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Outline:

e MIPS —An ISA for Pipelining
* 5 stage pipelining

e Structural Hazards

* Data Hazards & Forwarding

e Branch Hazards

* Handling Exceptions

* Handling Multicycle Operations
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MIPS: Typical RISC ISA

* 32-bit fixed format instruction
* 32 GPR (RO contains zero)
o 3-address, reg-reg arithmetic instruction

¢ Single address mode for load/store:
base + displacement

 Simple branch conditions
e Delayed branch

See Also: SPARC, IBM Power, and Itanium
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Instruction Formats

Basic instruction formats

R ‘ opcode ‘ s ‘ it ’ rd shamt funct
31 26 25 21 20 16 15 11 10 65

| I opcode [ rs I it ] immediate
31 26 25 21 20 16 15

J ‘ opcade ‘ address
31 26 25

Floating-point instruction formats

FRI opcode [ fmt I ft ] fs fd funct

31 26 25 21 20 16 15 1 10 65

F ‘ opcode ‘ fmt ‘ ft ‘ immediate

31 26 25 21 20 16 15

2007 Elssuier, Inc. All ights resarved.
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Overview of the MIPS Registers

32 General Purpose Registers (GPRs)

° 64-bit registers are used in MIPS64 GPRs
o Register 0 is always zero RO-R31
o Any value written to RO is discarded
Y
e Special-purpose registers LO and HI
> Hold results of integer multiply and divide
° ial-
Special-purpose program counter PC FoRe
* 32 Floating Point Registers (FPRs) FO_ Fa1
° 64-bit Floating Point registers in MIPS 64
* FIR: Floating-point Implementation Register FIR
o FCSR: Floating-point Control & Status Register <SR
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Example instruction Instruction name Meaning
LD R1,30(R2) Load double word _ Regs [R1] g, Mem[30+Regs [R2]] B B
LD Itl.l_[)U_{.lE!tQ_] Load double word Regs [R1] ¢, Mem[1000+0] o j 3
LW R1,60(R2) Load word Regs [R1]4—g, {P.e:-fr[h[]lI!Puﬂ_[ﬂ?!]u]':-' ## Mem[60+Reqgs [R?]]
LB R1,40(R3) Laoad byte Regs [R1]4—q, (Mem[d0+Reys[R3]1],)™ #
___ Men{d0+Regs[R]]
LBU R1,40(R3) Load byte unsigned Regs[R1] e, 0™ ## Mem[40+Regs[R3]]
LH R1,40(R3) Load half word Regs[R1]+—g, (Mem[40+Regs[R3]],)%" #4
) - M('ll[-iU*f‘.u_g.)[_Hj]f id -"‘ET_[‘_‘_]'_RE-Z_JS[H_.?!]_
l‘s f.t',."][‘r(q:i:l Laoad H‘\m.;]:- o __R'.’fls[fﬂ. - "‘C"['_I?F'*RD_U_S_[EJ_J_ T |;|"“_
L.D F0,50(R2) __Load FP double _ Regs[F0] g, Mem[50+Regs [R2]] S
SD R3.500(R4) Store double word Mem[500+Regs [R4]] , Regs [R3]
E,R},!?OO_(.R'” Store word Mem[500+Regs [R4]] ¢—s, Regs [R3] 35 43
5.5 F0,40(R3) Store FP single Mem[40+Regs [R3]] ¢y, Regs [FO] 3
$.D F0,40(R3) Store FPdouble  Mem[40+Regs [R3]] g, Regs [FO0] -
SH R3,502(R2) Store half Mem[502+Reg§Hl_2ﬁ]]~f‘,, Regs [R3] 45 63
SB R2,41(R3) Store byte Mem[41+Regs [R3]] — Regs [R2] 54 43

Figure B.23 The load and store instructions in MIPS. All use a single addressing mode and require that the mem-

ory value be aligned. Of course, both loads and stores are available for all the data types shown.
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Arithmetic / Logical Instructions

Example instruction Instruction name Meaning

DADDU R1,R2,R3 Add unsigned Regs[R1] «Regs [R2] +Regs [R3]
DADDIU R1,R2,#3 Add immediate unsigned  Regs[R1] «Regs [R2]+3

LUI R1,#42 Load upper immediate Regs[R1] —0¥p#a2440'

DSLL RI,R2,#5  Shift left logical Regs [R1] «Regs [R2] <<5

SLT  R1,R2,R3 Set less than if (Regs[R2]<Regs[R3])

Regs[R1]«1 else Regs[R1]«0

Figure B.24 Examples of arithmetic/logical instructions on MIPS, both with and
without immediates.
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Control Flow Instructions

Example

instruction Instruction name Meaning

J name Jump PCsg _gz<—name B

JAL name Jump and link Regs[R31]+PC+8; PCsg gz¢—name;
((Pc+4)-27") < name < ((PC+4)+27)

JALR R2 Jump and link register Regs[R31]«PC+8; PC«Regs[R2Z]

JR R3 Jump register PC+Regs[R3]

BEQZ R4,name Branch equal zero if (Regs[R4]==0) PC«—name;

((PC+2)-2'7) < name < ((PC+4)+2")

BNE R3,R4,name Branch notequal zero if (Regs[R3]!= Regs[R4]) PCename;
((PC+4)-2%") < name < ((PC+4)+2*7)

MOVZ R1,RZ2,R3 Conditional move if (Regs[R3]==0) Regs[R1]«Regs[RZ]
if zero

Figure B.25 Typical control flow instructions in MIPS. All control instructions, except
jumps to an address in a register, are PC-relative. Note that the branch distances are
longer than the address field would suggest; since MIPS instructions are all 32 bits long,
the byte branch address is multiplied by 4 to get a longer distance.
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Data Transfer / Arithmetic / Logical

Instruction type/opcode

Instruction meaning

Data rransfers

Move data between registers and memory, or benveen the integer and FP or special
registers; only memory address mode is 16-bit displacement + contents of a GPR

LB,LBU,SB Load byte, load byte unsigned, store byte (to/from integer registers)

LH,LHU,SH Load half word, load half word unsigned, store half word (to/from integer registers)
LW, LWU, SW Load word, load word unsigned, store word (to/from integer registers)

LD,SD Load double word. store double word (to/from integer registers)

L.S,L.D,5.5,5.D Load SP float, load DP float. store SP float. store DP float

MFCO,MTCO Copy from/to GPR to/from a special register

MOV.S,MOV.D Copy one SP or DP FP register to another FP register

MFC1,MTC1 Copy 32 bits to/from FP registers from/to integer registers

Arithmetic/logical
DADD, DADDT , DADDU, DADDIU

Operations on integer or logical data in GPRs; signed arithmetic trap on overflow
Add, add immediate (all immediates are 16 bits): signed and unsigned

DSUB, DSUBU Subtract; signed and unsigned
DMUL, DMULU,DDIV, Multiply and divide, signed and unsigned: multiply-add: all operations take and yield 64-
DDIVU,MADD bit values
AND, ANDI And, and immediate
OR, ORI, XOR,XO0RI Or, or immediate, exclusive or, exclusive or immediate
LuI Load upper immediate; loads bits 32 to 47 of register with immediate, then sign-extends
DSLL,DSRL,DSRA,DSLLY, Shifts: both immediate (DS__) and variable form (DS__V): shifts are shift left logical,
DSRLV,DSRAV right logical. right arithmetic
SLT,SLTI,SLTU,SLTIU Set less than, set less than immediate; signed and unsigned
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Control and Floating Point

Control Conditional branches and jumps; PC-relative or through register

BEQZ, BNEZ Branch GPRs equal/not equal to zero; 16-bit offset from PC + 4

BEQ,BNE Branch GPR equal/not equal: 16-bit offset from PC + 4

BC1T,BC1F Test comparison bit in the FP status register and branch: 16-bit offset from PC + 4
MOVN, MOVZ Copy GPR to another GPR if third GPR is negative, zero

J,JR Jumps: 26-bit offset from PC + 4 (J) or target in register (JR)

JAL,JALR Jump and link: save PC +4 in R31, target is PC-relative (JAL) or a register (JALR)
TRAP Transfer to operating system at a vectored address

ERET Return to user code from an exception; restore user mode

Floating point FP operations on DP and SP formats

ADD.D,ADD.S,ADD.PS Add DP. SP numbers, and pairs of SP numbers

SuB.D,SUB.S,SUB.PS Subtract DP, SP numbers, and pairs of SP numbers

MUL.D,MUL. S, MUL. PS
MADD. D, MADD. S, MADD.. PS
DIV.D,DIV.S,DIV.PS
V..

o DG 8

Multiply DP, SP floating point, and pairs of SP numbers
Multiply-add DP, SP numbers and pairs of SP numbers
Divide DP. SP floating point, and pairs of SP numbers

Convert instructions: CVT.x. y converts from type x to type y, where x and y are L
(64-bit integer), W (32-bit integer), D (DP), or § (SP). Both operands are FPRs.

DP and SP compares: “__" = LT,GT, LE,GE, EQ,NE: sets bit in FP status register

Figure B.26 Subset of the instructions in MIPS64. Figure B.22 lists the formats of these instructions. SP = single
precision; DP = double precision.This list can also be found on the back inside cover.
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Instruction Mix for SPECint2000

Intager
Instruction gap gzip mcf perlbmk average
Toad 65% W1% W0.3% W.T% 26%
store 10.3% 51% 43 162% 0%
add 211% 26.9% 10.1% 16.7% 19%
b 1.7% S saw 3.7% 2.5% 3%
mul 1.4%
compare 28% 6.6% o
load imm 48% 1.5%
cond branch vi% 11.0%
0.4% 11% 1%
- 05% 0.8% 1%
1.6% 0.6% 0.4% 1%
1.6% 0.6% 04% 1%
IR% 1.1% 21% 2%
4.3% 4.6% 9.4% 4%
or 7.9% 8.5% 1.8% 99
xor 1.8% 21% 44% 3%
otherlogical _ 01% _ 04% 01% 0.3% 0%
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Instruction Mix for SPECfp2000

Instruction applu

FP average

art equake lucas
load 13.8% 18.1% 223% 10.6% 15%
store 2.9% O.8% 3a4%
30.4% 174% 1%
2.5% 0.1% 2%
23% 1.2%
T.4% 21%
1.8%
cond branch ~ sw 0.6%
cond mov

jump
call
r:lu‘rn o
shift 0.7%
and )
or 0.5% 2%
xor 1%
other logical 0
.|-1N1:|-I-'P T B 12.0% 19.7¢ 68% 15%
store FP 4.5% 5.4r% 7%
add FP 4.5%. 9.0¥% 7%
sub FP 3 1.7% 3%
mul F o 12.9% 6.9% B -ﬁff_
div FP O.6% 0.3% 0%
mov reg-reg FP 0.9% 0.9% 1%
compare FP 095, 0%
cond maov FP 0.6% - 0%
other FP 1.6% 0%
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Next:

e MIPS —An ISA for Pipelining

e 5 stage pipelining

e Structural Hazards

* Data Hazards & Forwarding

e Branch Hazards

* Handling Exceptions

* Handling Multicycle Operations
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5 Steps of Instruction Execution

Execute/
Instruction fetch i nstruction decode/ : address Memory i Wiite
g register fetch calculation access back
f : i
: : u-
; ; =x
wpo L 5
: : Zero? Branch| c d:
4 ero? aen ond
PC : .
Instruction
-
memory

ALU
——
output
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Pipelined MIPS Datapath & Stage Registers

Instruction Instr. Decode Execute
Fetch i Reg.Fetch :  Addr. Calc

Memory Write
Access i Back

Next PC

Next SEQ PC ext SEQ PC
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Events on Every Pipe Stage

IF IF/ID.IR € MEMI[PC]; IF/ID.NPC € PC+4
PC & if ((EX/MEM.opcode=branch) & EX/MEM.cond)
{EX/MEM.ALUoutput} else {PC + 4}

D ID/EX.A € Regs[IF/ID.IR[Rs]]; ID/EX.B € Regs[IF/ID.R[Rt]]
ID/EX.NPC < IF/ID.NPC; ID/EX.Imm < extend(IF/ID.IR[Imm]); ID/EX.Rw < IF/ID.IR[Rt or Rd]
ALU Instruction Load / Store Branch

EX EX/MEM.ALUoutput € EX/MEM.ALUoutput < EX/MEM.ALUoutput €
ID/EX.A func ID/EX.B, or ID/EX.A + ID/EX.Imm ID/EX.NPC + (ID/EX.Imm << 2)
EX/MEM.ALUoutput €

ID/EX.A op ID/EX.Imm EX/MEM.B < ID/EX.B
MEM MEM/WB.ALUoutput € MEM/WB.LMD <

EX/MEM.ALUoutput MEM[EX/MEM.ALUoutput]
or
MEM[EX/MEM.ALUoutput] <
EX/MEM.B
WB Regs[MEM/WB.Rw] & For load only:
MEM/WB.ALUOutput Regs[MEM/WB.Rw] &
MEM/WB.LMD

Pipelining: Basic and Intermediate Concepts

EX/MEM.cond € br condition
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Pipelined Control

» Control signals derived from instruction opcode
» Control signals are pipelined just like data
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Visualizing Pipelining

Time (in clock cycles)
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instruction from one L L] L]
stage to the other
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—
T
)
]
N

One instruction completes each cycle L

Overlapped Execution of Instructions

Pipelining: Basic and Intermediate Concepts Slide 18




Pipeline Performance

* Assume time for stages is
o |00ps for register read or write

> 200ps for other stages

* Compare pipelined versus non-pipelined datapath

Instr Instr Register | ALU op | Memory | Register | Total
fetch read access | write time
load 200ps | 100ps |200ps |200ps | 100 ps -
store 200ps 100 ps 200ps 200ps 700ps
R-format | 200ps 100 ps 200ps 100 ps 600ps
branch | 200ps 100 ps | 200ps 500ps
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Pipeline Performance
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Pipeline Speedup

o If all stages are balanced
o All stages take the same time

° Time between instructions; jineq

Time between instructions

nonpipelined

Number of stages
¢ If not balanced, speedup is less
» Speedup due to increased throughput

o Latency (time for each instruction) does not
decrease
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Pipelining and ISA Design
» MIPS ISA designed for pipelining

> All instructions are 32-bits

Easier to fetch and decode in one cycle

Comepare with Intel x86: |- to 17-byte instructions
> Few and regular instruction formats

Can decode and read registers in one step
> Load/store addressing

Calculate address in 3" stage, access memory in 4"
o Alignment of memory operands

Memory access takes only one cycle
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Pipelining is not quite that easy!

- Limits to pipelining: Hazards prevent
next instruction from executing during
its designated clock cycle
Structural hazards: HW cannot allow two

instructions to use same resource during
same cycle

Data hazards: Instruction depends on result of
prior instruction still in the pipeline

Control hazards: Caused by delay between the
fetching of instructions and decisions about
changes in control flow (branches and jumps)
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Next:

e MIPS —An ISA for Pipelining

* 5 stage pipelining

e Structural Hazards

e Data Hazards & Forwarding

e Branch Hazards

* Handling Exceptions

* Handling Multicycle Operations
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Structure Hazards

» Conflict for use of a resource
¢ In MIPS pipeline with a single memory
o Load/store requires data access

° Instruction fetch would have to stall for a cycle

Causes a pipeline “bubble”

* Hence, pipelined datapaths require separate
Instruction and Data memories

> Or separate Instruction and Data caches
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One Memory Port/Structural Hazards

Time (clock cycles)

Cycle 1iCycle 2iCycle 3iCycle 4iCycle 5; Cycle 6iCycle 7;
r\toad UM T
n - - &
#|Instr 1 ¢ [ur Illﬁ over] 4 HI |
r. : i i E
Instr 2 i N pren S |
o : : ) :
o instr 3 nE; |

e : 1
| wnser 4 fz=ip =S
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One Memory Port/Structural Hazards

Time (clock cycles)

Cycle 1iCycle 2iCycle 3iCycle 4iCycle 5: Cycle 6iCycle 7:
I |Load IEIH Ii.ﬁ on |+ :
o e lEE
Shnser 1 EHECEEHIERE
r E i - - ;
fmstr2 [= T SSHIE-HHE]
r| Instr 3 i ; 5

How do you “bubble” the pipe!?
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Resolving Structural Hazards

e Serious Hazard:
> Hazard cannot be ighored
e Solution |: Delay Access to Resource
> Must have mechanism to delay access to resource
o Stall the pipeline until resource is available
e Solution 2:Add more hardware resources
> Add more hardware to eliminate the structural hazard
> Redesign the memory to have two ports
> Or have two memories, each with a single port
One memory for instructions and the second for data

Harvard Architecture
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Speedup Equation for Pipelining

Speedup _ CPIunpipelined CYCIC Timeunpipelined
cP]:pipelined CYCIe Tlmepipelined
CPI, ciine = Ideal CPI + Average Stall cycles per Inst

For simple single-issue pipeline, Ideal CPT =1

1 Cycle Time,

unpipelined

Speedup = x
P Po1s Pipeline stall cycles perinstruction  Cycle Time, ;.

If stages are balances, Cycle ,ieiined/ CYCleyineiined = Pipeline Depth

Speedup Pipeline Depth
peediP =1+ Pipeline stall cycles per instruction
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Example: Dual-port vs. Single-port Memory

« Machine A:Two memories (“Harvard Architecture”)
+ Machine B: Single ported memory, but it is pipelined
- B has a clock rate 1.05 times faster than clock rate of A

« Ideal pipelined CPI = | for both Stall cycles per

instruction due to
structural hazards

v/
CPI, Clockrate, 1+04 1

+ Loads are 40% of instructions executed

PeeCtPar = ¢pT, “Clock rate, 1 1.05
 Machine A is 1.33 times faster than B
Pipelining: Basic and Intermediate Concepts Slide 30
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Writing ALU result in Stage 4

e Problem
Structural Hazard

> Writing back ALU result in stage 4
Two instructions are

> Conflict with writing load data in stage 5| attempting to write
the register file

during same cycle

Jg w  ré, 8(r5) | F | D [ex|vem[ws] -
'% ori r4,r3,7 E | D | Ex |we|

g sub r5,r2, r3 IF | ID | EX [ WB

S sw r2,10(r3) IF | ID | EX |MEM

«—

CCl CC2 C€C3 Cc4 cc5 cc6 cc7 ccg Time
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Resolving Write-Back Structure Hazard

« Solution 1
> Add a second write port (costly solution)
> Can do two writes during same cycle

 Solution 2 (better for single-issue pipeline)
> Delay all write backs to the register file to stage 5
> ALU instructions bypass stage 4 doing nothing

ALU instructions

w r6,805) | IF | ID | EX [MEM W8 | - skip the MEM stage
ori r4,r3,7 IF | ID |EX| — |WB|

sub r5,r2,r3 IF | ID|EX| -"wB

sw r2,10(r3) IF | ID | EX [MEM

" CCl CC2 CC3 CC4 CC5 CC6 CCT CC8 Time
Diagram shows instruction use of stages at each clock cycle
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Next:

e MIPS —An ISA for Pipelining

* 5 stage pipelining

e Structural Hazards

e Data Hazards & Forwarding
e Branch Hazards

* Handling Exceptions

* Handling Multicycle Operations
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Data Hazards

* Data Dependence can cause a data hazard
* The dependent instructions are close to each other

> Pipelined execution changes the order of operand access

e Read After Write — RAW Hazard
> Given two instructions [ and J, where | comes before | ...
o Instruction J should read an operand after it is written by [
° Called a data dependence in compiler terminology
I: add r1, r2, r3 # rl is written
J: sub r4, r1, r3 # rl is read

> Hazard occurs when J reads the operand before | writes it

Pipelining: Basic and Intermediate Concepts Slide 34
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Example of a RAW Data Hazard

Time (cycles) CC1+CC2+CC3+CC4+CCH+CCO6+CCT+CC8+—
value of r2 10 | 10 | 10 | 10 i10/20{ 20 | 20 | 20 |

wwrenes IR
and ré4, r2, r5 @-Iae@@- |
I I T

sw r8,10(r2)

ool s
=

* Result of sub is needed by and, or, add, & sw instructions

<— Program Execution Order —f

e Instructions and & or will read old value of r2 from reg file

* During CC5, r2 is written and read — new value is read

Pipelining: Basic and Intermediate Concepts Slide 35

Solution I: Stalling the Pipeline

—[— Time (in cycles) —— CC1-+-CC2+CC3+CC4-+CC5+CC6~CCT+CC8—+—
value of r2 10 | 10 | 10 | 10 i10/20! 20 | 20 | 20 |

A&
=

and r4,r2,rb

or ré6,r3,r2

<« Instruction Order

e The and instruction cannot fetch r2 until CC5

o The and instruction remains in the IF/ID register until CC5

e Two bubbles are inserted into ID/EX at end of CC3 & CC4

° Bubbles are NOP instructions: do not modify registers or memory

° Bubbles delay instruction execution and waste clock cycles

Pipelining: Basic and Intermediate Concepts Slide 36
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Solution 2: Forwarding ALU Result

* The ALU result is forwarded (fed back) to the ALU input
> No bubbles are inserted into the pipeline and no cycles are wasted

e ALU result exists in either EX/MEM or MEM/WB register

T Time (in cycles) —— CC1+CC2+CC3+CC4-+CC5~+CC6~+CCT+CC8+—*
sub r2,rl, r3 @-H‘Reg Im I k
and r4,r2,r5 @I—H‘;Reg

or ré,r3,r2

add r7,r2,r2

<«—Program Execution Order

sw r8,10(r2)
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Hardware Support for Forwarding

EVEX EXAEM MEMAWE
i — b i
|
—
—t - _-:
— p=|
Fegisiars E‘“‘" ALU
Y
o m— .
Helu Datr | | |
x I_. memary
oy
.

B

%
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Detecting RAW Hazards

¢ Pass register numbers along pipeline
> |D/EX.RegisterRs = register number for Rs in ID/EX
> ID/EX.RegisterRt = register number for Rt in ID/EX
> |D/EX.RegisterRd = register number for Rd in ID/EX

» Current instruction being executed in ID/EX register

» Previous instruction is in the EX/MEM register
» Second previous is in the MEM/WVB register

e RAW Data hazards when

la. EXIMEM.RegisterRd = ID/EX RegisterRs } F o
Ib. EX/MEM.RegisterRd = ID/EX.RegisterRt

pipeline reg
2a. MEM/WB.RegisterRd = ID/EX.RegisterRs I'\:/IVI\SVI f/r\j)vné
2b. MEM/WB.RegisterRd = ID/EX RegisterRt

pipeline reg
Pipelining: Basic and Intermediate Concepts Slide 39

Detecting the Need to Forward

* But only if forwarding instruction will write
to a register!

o EX/MEM.RegWrite, MEM/WB.RegWrite

* And only if Rd for that instruction is not RO
> EX/MEM.RegisterRd # 0
> MEM/WB.RegisterRd # 0

Pipelining: Basic and Intermediate Concepts Slide 40
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Forwarding Conditions

* Detecting RAW hazard with Previous Instruction

o if (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
ForwardA = 0l (Forward from EX/MEM pipe stage)

o if (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
ForwardB = 0l (Forward from EX/MEM pipe stage)

* Detecting RAW hazard with Second Previous

o if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))
ForwardA = 10 (Forward from MEM/WB pipe stage)

o if (MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRt))
ForwardB = 10 (Forward from MEM/WVB pipe staggz
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Double Data Hazard

» Consider the sequence:

add ri1,r1,r2
sub r1,r1,r3
and rl,rl,r4

e Both hazards occur
> Want to use the most recent

> When executing AND, forward result of SUB
ForwardA = 01 (from the EX/MEM pipe stage)
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Datapath with Forwarding
Vi R
=] %

3
[l =]

I:'f]
]
l
N
I

(=)

o _i%ﬁ H _' i)

v ] 1 TT= 111 E

|| 1™ = L L
LERANE PagisterPd
o kS !
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Load Delay

* Not all RAW data hazards can be forwarded
> Load has a delay that cannot be eliminated by forwarding
¢ In the example shown below ...
> The LW instruction does not have data until end of CC4
> AND wants data at beginning of CC4 - NOT possible

= Time (cycles) — CC1+CC2+CC3+CCA+CC5+CCo~+CCT+CCB+—

However, load

-E’ W r2, 20(cT) LR%I:[:@-H e | can forward
j ; - H
g s [EEEBIAAES | ol
j : : T T
§ or ré,r3,r2 ;Reg
l add r7,r2,r2 3 i 3 Reg
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Stall the Pipeline for one Cycle

o Freeze the PC and the IF/ID registers

> No new instruction is fetched and instruction after load is stalled
* Allow the Load in ID/EX register to proceed
e Introduce a bubble into the ID/EX register
* Load can forward data after stalling next instruction

Time (cycles) — CC1+CC2+CC3+CC4+CC5+CCoh~+CCT+CC8—+>

W r2,20(1) @-H{&eg I
and r4,r2,r5 I@I

or ré,r3,r2 ; : Reg |

<«Program Order
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Compiler Scheduling

» Compilers can schedule code in a way to avoid load stalls
e Consider the following statements:
a=b+c d=e-f;

e Slow code: 2 stall cycles Fast code: No Stalls
lw ri10, (rl) #rl=addrb lw  rl0, O(rl)
w rii, (r2) #r2=addrc w ril, 0O(r2)
add ri2,r10, $11 # stall lw  r13, O(r4)

sw ri2,(r3) #r3=-addra lw  ri14, 0(r5)
w  ri3,(r4) #r4=-addre / add ri12, ri0, ri1
lw ri4,(rb) #rb=addrf sw rl2, O(r3)
sub ri15, r13, ri4 # stall sub ri15, ri13,ri4
sw ri1b, (ré) #r6=addrd sw rl4, O(ré)

Compiler optimizes for performance. Hardware checks for safety.
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Load/Store Data Forwarding

Time (in clock cycles)

CC1 cc2 CCa cc4 CCs CCe

)

g . - —

2

= DADDRY,R2,R3| M = Reg T DM

= [ ] @

i w18y
—— B,

LD R4, O(R1) M Reg Il

SD R4,12(R1) [/ T:Fieg

How to implement Load/Store Data Forwarding?

ords

- Program execution
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Write After Read

¢ Instr J should write its result after it is read by 1
» Called an anti-dependence by compiler writers

I sub r4, r1, r3# rl1 is read

J: add r1, r2, r3# rl1 i1s written
* Results from reuse of the name rl
» Hazard occurs when J writes rl before I reads it
» Cannot occur in the basic 5-stage pipeline because:

> Reads are always in stage 2, and

> Writes are always in stage 5

° Instructions are processed in order
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Write After Write

¢ Inst J should write its result after 1

» Called output-dependence in compiler terminology
I sub r1, r4, r3 # rl is written
J: add r1, r2, r3 # rl is written again
e This hazard also results from the reuse of name r|
» Hazard when writes occur in the wrong order
e Can’t happen in our basic 5-stage pipeline because:
o All writes are ordered and take place in stage 5
* WAR and WAW hazards occur in complex pipelines
e Notice that Read After Read — RAR is NOT a hazard
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Next:

e MIPS —An ISA for Pipelining

* 5 stage pipelining

e Structural Hazards

e Data Hazards & Forwarding

e Branch Hazards

* Handling Exceptions

* Handling Multicycle Operations

Pipelining: Basic and Intermediate Concepts Slide 50

3/9/2010

25



3/9/2010

Control Hazards

* Branch instructions can cause great performance loss
* Branch instructions need two things:
> Branch Result Taken or Not Taken
> Branch Target
PC+4 If Branch is NOT taken
PC+4+4ximm If Branch is Taken
» For our pipeline: 3-cycle branch delay
> PC is updated 3 cycles after fetching branch instruction
> Branch target address is calculated in the ALU stage
> Branch result is also computed in the ALU stage

o What to do with the next 3 instructions after branch?
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3-Cycle Branch Delay

beq ri,r3, label |||B

| -
Next1 I] B :lé

Next2 :E‘:
Next3 E‘:

Label: target instruction fetc

0
A

ME_E

]

» Next| thru Next3 instructions will be fetched anyway

PMe

- [

O &
Y

¢ Pipeline should flush Next| - Next3 if branch is taken
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Branch Stall Impact

- If CPI = | without branch stalls,and 30% branch
- If stalling 3 cycles per branch

- =>new CPl = |+0.3x3 = |.9

- Two part solution:

— Determine branch taken or not sooner, and
— Compute taken branch address earlier
- MIPS Solution:
—Move branch test to ID stage (second stage)
— Adder to calculate new PC in ID stage
—Branch delay is reduced from 3 to just | clock cycle
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Modified Pipelined MIPS Datapath

Instruction Instr. Decode Execute Memory Write
Fetch ! Reg. Fetch Addr.Calc i  Access i Back

Next

: SE} RC
RS1
RS2

Next PC

ID stage: Compin‘ing Branch address and result ’roi reduce branch delay
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Four Branch Hazard Alternatives

#1: Stall until branch direction is clear

#2: Predict Branch Not Taken

° Execute successor instructions in sequence
> “Squash” instructions in pipeline if branch actually taken
> 47% MIPS branches not taken on average

o PC+4 already calculated, so use it to get next instruction

#3: Predict Branch Taken

> 53% MIPS branches taken on average

o But haven’t calculated branch target address until ID stage

MIPS still incurs | cycle branch penalty

Other machines: branch target known before branch outcome
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Four Branch Hazard Alternatives

#4: Delayed Branch

o Define branch to take place AFTER following instruction

branch instruction
sequential successor,

sequential successor,
Branch delay of length n

sequential successor,
branch target i1t taken

> One branch delay slot allows proper decision and branch
target address in 5 stage pipeline

> MIPS uses one branch delay slot
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Scheduling Branch Delay Slots

A. From before branch

B. From branch target

C. From fall through

add ri1,r2,r3
if r2=0 then

sub r4,r5,r6

add ri1,r2,r3
if r1=0 then

delay slot add rl.r2.r3 delay slot
if r1=0 then or r7,r8,ro
delay slot sub r4,r5,r6
becomes 1 becomes l becomes 1
sub r4,r5,r6 add ri,r2,r3
if r2=0 then if r1=0 then

add rl,r2,r3 or r7,r8,r9
add ri1,r2,r3

if r1-0 then
sub r4,r5,ré sub r4,r5,r6

¢ Ais the best choice, fills delay slot & reduces instruction count (IC)
¢ In B, the sub instruction may need to be copied, increasing IC
¢ In B & C, must be okay to execute instruction in delay slot in all cases
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Effectiveness of Delayed Branch

» Compiler effectiveness for single branch delay slot
— Fills about 60% of branch delay slots

— About 80% of instructions executed in branch delay
slots useful in computation

— About 50% (60% x 80%) of slots usefully filled

* Delayed Branch downside: As processor go to
deeper pipelines and multiple issue, the branch
delay grows and need more than one delay slot

— Delayed branching has lost popularity compared to
more expensive but more flexible dynamic approaches

— Growth in available transistors has made dynamic
approaches relatively cheaper
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Performance of Branch Schemes

Assuming an ideal CPI = | without counting branch stalls

Pipeline speedup over non-pipelined datapath:

Pipeline depth
stall cycles from branches

Pipeline speedup = 1+ Pipeline

Pipeline depth
requency x Branch Penalty

Pipeline speedup = 1+BranchF

=TIdeal CPT, + Branch Freq x Branch Penalty

Pipeline CPT,

ranch stalls no stalls
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Evaluating Branch Alternatives

Branch Scheme Penalty Penalty Penalty
Unconditional Untaken Taken
2 3 3

Stall always

Predict taken 2 3 2
Predict not taken 2 0 3
Delayed branch | 0 2

Assume 4% unconditional branch, 6% conditional branch- untaken,
and 10% conditional branch-taken. What is the impact on the CPI?

Branch Unconditional | Untaken Taken All
Scheme Branches Branches Branches Branches
4% 6%

10% 20%
Stall always 0.08 0.18 0.30 CPI+0.56
Predict taken 0.08 0.18 0.20 CPI+0.46
Predict not taken 0.08 0 0.30 CPI+0.38
Delayed branch 0.04 0 0.20 CPI+0.24
Pipelining: Basic and Intermediate Concepts Slide 60
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Next:

e MIPS —An ISA for Pipelining

* 5 stage pipelining

e Structural Hazards

* Data Hazards & Forwarding

e Branch Hazards

e Handling Exceptions

* Handling Multicycle Operations

Pipelining: Basic and Intermediate Concepts

Slide 61

Exceptions and Interrupts

* “Unexpected” events requiring change
in flow of control

o Different ISAs use the terms differently
* Exception

o Arises within the execution of an instruction

e.g., undefined opcode, overflow, syscall, ...
e Interrupt

> An external I/O device controller is requesting
processor

* Exceptions and Interrupts complicate the
implementation and control of the pipeline

Pipelining: Basic and Intermediate Concepts
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Types of Exceptions

* 1/O device request (hardware interrupt)

* Invoking the OS (system call)

 Tracing instruction execution

* Breakpoint (programmer requested)

¢ Integer arithmetic overflow

¢ Floating Point arithmetic anomaly

* Page fault (requested page is not in memory)
* Misaligned memory access

* Memory protection violation

* Undefined instruction

e Hardware malfunction and Power failure
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Handling Exceptions

¢ In MIPS, exceptions are managed by a System
Control Coprocessor (CP0)

* Save PC of offending (or interrupted) instruction
> Exception Program Counter (EPC)

* Save indication of the problem
° In MIPS: Cause register

e Jump to handler at a fixed address
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3/9/2010

32



Handler Actions

e Read cause, and transfer to relevant handler
* Determine action required
¢ If program can be restarted

> Take corrective action

> Use EPC to return to program
* Otherwise

° Terminate program

> Report error using EPC, Cause, ...
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Alternative Approach

* Vectored Interrupts

> Handler address determined by the cause

e Example:
> Undefined opcode: C000 0000
> Overflow: C000 0020
° ... C000 0040

e [nstructions either
o Deal with the interrupt, or
° Jump to real handler
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Exceptions in MIPS 5-stage pipeline

Exceptions that may occur

IF Page fault on instruction fetch, misaligned memory
access, memory protection violation

ID Undefined or illegal opcode
EX Arithmetic exception

MEM  Page fault on data fetch, misaligned memory access,
memory protection violation

WB None
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Exceptions in a Pipeline
e Another form of control hazard

» Consider overflow on add in EX stage
add r1, r2, rl
> Prevent r| from being written
> Complete previous instructions
o Flush add and subsequent instructions
> Set Cause and EPC register values
> Transfer control to handler
e Similar to mispredicted branch

o Use much of the same hardware
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5-Stage Pipeline with Exceptions

EXFmn
FFsh I
Ik Mash
Buw
rha
=/
s
£ = .
[ | | | v e
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[~ Feghison ::L'J _
meom = 5 Sttty ||| |
| JI= — -
- |
] ﬁ ﬂ
L —
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Multiple Exceptions

* Pipelining overlaps multiple instructions
> Could have multiple exceptions at once
* Simple approach: deal with exception from
earliest instruction
> Flush subsequent instructions
° Precise exceptions
* In complex pipelines
> Multiple instructions issued per cycle
> Out-of-order completion

> Maintaining precise exceptions is more difficult!
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Imprecise Exceptions

* Just stop pipeline and save state
° Including exception cause(s)
¢ Let the handler work out
> Which instruction(s) had exceptions

> Which to complete or flush

May require “manual”’ completion

* Simplifies hardware, but more complex handler
software

* Not feasible for complex multiple-issue
out-of-order pipelines
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Next:

e MIPS —An ISA for Pipelining
» 5 stage pipelining

e Structural Hazards

e Data Hazards & Forwarding
e Branch Hazards

* Handling Exceptions

e Handling Multicycle Operations
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Pipeline with Multiple Functional Units

Integer unit

B

d

FPR/ineger multiply
ﬂmal M4I MsI MaI
IF MEM WB
FP adder
Al | ] I A3 | A4

FPlinteger dividar

DIV
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