Seventh International Confer enc e on Par al lel and Distribute d Computing and Systems, Oct. 19 { 21, 1995, Washington D.C. Design and Implemen tation of a Multiple-Instruction-Stream Multiple-Execution-Pip eline Arc hitecture Y amin Li and W anming Chu Computer Arc hitecture Lab oratory The Universit y of Aizu, 965-80 Japan Abstract This p ap er describ es a single chip Multiple- Instruction-Str e am Multiple-Exe cution-Pip eline (MIS- MEP) ar chite ctur e c ap able of impr oving pr o c essor thr oughput. The MIS-MEP ar chite ctur e uses multiple instruction disp atch/br anch units (slots) to disp atch in- structions fr om multiple instruction str e ams. Multi- ple de dic ate d exe cution pip elines ar e pr ovide d that ar e shar e d by these slots and instructions c an b e exe cute d on the pip elines in p ar al lel. The slot c an c ommunic ate and synchr onize with one another via queues and synchr o- nization r e gisters. Two examples show how to use the queues and synchr onization r e gisters. The MIS-MEP pr o c essor c an issue 3.945 and 1.633 instructions p er cy- cle in the two examples r esp e ctively. 1 In tro duction The pro cessor p erformance can b e measured by the execution time on some suitable work load. The execu- tion time of a program can b e expressed as the pro duct of three terms [1]: time = inst count � cy cl es per inst � time per cy cl e In order to maximize p erformance, a num ber of di�er- en t approaches hav e b een used to decrease this quan- tit y . CISC machines attempt to reduce the num b er of instructions required to complete a task. Most cur- ren t single-chip RISC pro cessors try to minimize the n um ber of cycles p er instruction (CPI) at the exp ense of an increase in the n um ber of instructions required. T o minimize the time p er cycle rely primarily on tec h- nological adv ances that inv olv e �nding new materials and techniques to mak e gates that switch faster. In this pap er, we introduce a m ultiple-instruction-stream m ultiple-execution-pipeline (MIS-MEP) pro cessor ar- c hitecture that can exploit the instruction lev el paral- lelism (ILP) a v ailable in a task so that the CPI term can b e reduced dramatically . Sev eral architectures ha v e b een developed for exploit- ing the ILP but the most commercially successful archi- tecture is the sup erscalar architectures [2], which exe- cute multiple indep endent instructions in parallel. The superscalar pro cessors issue and execute instructions from a single instruction stream. Sev eral studies hav e implied that the amount of instruction level parallelism a v ailable is b etw een tw o or three instructions. F or this reason, the most sup erscalar pro cessors can not fully use the multiple dedicated execution pip elines which are re- sponsible for executing corresp onding instructions. F or example, the MC88110 sup erscalar micropro cessor can issue only at most tw o instructions p er cycle although a set of ten di�erent execution units are provided [3]. The MIS-MEP architecture tries to execute multiple instructions from multiple instruction streams. Multi- ple instruction dispatch/branc h units (slots) fetch in- structions from multiple instruction streams and issue them to multiple dedicated execution pip elines. W e can consider that each slot makes up a logical pro cessor, a physical MIS-MEP pro cessor consists of multiple log- ical pro cessors, and the multiple dedicated execution pip elines are shared by these logical pro cessors. The pap er is organized as follows. Section 2 presents the MIS-MEP architecture. Section 3 analyzes the p er- formance p otential of MIS-MEP architecture. The �nal section concludes the pap er. 2 The MIS-MEP Architecture 2.1 The MIS-MEP Organization In the MIS-MEP architecture, m ultiple slots, multi- ple dedicated execution pip elines, and multiple register �les/queues are provided for executing multiple instruc- tions from multiple instruction streams in parallel. All the slots dispatch instructions on every clo ck cycle. In- structions are scheduled and issued to multiple dedi- cated execution pip elines for execution and results are written to register �les/queues. Figure 1 shows the MIS-MEP pro cessor architecture. Di�ering from a conv en tional pip elined pro cessor, the MIS-MEP architecture describ ed in this pap er consists of four instruction dispatch/branc h units (slots). Each slot has its own program counter, status register, and register �le/queue. A separate instruction cache is pro- vided for each of slots. On every clo ck cycle, up to four instructions can b e dispatched. Five execution pip elines (tw o ALU, a oating p oint adder, a oating p oint mul- tiplier, and a load/store unit) are provided for executing corresp onding instructions. The total 128 general regis- ters are pro vided for the four slots, each slot has 32 gen- eral registers. The 16 synchronization registers can b e accessed (read and write) by slots. The queues are used for data transmission b etw een the four slots. The MIS- MEP pro cessor instruction can fetch source op erands from queues and can also write the results to queues in addition to the general registers (see Figure 2). Dispatc hed instructions are scheduled by instruction sche duling units (ISUs). Eac h execution pip eline has a ISU. If there is neither resource con ict among four instructions (for example, at most one instruction ar- rived at ISU of an execution pip eline), nor instruc- tion dep endencies with previously issued instructions within a instruction stream, instructions are issued to 477

Figure 1: The MIS-MEP pro cessor arc hitecture Figure 2: The MIS-MEP pro cessor’s queue concept execution pip elines. The resource con icts o ccur when t w o or more instructions require the same class execu- tion pip elines while the amount of this class execution pipelines is less than the num ber of requirements. The ISU selects one instruction to issue to the execu- tion pip eline if dispatched instructions cause resource con icts. A simple instruction scheduling strategy , round r obin , is employ ed. A prioritized metho d may be used in our architecture at the cost of extra gates and the necessity of priority assignment b y user [4]. Av ailabilit y of source register op erands is c hec k ed b y using the sc or eb o ar d mechanism. If the scoreb oard bits of the source register op erands are cleared, a ready in- struction is found. Then the source op erands are read out from the correct register �le and destination regis- ter’s scoreb oard bit is set. The scoreb oard bit will b e cleared at the �nal clo ck cycle of execution stage. Thus the scoreb oard bits could preven t incorrect data from en tering into the pip eline. The source op erands can also b e read from queues. The Empty/F ul l mechanism is used for queue access. The ISU is provided with FIFO registers. Un- issued instructions will b e held in the FIFO, w aiting for scheduling in the follo wing clo ck cycle. The corre- sp onding slot is informed to stop fetching instruction in the following clo c k cycle. Because the next instruction to the un-issued instruction is b eing fetched b ecause of pip elined op eration, the depth of the FIFO must b e at least tw o. The total num b er of FIFO registers is 2 * 4 * 5, where 4 is the num ber of slots and 5 is the num ber of execution pip elines. The execution pip elines carry out the desired data op erations, and the results are written back into register �le/queues. An Un-Blo cking Inter c onne ction Network (UBIN) is needed b etw een the register �les/queues and the exe- cution pip elines. F rom the programmer’s p oint of view, this ph ysical MIS-MEP pro cessor is equal to four logical pro cessors. 2.2 The Pip eline Stages In our architecture mo del, each instruction pip eline comprises 4 stages: instruction fetch (IF), schedule and deco de (SD), execution (EX), and write back (WB). During the IF-stage, each slot may fetch one instruction from dedicated cache. The instruction fetching unit may receive a \ freeze fetching " signal from ISUs. In this case, the fetc hing op eration will b e frozen. Resource con ict and source op erand av ailabilit y will b e chec k ed in the SD-stage. As mentioned ab ov e, the pro cessor use the round robin strategy to schedule the instructions. If an instruction is not issued to execution pip eline, it will b e held in the tw o-w ord depth FIFO, and, the \ freeze fetching " signal will b e sent to the corre- sp onding instruction fetching unit. Op erands of selected instruction are read in SD-stage. The UBIN provides un-blo cking paths for transferring data from the register �les/queues to the execution pip elines. The desired data op erations are p erformed in the EX-stage. F or most in- structions, the execution stage takes one clo ck cycle, but others take more. The results are written back in to register �le/queues in the WR-stage. The UBIN also provides un-blo cking paths for transferring data from the result-registers to the register �les/queues. 2.3 The Instruction F ormat All instructions in MIS-MEP pro cessor are 32 bits in length, and are of four formats (see Figure 3). The format 0 instructions hav e tw o source op erand sp eci- �ers and a destination sp eci�er. The format 1 instruc- tions hav e a source op erand sp eci�er, a 12 bit signed constant, and a destination sp eci�er. The format 2 in- structions are bsr (branch to subroutine) instruction and bcnd (conditional branch) instruction, in which the displacement is a 24-bit signed word-o�set. The format 3 instruction is sethi (Set High Immediate) instruction in which the immediate is a 24-bit constant that will b e used to replace the high-order 24 bits of destination register, the low-order 8 bits will b e cleared. As can b e seen in Figure 3, a MIS-MEP pro cessor instruction uses 6 bits to sp ecify a source or destina- tion op erand. If the �rst bit is a 0, then the other 5 bits are used to address one of the general registers in the register �le. If the �rst bit is a 1 and second bit is a 0, then the other 4 bits are used to address one of the synchronization registers which are used for syn- chronization b etw een four instruction streams. If the �rst and second bits are b oth 1, then the last 2 bits are used to address one of the queues (refer to Figure 2). In the MIS-MEP pro cessor architecture, w e extend basic RISC instruction set to supp ort the initialization 478

Figure 3: The instruction format of the MIS-MEP pro- cessor of a new instruction stream and the synchronization of t w o instruction streams with following instructions. sfork - to create a new instruction stream, sjoin - to terminate an instruction stream, sbclr - synchronization bit clear, and sbset - synchronization bit set. The sfork and sjoin instructions are used to create and terminate an instruction stream. The sbclr and sbset are used to synchronize t w o instruction streams. Eac h bit of a synchronization register can b e used for this purp ose. 3 Analysis In order to analyze the p erformance p otential of the MIS-MEP arc hitecture, several small b enchmarks were hand compiled and optimized. Two examples hav e b een c hosen to show ho w to use the synchronization registers and queues and to illustrate the abilities of the MIS- MEP architecture. The �rst example is the Lawrence Livermore Lo ops. W e use the C source version of LLL #3 for purp oses of this analysis [5]: main() { float z[1000], x[1000], q; int k; q=0.0; for(k=0;k<1000;k++) q+=z[k]*x[k]; } The assemble co des for general-purp ose RISC pro- cessor are shown as following. add r2,r0,1000 ; k=1000, [r0] is zero. add r7,r0,r0 ; q=0.0 sethi r3,high(z) ; z high 24 bits base address sethi r4,high(x) ; x high 24 bits base address sethi r5,high(q) ; q high 24 bits address or r3,r3,low(z) ; z low 8 bits base address or r4,r4,low(x) ; x low 8 bits base address or r5,r5,low(q) ; q low 8 bits address @L100: ld r8,r3,0 ; load z[k] ld r9,r4,0 ; load x[k] add r3,r3,4 ; update index of z fmul r8,r9,r8 ; z[k]*x[k] subcc r2,r2,1 ; k=k-1 and set condition code add r4,r4,4 ; update index of x bgt @L100 ; if k>0,continue, delay branch fadd r7,r8,r7 ; q=q+z[k]*x[k], delay slot st r5,r7 ; store q W e use the extended instructions to create three new instruction streams. T ogether with original stream, there are four instruction streams and each p erforms one of fourth lo op op erations. In the lo op b o dies, four instruction streams were executed in fully parallel as shown in Figure 4. Note that the bgt was executed in the Instruction Dispatch/Branc h Unit. Consider the total p erformance (taking account of the other parts of instructions), we got a CPI rate of 0.253, i.e., 3.945 in- structions w ere allow ed to issue eac h clo ck cycle. Figure 4: The execution of lo op b o dy of example 1 The second example program is strcpy() function. Compare to the �rst example, this function has little parallelism due to the dep endency found in the lo op control v ariable. main() { char *str1="This is an example string", str2[26]; while (*str2++=*str1++); } The assemble co des for general-purp ose RISC pro- cessor are shown as following. sethi r2,high(str1) ; str1 high 24 bits address 479 sethi r3,high(str2) ; str2 high 24 bits address or r2,r2,low(str1) ; str1 low 8 bits address or r3,r3,low(str2) ; str2 low 8 bits address @L100: ldb r4,r2,0 ; load a character of str1 add r2,r2,1 ; update index of str1 subcc r0,r4,r0 ; determine if end stb r3,r4 ; store a character of str2 bgt @L100 ; if not, continue, delay br. add r3,r3,1 ; update index of str2 F our slots work in following manner. The slot 4 p er- forms destination address calculation. The calculated address is put into queue4 of slot 1 for store op eration. The slot 3 p erforms source address calculation and the calculated address is put into queue3 of slot 2 for load operation. The slot 2 is resp onsible for loading charac- ters of source string according to the addresses found in the queue3 and put the characters into queue2 of slot 1. The slot 1 is resp onsible for lo op con trol and store c haracter store. It gets the characters from queue2, and gets addresses from queue4 for store op eration. In the follo wing co de segments, w e use s1, s2, s3 , and s4 to refer to destination queues and use q1, q2, q3 , and q4 to refer to source queues. --------------------------------------------------- SLOT 1: ; loop control and char store --------------------------------------------------- sfork slot2,r2 ; create other three streams sfork slot3,r3 ; r2, r3, and r4 contain the sfork slot4,r4 ; start addresses of streams subcc r2,q2,r0 ; get char from q2, end? @L100: stb q4,r2 ; store char, q4: mem-adr bnz @L100 ; if not, continue, delay br. subcc r2,q2,r0 ; get char from q2, end? sjoin slot2 ; terminate the inst stream 2 sjoin slot3 ; terminate the inst stream 3 sjoin slot4 ; terminate the inst stream 4 --------------------------------------------------- SLOT 2: ; load characters --------------------------------------------------- @L100: ldb s1,q3 ; load char to s1, q3:mem-adr bra @L100 ; branch always nop ; no operation --------------------------------------------------- SLOT 3: ; source address calculation --------------------------------------------------- sethi r2,high(str1) ; str1 high 24 bits address or r2,r2,low(str1) ; str1 low 8 bits address @L100: mov s2,r2 ; send adr to s2 for load bra @L100 ; branch always add r2,r2,1 ; update adr of str1 (source) --------------------------------------------------- SLOT 4: ; dest address calculation --------------------------------------------------- sethi r2,high(str2) ; str2 high 24 bits address or r2,r2,low(str2) ; str2 low 8 bits address @L100: mov s1,r2 ; send adr to s1 for store bra @L100 ; branch always add r2,r2,1 ; update adr of str2 (dest) --------------------------------------------------- Figure 5: The execution of lo op b o dy of example 2 The four instruction streams’ execution sequences are shown in Figure 5. W e got a total CPI rate of 0.613, i,e, 1.633 instructions were allow ed to issue each clo ck cycle. Achieving a CPI rate of ab out 0.6 for this example is an excellen t result. 4 Conclusion Remarks In this pap er, we hav e describ ed the MIS-MEP arc hi- tecture designed to exploit instruction level parallelism. The MIS-MEP pro cessor features multiple instruction dispatch/branc h units sharing multiple dedicated exe- cution pip elines and communicating and synchronizing with one another via queues and synchronization reg- isters. A num ber of new instructions hav e b een devel- op ed for the multiple instruction streams’ managemen t. Two examples, one holds su�cient parallelism and the other displays little parallelism, hav e b een selected for showing the p erformance p otential of the MIS-MEP ar- chitecture. References [1] J. hennessy and D. Patterson, Computer Ar chite c- tur e, A Quantitative Appr o ach , Morgan Kaufmann Publishers, Inc., 1990 [2] M. Johnson, Sup ersc alar Micr opr o c essor Design , Prentice Hall, 1990. [3] K. Diefendor� and M. Allen,\Organization of the Motorola 88110 Sup erscalar RISC Micropro ces- sor," in IEEE MICRO , April 1992. [4] S. Fiske and W. dally , \Thread Prioritization: A Thread Scheduling Mechanism for Multiple- Context P arallel Pro cessors. in Pr o c. of the First IEEE Symp osium on High-Performanc e Computer Ar chite ctur e , Jan uary 1995. [5] G. Tyson, M. farrens, and A. Pleszkun, \MISC: A Multiple Instruction Stream Computer", in Pr o c. of the 25th annual International Symp osium on Mi- cr o ar chite ctur e , December 1992. 480