cs 152 hazards.1'DAP & SIK 1995March 10, 1995Dave Patterson (patterson@cs) andShing Kong (shing.kong@eng.sun.com)Slides available on http://http.cs.berkeley.edu/~pattersonCS152Computer Architecture and EngineeringLecture 15: Designing a Pipeline Processorcs 152 hazards.2'DAP & SIK 1995Pipelining: Its Natural!�Laundry Example�Ann, Brian, Cathy, Dave each have one load of clothes to wash, dry, and fold�Washer takes 30 minutes�Dryer takes 40 minutes�Folder� takes 20 minutes

ABCD

cs 152 hazards.3'DAP & SIK 1995Sequential Laundry�Sequential laundry takes 6 hours for 4 loads�If they learned pipelining, how long would laundry take?

ABCD304020304020304020

6 PM

7891011MidnightTaskOrder

Timecs 152 hazards.4'DAP & SIK 1995Pipelined Laundry: Start work ASAP�Pipelined laundry takes 3.5 hours for 4 loads

ABCD6 PM7891011MidnightTaskOrder

Time30

4040404020

cs 152 hazards.5'DAP & SIK 1995Pipelining Lessons�Pipelining doesn�t help latency of single task, it helps throughput of entire workload�Pipeline rate limited by slowest pipeline stage�Multiple tasks operating simultaneously�Potential speedup = Number pipe stages�Unbalanced lengths of pipe stages reduces speedup�Time to �fill� pipeline and time to �drain� it reduces speedup

ABCD6 PM789TaskOrderTime30404040

cs 152 hazards.6'DAP & SIK 1995Review: Single Cycle, Multiple Cycle, vs. PipelineClk

Cycle 1Multiple Cycle Implementation:IfetchRegExecMemWr

Cycle 2

Cycle 3

Cycle 4

Cycle 5

Cycle 10

LoadIfetchRegExecMemWrIfetchRegExecMemLoadStore

Pipeline Implementation:

WrStore

ClkSingle Cycle Implementation:LoadStore

WasteIfetchR-typeIfetchRegExecMemWrR-type

Cycle 1

cs 152 hazards.7'DAP & SIK 1995Review: A Pipelined Datapath

IF/ID Register

ID/Ex Register

Ex/Mem Register

Mem/Wr Register

PCDataMemWADiRADo

IUnitAIRFileDiRaRbRw

MemWr

RegWr

ExtOp

ExecUnitbusAbusB

Imm16

10RegDstRtRdImm16PC+4PC+4RsRt

PC+4

ZeroBranch 10

ClkIfetchReg/DecExecMemWr

cs 152 hazards.8'DAP & SIK 1995Review: Pipeline Control �Data Stationary Control�The Main Control generates the control signals during Reg/Dec¥Control signals for Exec (ExtOp, ALUSrc, ...) are used 1 cycle later¥Control signals for Mem (MemWr Branch) are used 2 cycles later¥Control signals for Wr (MemtoReg MemWr) are used 3 cycles later

IF/ID Register

ID/Ex Register

Ex/Mem Register

Mem/Wr RegisterReg/DecExecMemExtOp

ALUOp

RegDst

ALUSrc

Branch

MemWr

MemtoReg

RegWr

MainControl

ExtOp Wr

cs 152 hazards.9'DAP & SIK 1995Review: Pipeline Summary�Pipeline Processor:¥Natural enhancement of the multiple clock cycle processor¥Each functional unit can only be used once per instruction¥If a instruction is going to use a functional unit:-it must use it at the same stage as all other instructions¥Pipeline Control:-Each stage�s control signal depends ONLY on the instruction that is currently in that stagecs 152 hazards.10'DAP & SIK 1995Outline of Today�s Lecture�Recap and Introduction (5 minutes)�Introduction to Hazards (15 minutes)�Questions and Administrative Matters (5 minutes)�Forwarding (25 minutes)�1 cycle Load Delay (5 minutes)�Break (5 minutes)�1 cycle Branch Delay (15 minutes)�What makes pipelining hard�Summary (5 minutes) cs 152 hazards.11'DAP & SIK 1995Its not that easy for computers�Limits to pipelining: Hazards prevent next instruction from executing during its designated clock cycle¥structural hazards: HW cannot support this combination of instructions¥data hazards: instruction depends on result of prior instruction still in the pipeline¥control hazards: pipelining of branches & other instructions� that change the PC�Common solution is to stallthepipelineuntilthehazard�isresolved,inserting one or more �bubbles� in the pipelinecs 152 hazards.12'DAP & SIK 1995

MemSingle Memory is a Structural HazardInstr.Order

Time (clock cycles)LoadInstr 1Instr 2Instr 3Instr 4

ALUMem

RegMemReg

ALUMem

RegMem

Reg

ALUReg Mem Reg

ALUMem

RegMemReg

cs 152 hazards.13'DAP & SIK 1995

Option 1: Stall to resolve Memory Structural HazardInstr.Order

Time (clock cycles)LoadInstr 1Instr 2Instr 3(stall)Instr 4

ALUMem

RegMemReg

ALUMem

RegMemReg

ALU

bubble

ALUMem

RegMemReg

ALUMem

RegMemRegcs 152 hazards.14'DAP & SIK 1995Option 2: Duplicate to Resolve Structural HazardInstr.OrderTime (clock cycles)LoadInstr 1Instr 2Instr 3Instr 4

ALUIm

DmReg

ALUIm

RegDmRegIm

ALUReg

DmReg

Reg

cs 152 hazards.15'DAP & SIK 1995Data Hazard on r1add r1

,r2,r3sub r4, r1

,r3and r6, r1

,r7or r8, r1

,r9xor r10, r1

,r11cs 152 hazards.16'DAP & SIK 1995

Data Hazard on r1: (Figure 6.30, page 397, P&H)Instr.Order

Time (clock cycles)add r1

,r2,r3sub r4,r1

Im RegDmReg

ALUIm

RegDmReg

ALUIm

RegDmRegIm

ALU

RegDmReg¥ Dependencies backwards in time are hazards

cs 152 hazards.17'DAP & SIK 1995sub r4, r1

,r3and r6,r1

,r7or r8,r1

,r9xor r10,r1

,r11Option1: HW Stalls to Resolve Data HazardInstr.Order

Time (clock cycles)add r1

,r2,r3IFID/RFEXMEMWB

ALUIm Reg

DmImbubblebubblebubble

ALUReg

DmReg

ALUIm

RegImReg �

Reg/DecExecMemExtOp

ALUOp

RegDst

ALUSrc

Branch

MemWr

MemtoReg

RegWr

MainControl

ExtOp Wr

cs 152 hazards.19'DAP & SIK 1995

Option 1: How HW really stalls pipelineInstr.Order

Time (clock cycles)add r1

,r2,r3sub r4,r1

,r3and r6,r1

,r7IFID/RFEXMEMWB

ALUIm

RegDmReg

ALUIm

Im RegDmbubblebubblebubblebubbleImbubblebubblebubblebubbleImbubble

Option 2: SW inserts indepdendent instructionsInstr.Order

Time (clock cycles)add r1

,r2,r3sub r4,r1

,r3and r6,r1

,r7IFID/RFEXMEMWB

ALUIm

RegDmReg

ALUIm

RegDmReg

RegDmReg

RegDmRegIm

ALUReg

DmReg

cs 152 hazards.21'DAP & SIK 1995Questions and Administrative Matters�Beta version of Handout 6 in cs152/sp95/handouts/handout6.ps�For lab assignment next week, turn in at beginning of meeting with TA¥1/2 page summary of what you did in this lab¥VHDL Listing¥Data Path schematics¥Copy of Online Log Book¥Memory dump of running Mystery program (check newsgroup)�Survey statistics¥When take CS 150? 59% F94, 27% S94, 10% F93, 4% S93¥3 * 50 ( 7% strong, 16% prefer) vs. 2 * 80 lectures: (29% strong, 31% prefer) ¥Hours/assignment Avg. ExerciseAvg. Lab1)3.1 (Med 3, Min 0.3, Max 10) 9.1 (Med 8, Min 0, Max 48

)2) 3.4 (Med 3, Min 1, Max 10) 13.2 (Med 10, Min 3, Max 48

)3) 3.4 (Med 3, Min 1, Max 10) 18.0 (Med 15, Min 3, Max 96

)TOTAL TIME 44.0 (Med 45, Min 18, Max 195

)cs 152 hazards.22'DAP & SIK 1995

Option 3 Insight: Data is available! (Figure 6.41, page 413, P&H)Instr.Order

Time (clock cycles)add r1

,r2,r3sub r4,r1

,r3and r6,r1

RegDmReg

ALUIm

RegDmReg

ALUIm

RegDmRegIm

ALUReg

DmReg¥ Pipeline registers already contain needed data

cs 152 hazards.23'DAP & SIK 1995HW Change for �Forwarding� (Bypassing):(Figure 6.42, page 414, P&H)

Speedup=

Pipeline depth

1+Pipeline stall cycles per instruction

×

Clock cycle unpipelined

Clock cycle pipelined