Memo 23, 1990. [24] John F. almer. The NCUBE amily of arallel Sup ercomputers. In Pr c. IEEE International Con- fer enc on Computer Design page 107. IEEE, 1986. [25] Ellen Sp ertus and William J. Dally Exp erimen ts with Data o on General-Purp ose arallel Com- puter. In Pr dings of International Confer enc on Par al lel Pr essing pages I231{I I235, Aug 1991. [26] Arth ur H. een. Data o Mac hine Arc hitecture. CM Computing Surveys 18(4):365{396, Decem er 1986. [27] en-Ch ung ew, Nian-F eng Tzeng, and Duncan H. La wrie. Distributing Hot-Sp ot Addressing in Large-Scale Multipro cessors. IEEE ansactions on Computers C-36(4):388{395, April 1987. 25