The era Computer System Rob ert Alv erson Da vid Callahan Daniel Cummings Brian Koblenz Allan orter�eld Burton Smith era Computer Compan Seattle, ashington USA In tro duction The era arc hitecture as designed with sev eral ma- jor goals in mind. First, it needed to suitable for ery high sp eed implemen tations, i. e. admit short clo erio and scalable to man pro cessors. This goal will ac hiev ed; maxim um con�guration of the �rst implemen tation of the arc hitecture will ha 256 pro cessors, 512 memory units, 256 I/O cac he units, 256 I/O pro cessors, and 4096 in terconnection net ork no des and clo erio less than nanoseconds. The ab- stract arc hitecture is scalable essen tially without limit (although particular implemen tation is not, of course). The only requiremen is that the um er of instruction streams increase more rapidly than the um er of ph ys- ical pro cessors. Although this means that sp eedup is sublinear in the um er of instruction streams, it can still increase linearly with the um er of ph ysical pro- cessors. The price/p erformance ratio of the system is unmatc hed, and puts era’s high erformance within economic reac h. Second, it as imp ortan that the arc hitecture ap- plicable to wide sp ectrum of problems. Programs that do not ectorize ell, erhaps ecause of pre- onderance of scalar op erations or to o-frequen condi- tional branc hes, will execute e�cien tly as long as there is su�cien parallelism to eep the pro cessors busy Vir- tually an parallelism ailable in the total computa- tional orkload can turned in to sp eed, from op er- ation lev el parallelism within program basic blo ks to ultiuser time- and space-sharing. The arc hitecture This researc as supp orted the United States Defense Ad- anced Researc Pro jects Agency under Con tract MD A972-89-C- 0002. The views and conclusions con tained in this do cumen are those of era Computer Compan and should not in terpreted as represen ting the o�cial olicies, either expressed or implied, of ARP or the U. S. Go ernmen t. ev en has strong supp ort for implemen ting non-n umeric languages lik Lisp and Prolog and highly applicativ languages lik Sisal and Id. third goal as ease of compiler implemen tation. Al- though the instruction set do es ha few un usual fea- tures, these do not seem to ose unduly hard problems for the co de generator. There are no register or memory addressing constrain ts and only three addressing mo des. Condition co de setting is consisten and orthogonal. Al- though the ric hness of the instruction set often allo ws sev eral ys to do something, the ariation in their rela- tiv costs as the execution en vironmen hanges tends to small. Because the arc hitecture ermits the free ex- hange of spatial and temp oral lo calit for parallelism, highly optimizing compiler ma ork hard impro v- ing lo calit and trade the parallelism thereb sa ed for more sp eed. On the other hand, if there is su�cien parallelism the compiler has relativ ely easy job. The era arc hitecture is deriv ed from that of Horizon 10 ]; although they are highly similar ultistream MIMD systems, there are man signi�can di�erences et een the designs. In terconnection Net ork The in terconnection net ork is three-dimensional mesh of pip elined pac et-switc hing no des, eac of whic is link ed to some of its neigh ors. Eac link can trans- ort pac et con taining source and destination ad- dresses, an op eration, and 64 data bits in oth direc- tions sim ultaneously on ev ery clo tic k. Some of the no des are also link ed to esour es i. e. pro cessors, data memory units, I/O pro cessors, and I/O cac he units. In- stead of lo cating the pro cessors on one side of the net- ork and memories on the other (in what Rob ert Keller has called \dancehall" con�guration[ ]), the resources are distributed more-or-less uniformly throughout the net ork. This ermits data to placed in memory units near the appropriate pro cessor when that is ossi- ble and otherwise generally maximizes the distance e- een ossibly in terfering resources. The in terconnection net ork of 256 pro cessor era system con tains 4096 no des arranged in 16x16x16 toroidal mesh; that is, the mesh \wraps around" in all three dimensions. Of the 4096 no des, 1280 are attac hed to the resources comprising 256 pro cessors, 512 data memory units, 256 I/O cac he units and 256 I/O pro ces- sors. The 2816 remaining no des do not ha resources attac hed but still pro vide message bandwidth. in- crease no de erformance, some of the links are missing. If the three directions are named X, Y, and Z, then X-links and Y-links are missing on alternate la ers. This reduces the no de degree from to 4, or from to coun ting the resource link. In spite of its missing links, the bandwidth of the net ork is ery high. An plane bisecting the net ork crosses at least 256 links, giving the net ork data bi- section bandwidth of one 64-bit data ord er pro cessor er tic in eac direction. This bandwidth is needed to supp ort shared memory addressing in the ev en all 256 pro cessors are addressing memory on the other side of some bisecting plane sim ultaneously As the era arc hitecture scales to larger um ers of pro cessors the um er of net ork no des gro ws as rather than the log asso ciated with the more com- monly used ultistage net orks. or example, 1024- pro cessor system ould ha 32,768 no des. The reason for the erhead er pro cessor of instead of log stems from the fact that the system is sp eed-of-ligh limited. One can argue that memory latency is fully mask ed parallelism only when the um er of mes- sages eing routed the net ork is at least where is the (round-trip) latency Since messages ccup olume, the net ork ust ha olume prop ortional to since the sp eed of ligh is �nite, the olume is also prop ortional to and therefore is prop ortional to rather than log ). Memory full-sized system con tains 512 data memory units of 128 megab ytes eac h. Memory is yte-addressable, and is organized in 64-bit ords. our additional ac ess state bits, more fully describ ed in section 5, are asso- ciated with eac ord. Data and access state are eac equipp ed with separate set of single error correcting, double error detecting co de bits. Data addresses are randomized in the pro cessors using sc heme similar to that dev elop ed for the RP3[ ]. The randomization is excellen for oiding memory bank hotsp ots and net- ork congestion, but mak es it di�cult to exploit mem- ory lo calit using nearb memory units. In the era system, the randomization is com bined with another notion called distribution The pro cessor data segmen map has distribution factor asso ciated with eac seg- men en try Consecutiv virtual addresses in segmen can distributed among all 512 data memory units, single unit, or an er of in et een. Disk sp eeds ha not ept pace with adv ances in pro- cessor and memory erformance in recen ears. The only curren tly reasonable solution to this problem is to lo er the lev el of disks in the memory hierarc plac- ing large semiconductor memory et een the disks and data memory In fully con�gured era system, the 70 gigab yte er second sustained bandwidth needed et een secondary storage and data memory is supplied 256 I/O cac he units comprising directly address- able memory of 256 gigab ytes. The I/O cac he units are functionally iden tical to data memory The only di�erence is that their latency is higher ecause their memory hips are slo er (but denser). The fact that I/O cac he has all of the attributes of main memory mak es it ossible to map I/O bu�ers directly in to the address spaces of the application pro- grams that access them. This is used to oid cop ying remapping segmen ts. pro cessor fetc hes instructions through sp ecial path to neigh oring I/O cac he unit. This oids net- ork tra�c and net ork latency but requires one cop of program made for ev ery pro cessor it is to run on. Pro cessors Eac pro cessor in era computer can execute ultiple instruction streams sim ultaneously In the curren im- plemen tation, as few as one or as man as 128 program coun ters ma activ at once. On ev ery tic of the clo k, the pro cessor logic selects stream that is ready to execute and allo ws it to issue its next instruction. Since instruction in terpretation is completely pip elined the pro cessor and the net ork and memories as ell, new instruction from di�eren stream ma issued in eac tic without in terfering with its predeces- sors. When an instruction �nishes, the stream to whic it elongs thereb ecomes ready to execute the next instruction. As long as there are enough instruction streams in the pro cessor so that the erage instruction latency is �lled with instructions from other streams, the pro cessor is eing fully utilized. Th us, it is only necessary to ha enough streams to hide the exp ected latency (p erhaps 70 tic ks on erage); once latency is hidden the pro cessor is running at eak erformance and additional streams do not sp eed the result. If stream ere not allo ed to issue its next instruc- tion un til the previous instruction completed then ap- pro ximately 70 di�eren streams ould required on eac pro cessor to hide the exp ected latency The lo ok a- head describ ed in section 4.3 allo ws streams to issue ultiple instructions in parallel, thereb reducing the um er of streams needed to ac hiev eak erformance. 4.1 Stream State Eac stream has the follo wing state asso ciated with it: 64-bit Stream Status ord (SSW) 32 64-bit General Registers (R0-R31) 64-bit arget Registers (T0-T7) Con text switc hing is so rapid that the pro cessor has no time to sw ap the pro cessor-residen stream state. In- stead, it has 128 of ev erything, i. e. 128 SSW’s, 4096 general registers, and 1024 target registers. It is appro- priate to compare these registers in oth quan tit and function to ector registers or ords of cac he in other arc hitectures. In all three cases, the ob jectiv is to im- pro lo calit and oid reloading data. Program addresses are 32 bits long. Eac stream’s curren program coun ter is lo cated in the lo half of its SSW. The upp er half describ es arious mo des e. g. oating oin rounding, lo ok ahead disable), the trap disable mask e. g. data alignmen t, oating er o w), and the four most recen tly generated condition co des. Most op erations ha TEST arian whic emits condition co de, and branc op erations can examine an subset of the last four condition co des emitted and branc appropriately Also asso ciated with eac stream are 32 64-bit general registers. Register R0 is sp ecial in that it reads as 0, and output to it is discarded. Otherwise, all general registers are iden tical. The target registers are used as branc targets. The format of the target registers is iden tical to that of the SSW, though most con trol transfer op erations only use the lo 32 bits to determine new PC. Separating the determination of the branc target address from the de- cision to branc allo ws the hardw are to prefetc instruc- tions at the branc targets, th us oiding dela when the branc decision is made. Using target registers also mak es branc op erations smaller, resulting in tigh ter lo ops. There are also skip op erations, whic ob viate the need to set targets for short forw ard branc hes. One target register T0 oin ts to the trap handler, whic is nominally an unprivileged program. When trap ccurs, the e�ect is as if coroutine call to T0 had een executed. This mak es trap handling extremely ligh eigh and indep enden of the op erating system. rap handlers can hanged the user to ac hiev sp eci�c trap capabilities and priorities without loss of e�ciency 4.2 Horizon tal Instructions Pro cessor e�ectiv eness, the utilization of the instruction in terpretation resources, has alw ys een constrained the di�cult of issuing more than one instruction er tic k. This di�cult has ecome kno wn as the Flynn Bottlenec k[ ]. ector instructions sidestep this di�- cult in part, but are not able to handle frequen condi- tional branc hes or heterogeneous scalar op erations ell. Pro cessors with horizon tal instructions, extreme exam- ples of whic are sometimes called ery Long Instruc- tion ord (VLIW) arc hitectures, o�er go alterna- tiv to ector instructions. In horizon tal instruction, sev eral op erations are sp eci�ed together. Memory op- erations are usually simple loads and stores, and the others are o- or three-address register-to-register op- erations. If the erall arc hitecture and organization are capable of ac hieving one instruction er tic k, then ev ery functional unit men tioned in the instruction is ell-used. If the instructions are only mo derately long, branc hes can su�cien tly frequen t. era instructions are mildly horizon tal. They ypi- cally sp ecify three op erations: memory reference op- eration lik UNS LOADB (yte), an arithmetic op eration lik FLOAT ADD MUL (tiply), and con trol op eration lik JUMP The con trol op eration can also second arith- metic op eration, FLOAT ADD or erhaps an INTEGER ADD used in an address computation. ectorizable lo ops can pro cessed at nominal ector rates (one op er tic k) using only horizon tal instructions with these three kinds of op erations. Matrix-v ector ultiplication at- tains nearly ops er tic via the same tec hnique used for its e�cien ectorization. 4.3 Explicit-Dep endence Lo ok ahead If there are enough streams executing on eac pro cessor to hide the erage latency (ab out 70 tic ks) then the ma- hine is running at eak erformance. Ho ev er, if eac stream can execute some of its instructions in parallel e. g. successiv loads) then few er streams and parallel activities are required to ac hiev eak erformance. The ob vious solution to this problem is to in tro duce instruction lo ok ahead; the only di�cult is con trolling it. The traditional register reserv ation approac re- quires far to uc scoreb oard bandwidth in this kind of arc hitecture. Either ulti-streaming or horizon tal instructions alone ould preclude scoreb oarding. The traditional alternativ e, exp osing the pip eline, is also impractical ecause ulti-streaming and unpredictable memory op eration latency mak it imp ossible to gener- ate co de that is oth e�cien and safe. The era arc hitecture uses new tec hnique called explicit-dep endence lo ok ahead. The idea is quite sim- ple: eac instruction con tains three bit lo ok ahead �eld that explicitly sp eci�es ho man instructions from this stream will issue efore encoun tering an instruction that dep ends on the curren one. Since sev en is the maxim um ossible lo ok ahead alue, at most eigh instructions and en y-four op erations can concurren tly executing from eac stream. stream is ready to issue new instruction when all instructions with lo ok ahead alues referring to the new instruction ha completed. Th us, if eac stream main tains lo ok ahead of sev en then nine streams are needed to hide 72 tic ks of latency Lo ok ahead across one or more branc op erations is handled sp ecifying the minim um of all distances in- olv ed. The arian branc op erations JUMP OFTEN and JUMP SELDOM for high- and lo w-probabilit branc hes re- sp ectiv ely facilitate optimization pro viding barrier to lo ok ahead along the less lik ely path. There are also SKIP OFTEN and SKIP SELDOM op erations. The erall approac is philosophically similar to exp osed-pip eline lo ok ahead except that the quan ta are instructions, not tic ks. 4.4 Protection Domains Eac pro cessor supp orts as man as 16 activ protection domains that de�ne the program memory data mem- ory and um er of streams allo cated to the computa- tions using that pro cessor. Eac executing stream is assigned to protection domain, but whic domain (or whic pro cessor, for that matter) is not kno wn to the user program. In this sense, protection domain is virtual pro cessor and ma mo ed from one ph ysical pro cessor to another. The protection domains share single 64K data seg- men map and 16K program page map. Eac pro- tection domain has pairs of map base and limit registers that describ the region of eac map ailable to it. The upp er 2048 data segmen ts and 1024 program pages are not relo cated the map bases, and are used the op erating system. An activ protection domain can use all of either or oth maps. The map en tries con- tain the ph ysical address; the lev els of privilege needed to read, write, or execute the segmen or page; whether the segmen or page as read, written, or executed, as appropriate; and the distribution (for the data map). The um er of streams ailable to program is reg- ulated three quan tities slim scur and sres asso- ciated with eac protection domain. The curren um- er of streams executing in the protection domain is recorded scur it is incremen ted when stream is created and decremen ted when stream quits. create can only succeed when the incremen ted scur do es not exceed sres the um er of streams reserv ed in the pro- tection domain. The op erations for reserving streams are unprivileged, and allo sev eral streams to re- serv ed or released sim ultaneously The stream limit slim is the op erating system limit on the um er of streams the protection domain can reserv e. When stream executes CREATE op eration to create new stream it incremen ts scur generates the initial SSW for the stream using one of its wn target registers, copies the trap target T0 from its wn T0 register, and loads three registers in the new stream from its wn general purp ose registers. The newly created stream can quic kly egin executing useful ork in co op eration with its creator as long as signi�can storage allo ca- tion is unnecessary The QUIT op eration terminates the stream that executes it, and decremen ts oth sres and scur The QUIT PRESERVE op eration only decremen ts scur thereb giving up stream without surrendering its reserv ation. Eac protection domain has etry limit that deter- mines ho man times memory reference can fail in testing lo cation’s full/empt bit (see section 5) efore it will trap. If sync hronization is not satis�ed for long time, then ossibly hea vier eigh mec hanism that oids busy aiting should used to ait for the sync hronization. The retry limit should based on the amoun of trap pro cessing erhead, whic aries dep ending on the run-time en vironmen t. The trap han- dler th us can in ok the hea vier eigh mec hanism when appropriate. 4.5 Privilege Lev els The privilege lev els apply to eac stream indep enden tly There are four lev els of privilege: user, sup ervisor, er- nel, and IPL. IPL lev el op erates in absolute addressing mo de and is the highest privilege lev el. User, sup ervi- sor, and ernel lev els use the program and data maps for address translation, and represen increasing lev els of privilege. The data map en tries de�ne the minim um lev els needed to read and write eac segmen t, and the program map en tries de�ne the exact lev el needed to execute from eac page. The curren privilege lev el of stream is stored as part of the privileged stream state and is not ailable to user-lev el stream. Tw hardw are op erations are pro vided to allo an executing stream to hange its privilege lev el. The (LEVEL ENTER lev op eration sets the curren privilege lev el to the instruction map lev el if the curren lev el is equal to lev The LEVEL ENTER op eration is lo cated at ev ery en try oin that can accept call from di�eren privilege lev el. trap ccurs if the curren lev el is not equal to lev The (LEVEL RETURN lev op eration is used to return to the original privilege lev el. trap ccurs if lev is greater than the curren privilege lev el. 4.6 Exceptions Exceptional conditions can ccur in ys. First, an instruction ma not executed due to insu�cien privilege, as with LEVEL RETURN whic attempts to raise the privilege lev el. This yp of exception is quite easy to handle. More commonly exceptions ccur while executing instructions. With lo ok ahead, further instruc- tions ma already executing and erwriting registers whic ould needed to restart instructions. Rather than eep shado copies of registers to suport rollbac k, the era arc hitecture de�nes certain ex- ceptions as side e�ect of instruction ompletion In this mo del, exceptions are guaran teed to signaled efore they are needed, as indicated the lo ok ahead �eld. Th us, if instruction dep ends on instruction i, all ossible exceptions during the execution of instruction will signaled efore instruction egins execution. supp ort diagnosis and reco ery certain state ust ailable to the trap handler. trap can caused an of the three op erations in an instruction. or eac of the (at most eigh t) memory op erations that trapp ed, the pro cessor pro vides the trap handler with the trap reason and enough state to allo the op eration to retried e. g. for demand paged virtual memory). or arithmetic traps caused the arithmetic op er- ations no state is automatically pro vided to the trap handler. The decision to preserv op erand alues for ossible use the trap handler is made the compiler. While the lo ok ahead �eld normally only guards true de- endence for registers, op erand alues ma preserv ed limiting lo ok ahead to guard an tidep endence as ell. agged Memory Eac memory lo cation in the era computer system is equipp ed with four access state bits in addition to 64- bit alue. These access state bits allo the hardw are to implemen sev eral useful mo di�cations to the usual seman tics of memory reference. The data trap bits generate application-sp eci�c ligh eigh traps, the for- ard bit implemen ts in visible indirect addressing, and the full/empt bit is used for ligh eigh sync hroniza- tion. The in uence of these access state bits can suppressed corresp onding set of bits in the oin ter alue used to access the memory The trap bits in the access state are indep enden of eac other and are ailable for use the language implemen ter. If trap bit is set in lo cation and the corresp onding trap disable bit in the oin ter is clear, trap will ccur. Uses for the trap bits include data breakp oin ts, demand-driv en ev aluation, run-time yp exception signaling, implemen tation of \activ e" memory ob jects, and ev en stac limit hec king. The forw ard bit implemen ts kind of \in visible indi- rection". Unlik normal indirection, forw arding is con- trolled oth the oin ter and the lo cation oin ted to. If the forw ard bit is set in the memory lo cation and for- arding is not disabled in the oin ter, the alue found in the lo cation is to in terpreted as oin ter to the tar- get of the memory reference rather than the target itself. Dereferencing will con tin ue un til the oin ter either dis- ables forw arding or disco ers that the addressed lo cation has its forw ard bit reset. The primary use of forw arding is for on-the- y mo di�cation of address-lo cation bind- ings, for example in concurren storage reclamation in- olving the cop ying of liv structures from one space to another. The full/empt bit con trols the sync hronizing eha v- ior of memory references. Load and store op erations can optionally use the full/empt bit in the addressed memory ord setting bits in the access con trol �eld. The four alues for access con trol are sho wn elo w. alue LOAD STORE read regardless write regardless and set full reserv ed reserv ed ait for full ait for full and lea full and lea full ait for full ait for empt and set empt and set full When access con trol is 2, loads and stores ait for the memory cell to full efore pro ceeding. In this con text, it is sometimes useful to think of the full state as meaning \a ailable" and the empt state as meaning \una ailable". The reading or writing of an part of an ob ject is con enien tly prev en ted marking that part of it \una ailable". The access con trol alue of causes loads to treated as \consume" op erations and stores as \pro duce" op erations. load aits for full and then sets empt as it reads, and store aits for empt and then sets full as it writes. forw arded lo cation that is not disabled and that has its full/empt bit set to empt is treated as \una ailable" un til it �lls again, irresp ectiv of access con trol. Additional op erations exist to fetc the access state of giv en memory lo cation or to set the access state for giv en lo cation. Although the full/empt bit pro vides fast of implemen ting arbitrary indivisible memory op erations, the need for extremely brief utual exclusion during \in teger add to memory" is so imp ortan for sc heduling applications that this function is done en tirely within eac memory unit single op eration, FETCH ADD This is the Ultracomputer fetc h-and-add op eration[ ], and di�ers from it only in that the net ork hardw are do es not com bine fetc h-and-add op erations to the same memory lo cation. Arithmetic The umeric data yp es directly supp orted the era arc hitecture include: 64 bit os complemen in tegers 64 bit unsigned in tegers 64 bit oating oin um ers 64 bit complex um ers Op erations on these yp es include addition, subtraction, ultiplication, con ersion, and comparison. Recipro ca- tion of unsigned and oating oin quan tities is pro vided for using Newton’s metho d. Other yp es are supp orted indirectly including: 8, 16, and 32 bit os complemen in tegers 8, 16, and 32 bit unsigned in tegers arbitrary length unsigned in tegers 32 bit oating oin um ers 128 bit \doubled precision" um ers The shorter in tegers are sign- or zero-extended to 64 bit quan tities as they are loaded from memory and trun- cated to the appropriate length as they are stored. The fundamen tal supp ort for arbitrary length in teger arith- metic is pro vided the op erations INTEGER ADD MUL UPPER ADD MUL and CARRY ADD TEST that together im- plemen 64 bit unsigned ultiply-add in appro xi- mately instructions. The 32 bit oating oin um ers are simply the real parts of the 64 bit complex yp with imaginary parts set to zero. The 128 bit \doubled precision" yp as oin ted out to us Kahan ]; it represen ts real um er as the unev aluated sum of 64 bit oating oin um ers and where is insigni�can with resp ect to and as near as ossible to Supp ort for this yp is pro vided FLOAT ADD LOWER whic (with FLOAT ADD implemen ts \doubled precision" addition in six instructions, and FLOAT MUL ADD whic rounds only once and is used to implemen \doubled precision" ultiplication in �v instructions. References [1] T. J. Dekk er. oating-p oin tec hnique for ex- tending the ailable precision. Numerische Math. 18:224{242, 1971. [2] M. Flynn. Some computer organizations and their e�ectiv eness. IEEE ansactions on Computers C-21(9):948{960, Septem er 1972. [3] A. Gottlieb, R. Grishman, C. Krusk al, K. McAuli�e, L. Rudolph, and M. Snir. The NYU Ul- tracomputer designing an MIMD shared memory parallel computer. IEEE ansactions on Comput- ers C-32(2):175{189, 1984. [4] W. Kahan. Doubled-precision IEEE standard 754 oating-p oin arithmetic. Unpublished man uscript, ebruary 1987. [5] R. M. Keller. Redi o w: prop osed arc hitecture for com bining reduction and data o w. In W83: Vi- suals Use at the 1983 Par al lel chite ctur Work- shop Univ ersit of Colorado, Boulder, 1983. [6] J. T. Kuehn and B. J. Smith. The Horizon su- ercomputer system: Arc hitecture and soft are. In Pr dings of Sup er omputing ’88 Orlando, Florida, No em er 1988. [7] S. Linnainmaa. Soft are for doubled-precision oating-p oin computations. CM ansactions on Mathematic al Softwar 7:272{283, 1981. [8] A. Norton and E. Melton. class of olean lin- ear transformations for con ict-free er-of-t stride access. In Pr dings of the 1987 Inter- national Confer enc on Par al lel Pr essing pages 247{254, August 1987. [9] rank Pittelli and Da vid Smitley Analysis of 3d torio dal net ork for sihared memory arc hi- tecture. In Pr dings of Sup er omputing ’88 Or- lando, Florida, No em er 1988. [10] M. R. Thistle and B. J. Smith. pro cessor arc hi- tecture for Horizon. In Pr dings of Sup er omput- ing ’88 pages 35{41, Orlando, Florida, No em er 1988.