
Instrution Set ArhitetureIntrodution:Instrution Set:Interfae between software and hardwarevisible to programmerSteps to design Instrution Set for advaned om-puter:� what is the available alternatives� need to asses eah alternative� need quantative method� how does the ompiler a�et ISAMeasurments for evaluating ISA alternatives:� depend on program and ompiler� use benhmarks (SPEC)� Using dynami measurmentsnumber of times eah events oursN. Mekhiel



Instrution Set Classi�ation Classi�ation basedon Internal storage of operands in CPU:� Stak:Operands aessed from the top of stak0 AddressExample: push A; Mem(SP)=A, SP+1� AumulatorOne operand is impliitly the Aumulator1 AddressExample: ADD B; A=A + Mem(B)� set of RegistersOperands are in registers2 AddressExample: ADD R1, R2 ; R1= R1 + R23 AddressADD R1, R2, R3 ; R1= R2 + R3N. Mekhiel



Example to Compare Di�erent ISAC=A+B;� StakPUSH A;PUSH B;ADDPOP CDisadvantages: Top of the stak is a bottle-nek� AumulatorLDA A; A=AADD B ; A=A+BSTA C ; C= A+BDisadvantage: Memory traÆ� General Purpose Registers "GPR"LW R1, A ; R1=ALW R2, B ; R2=BADD R3, R1, R2 ; R3=A+BSW C, R3 ; C=A+BDisadvantage: ost of registersN. Mekhiel



Advantages of Using GPR� Registers are faster than memory� Easier for Compiler to UseExample: A.B - C.D - E.F Could be evaluatedin any order (redue pipeline hazards) om-pared to stak that must exeute insyrutionsin order� Registers hold variables and redue memorytraÆ, redue ode densityTypes of GPR Arhitetures:
� ALU operations with TWO OPERANDSADD R1, R2ALU operations with THREE OPERANDSADD R1, R2, R3N. Mekhiel



� Memory Addresses in ALU instrutions:{ 0 memory operands (LOAD/STORE)ADD R1, R2, R3Advantages: Smple, �xed length instru-tions are faster to enode, simple ode gen-eration, instrutions have same number oflok yles to exeuteDisadvantages: Higher instrution ount,short instrutions waste bit enoding{ Register-Memory (1 memory address, 2 reg-ister operands)ADD R1, B ; R1 = R1+ M(B)Advantages: no need to load data �rst,good ode density, easy to enode instru-tionsDisadvantages: ould destroy soure operand,long instrutio enoding auses limited num-ber of registers, variable number of loksto exeute instrution (depends on operandloation)N. Mekhiel



Memory AddressingHow memory addresses are interpreted:means what objets are aessed (byte, half word,word, double word)Byte Ordering:How do byte addresses map onto words?an a word be plaed on any byte boundary?� Big Endian:Words address =address of most signi�antbyte (MIPS, IBM, Motorola)� Little Endian:Words address =address of least signi�antbyte (Intel, DEC)MSB LSBLittle Endian3 2 1 0Big Endian0 1 2 3N. Mekhiel



Objet Alignment:Objets larger than byte must be aligned.Objets of size S bytes at byte address A is alignedif:A mod S =0Example: Aessing a word (4 bytes) at address1313 mod 4 = 1 not alignedExample 2: half word at address 12:12 mod 2 = 0 is alignedIf memory aess is not aligned, it will need 2 ref-erenes (slower).Need alignment network to support byte/half wordaess in registersExample: loadH R1, 40(R3)| Bit31.......Bit0R1= A|B|X|X ; X =no hange
N. Mekhiel



Addessing Modes How instrutions speify ad-dress of objet to aessE�etive address: atual memory address used toaess memoryTypes of addressing Modes:� RegisterTo aess variables;Example: ADD R4, R3 ; R3= R4 +R3� ImmediateTo aess Constants;Example: ADD R4, #3 ; R4 = R4 + 3� DisplaementTo aess loal variables;Example: ADD R4, 200(R1) ; R4 = R4 +M(200+R1)� Register IndiretTo implement pointers;Example: ADD R4, (R1) ; R4 = R4 + M(R1)N. Mekhiel



Addressing modes:� IndexedTo aess arrays;Example: ADD R4, (R1+R2) ; R4 = R4 +M(R1+R2) R1 base, R2 index� DiretTo aess stati data;Example: ADD R4, (1001) ; R4 = R4 +M(1000)� Memory IndiretTo aess p;Example: ADD R4, (R3) ; R4 = R4 +M(M(R3))� AutoinrementTo step through arrays;Example: ADD R4, (R1)+ ; R4 = R4 +M(R1) and R1=R1 +d (size of element)N. Mekhiel



Addressing modes:� AutoderementTo implement stak;Example: ADD R4, -(R1) ; R1=R1 - d; R4= R4 + M(R1)� SaledTo index arrays;Example: ADD R4, 100(R1)[R3℄ ; R4 = R4+ M(100+R1+R3d)Addressing modes signi�antly redue Instru-tion ounts, but may also inrease CPI for ma-hine that implement them.N. Mekhiel



Need to make design deesion about whataddressing modes should ISA supports?We should make our deesion based on Quanta-tive measurements of % usage of eah addressingmode (use benhmarks).Results of SPEC89 for VAX using tex, spie, gappliations are:-� Displaement = 42% on average (from 32%to 55%)� Immediate = 33% on average (from 17% to43%)� Indiret = 13% on average (from 3% to 24%)� Saled = 7% on average (from 0% to 16%)� Memory Indiret = 3% on average (from 1%to 6%)� Mis = 2% on averageWe should support : Displaement, immediateand Indiret whih overs upto 99% of all ad-dressing modes.N. Mekhiel



Need to make design deesion about whatshould be the size of displaement addressmeasurements of % displaement size (use benh-marks).Results of SPEC2000 for VAX using tex, spie,g appliations are:-� Displaement size of 16 bits aptures most ofused displaements (99%)� Note: use omulative distrubtion for measur-ing % usage:
Disp %use %Comulative0 26 261 2 282 8 36Design deision taken: use 16 bit displaementN. Mekhiel



Need to make design deesion about whatshould be the size of Immediate?measurements of immediate size in arithmeti op-erations (omparisons, moves to registers, ALUOps).loads ompare ALU op10% 87% 70%Design Deision: must support ALU OP, Com-pare using immediate addressing mode.What is the value of size of Immediatefrom measurements of g, tex, spie are:-50% to 60% �t within 8 bits75% to 80% �t within 16 bitsDesign Deision: Use 8 or 16 bits for size of Im-mediateN. Mekhiel



Operations in ISATypial operations: Data transfer, arithmeti&logioperations, ontrol owSimple instrutions are the most usedExample: 80X86 Instrutions
� Load = 20 %onditional branh = 20 %ompare = 16 %store = 12 %add = 8 %sub = 5 %move register to register = 4%all = 1 %return = 1 %Design Deision: support simple instrutionsto redue CPI and omplexity (RISC)N. Mekhiel



What types of ontrol ow should ISA supports?Types and frequeny of ontrol ow using SPEC92:-all&return = 13 % for INT, 11 % FPJUMP = 6 % INT, 4Cond branh = 81 % INT, 87 % FPIn jump or branh using PC relative to optimizethe number of bits needed for branh displae-ment. Destination must be lose to urrent in-strution.What should be the value of branh displae-ment in bits?Most branh displaement Less Than 10 bits (4-8bits)N. Mekhiel



How to speify branh ondition?� Condition ode:ALU operations set bits of ondition odeAdvantages: CC sets for freeDisadvantages: -Instrutions ould set CC hap-hazardly.-uses an extra state.Example:ADD R1, R2, R3bz label� Condition register:Test arbitrary register for result of a ompar-isonAdvantages: simple, preditableDisadvantages: uses extra registerExample:slt R1, R2, R3beq R1, labelN. Mekhiel



How to speify branh ondition?� Compare and branh:Compare is part of branh.Advantages: one instrutionDisadvantages: too muh for Inst (a�et CPI)Example: bgt R1, R2, labelTypes of Compares to be supported:Less than/greater than (7% INT, 40% FP)Greater than/less than or equal (7 % INT, 23 %FP)Equal/not equal (INT 86 %, 37% FP)Most important and used type of ompare is equal/notequal (ompare with 0)N. Mekhiel



Handling branh destination in all/returnCannot use PC relative beause destination ad-dress is not known at run time.Use a register that has target address, and useregister indiret jumps:jump (R2)Methods of saving registers in proedure allsand returns
� aller saving:more onservative. P1 uses X and alls P2,then P2 alls P3 that uses X.Value of X is saved for P1 (if allee saving P2does not save X).� allee save:more optimal for some appliations.N. Mekhiel



Review
� Use GPR with load/store� Support the following addressing modes:Displaement with address o�set size=16 bits;Immediate with size 8 to 16 bits; Register in-diret.� Support simple instrutions beause they dom-inate the number of exeuted instrutions as:load; store; add; subtrat; and; shift; om-pare equal; ompare not equal; branh withPC relative of size 8 bits; jump; all nd re-turn.� Use ondition register for testing onditions� make instrution lenght �xed (faster deod-ing)N. Mekhiel



Types and size of OperandsTypes and sizes are:� Integer:8 bits = byte16 bits =half word32 bits = word� single preision oating point:32 bits� double preision oating point:64 bits using IEEE 754 Standard� harater:ASCII = 7 bits� deimal:paked deimal or BCD = 4 bitsN. Mekhiel



Design Deision: what types of data shouldbe supported by ISA?We have the following results from benhmarks:Double word: INT =0 %, FP = 69 %Word: INT = 74 %, FP =31 %Halfword: INT =19 %, FP= 0 %Byte: INT = 7 % , FP =0 %Design Deision: For INT Support 8 bit, 16bit, 32 bit operandsFor FP Support 32 bit, 64 bit operands.bf Instrution Format A�et Size of Program andProessor ImplementationQuestion: How to enode the addressing modeswith operations?Need the following:� as many registers and addressing modes aspossible� small instrution size� instrution size must be �xed (multiple bytes)N. Mekhiel



Instrution Formats;� Variable:best for supporting many addressing modesExample: in VAX ADD R3, 737(R2), (R1)� Fixed:Opode has operation and addressing mode.Easy to deode (faster) but size of Instrutionis not optimum. Suitable for RISCExample: MIPS, SPARC, PowerPC: ADD R1,R2, R3� Hybrid:Provide multiple �xed size Instrutions.Example: Intel 8086N. Mekhiel



The Role of CompilersComipler translates HLL to Assembly 9Uses ISAAvailable).Performane(ExeutionT ime) = NumberofInstrutions�numberoflokylesperInstrutionCompiler selets types of Instrutions, number ofInstrutions for eah task.Optimization Methods� Use RegistersIf two instanes of expression ompute samevalue, use a register to evaluate the value one(eliminate seond omputation).� Register Alloation:Use algorithm to �nd best set of registers toalloate to variables (graph oloring).graph oloring needs at least 16 registers.� Code Sequene:Use ode sequene to redue pipeline hazards(Out of Order exeution).N. Mekhiel



� Dealing with variables referened by Point-ersCompiler should not assign variable to regis-ter if a pointer refer to it.Aliasing problem: If A=5 and if we use a reg-ister for a , R1=A=5 while a pointer is usedto referene A, thenP=7 will ause A to have di�erent value.(Heapalloated objets annot use registers ).N. Mekhiel



The ISA and Ease of CompilersISA should make ompilers easier using the fol-lowing Rules:-� Regularity:Orthogonal: make three aspets of ISA or-thogonal (Independent).for eah operation, all addressing modes ouldbe used on all types of operands.It makes ode generation easier, no speialregisters, few speial ases.� No Speial Features:No speial features to math a language (worksonly for few ases one language).� Preditable ost:Using registers versus memory, ahe and pipelin-ing makes it very diÆult for ompiler to de-ide what sequene to use.� Dealing with ConstantsQuantities known at omiple time should betreated as onstsnts (no hange).N. Mekhiel



MIPS Arhiteture� Use GPR with load-store� Support these addressing modes: displae-ment(with address o�set=12-16 bits); imme-diate (size 8-16 bits); and register indiretlw R1, 30(R2); R1 = M(R2+30)if R2=R0, we have absolute addressing mode.If 30 is replaed by 0, we have register def-fered� support the folowing data sizes: 8 bits, 16bits, 32 bits, and 64 bits for double preisionusing IEEE 754 FP.� support the following instrutions: load, store,add, subtrat, move register and shift� uses ompare equal, ompare not equl , om-pare less with PC relative (8 bits long), alland return� use �xed instrution lengthfor faster deoding� use at least 16 registers and orthogonal ISA.N. Mekhiel



MIPS InstrutionsInstrution Format� I typeExample: LD R1, 30(R2); R1 =R1 +M(R2+30)Format: Opode=6 bits; rs= 5 bits; rt =5bits; immediate= 16 bitsopode=LD ; rs=R2; RT =R1, immediate=30� Register typeFormat: opode=6 bits; rs1=5bits; rt=5 bits;rd=5bits; operation type=11 bitsExample: ADD R1, R2, R3 ; R1= R2 + R3opode = ADD; rs = R2; rt= R3; rd=R1� J TypeExample: JR R3; PC =(R3)Format: opode=6 bits; O�set added to PC= 26 bitsopode JR ;N. Mekhiel



E�etivness of MIPS ISAInstrution set frequeny for SPEC 92 is:load=26%, store=9%, add=14%, ompare=13%,load imm=3%, ond bran= 16%, unond branhall return jump= 3%, shift =4%, and = 3%,or=5%, xor=1%.Performane = Instrutionount�CPI�lokyletimeompare VAX performane to MIPS for SPECVAX has smaller instrution ount , but MIPS hasfaster CPI� For example running spie:No � of � Instrutions � MIPS � No � of �Instrution� V AX = 1:8CPI �MIPS � CPI � V AX = :25Performane of MIPS is 2.5 times of VAX� Example for FP:No � of � Instrutions � MIPS � No � of �Instrution� V AX = 2:7CPI �MIPS � CPI � V AX = :1.Performane of MIPS is 4 times of VAXN. Mekhiel



Problems2-4 Find the required memory bandwidth (ode+ data) for the following arhitetures:--Aumulator (all operations between A, Mem)-Memory-Memory (all operands are in memory)-Stak only push and pop aess memory.-Load/store (all operationsour in registers).Assume 16 registers (4 bits to address a regis-ter)Assume the following:--Opode = 1 byte-memory address = 2 bytes-operands = 4 bytes-instrutions are multiple number of bytes.Use the following appliation in C:-A= B+ C;All variables are intially in memory.



2-41- StakINSTRUCTION DATAPUSH B = (1+2) B, 4 BPUSH C = (1+2) B, 4 BADD = 1 B, 0POP A = (1+2) B, 4 BTotal= 10 B + 12 B = 22 B BW = 22B/4 = 5.5B/CYCLE2- ACCINSTRUCTION DATALDA B = (1+2) B, 4 BADDA C = (1+2) B, 4 BSTA A = (1+2) B, 4 BTotal= 9 B + 12 B = 21 B BW = 21B/3 = 7B/CYCLE



2-43-Load/storeINSTRUCTION DATALW R1, B = (1+.5+2) B, 4 BLW R2, C = (1+.5+2) B, 4 BADD R3,R1,R2 = (1 +3X.5)B, 0SW A, R3 = (1+.5+2) B, 4 BTotal= 13 B + 12 B = 25 B BW = 25B/4 = 6.25B/CYCLE4-MemoryINSTRUCTION DATAADD A,B,C B = (1+2 +2+2) B, 3X 4 BTotal= 7 B + 12 B = 19 B BW = 19B/1 = 19B/CYCLE



2-5 If o�set length for branhes and memoryreferenes are: 0, 8, 16 bits. Instrution length=16 bits + length of o�set.Using the data of frequeny of data referenesand branhes versus o�set in number of bits, andinstrution frequenies of benhmarks, �nd theaverage instrution length of following:-a-If permitted o�sets are 0, 8, 16 inluding thesign bit.b-If using �xed instrution length of 24 bits. Ifan o�set is longer than 8 bits, another instrutionis required.



results of benhmarks (SPEC89, SPEC20000 are:offset bits data referenes branhes0 17% (30.7% SPEC2000) 0%7 57% (60.9% SPEC2000) 93% (85.2%)15 100% 100%----------------------------------------------------------Instrution usageload 26%store 9%(10% spe2000)ond branh 16% (12% spe2000)unond branh 1%others 100-35-17=48%Instrution length= 16 bits + offseta- 48%x(16+0) + 35%x[(17%x(16+0)+40%x(16+8) + 43%x(16+16)℄+17%x[(93%x(16+8)+7%x(16+16)℄=21 bitsb- 48%x24 +35%x[17%x24+ 40%x24 +43%x48℄+ 17%x[93%x24 + 7%x48℄= 27 bits



2-11 Find the e�etive CPI for MIPS using fre-quenies of benhmarks for g and espresso assuming:-
-ost of ALU operations = 1yle-ost of load/store = 1.4 yles-ost of ond. branh (taken)=2.0 yles-ost of ond branh (not taken) = 1.5 yles-ost of unond branh = 1.2 ylesAssume that 60% of ond branhes are takenfrom benhmarks:load = 26%, store=9%ond branh=16%, unond branh=1%others = 100% -52%=48%CPI= 48%X1 + 35%X1.4+16%X(60%X2 + 40%X1.5)+1%X1.2=



2-12-b Consider adding a new addressing modeto MIPS. Compiler will replae the following :ADD R1, R1, R2LW R4 , 0(R1) or SW|with one load/store instrution with new ad-dressing mode.Use the instrution frequenies of benhmarks,�nd performane e�et of new mode if it length-ens the lok yle by 5% and it ould be used in10% of load/store.2-12-b- load/store frequeny from benhmarks=35%(may hange with appliations).Time of exeuting N instrutions onoriginal mahine = NXCPIXClok Cyle TimeMahine using new addressing mode willeliminate 10% of 35% instrutions.Time={N-.35X.1XN℄XCPIX1.05 Clok Cyle Time=1.013 NXCPIXClok Cyle Time (slower)


