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Pipelining: 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 o

° “Folder” takes 20 minutes tl-f_—
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Sequential Laundry

6 PM 7 8 9 10 11 Midnight
| »

[ Time o

30 40 20 30 40 20 30 40 2030 40 20
@ﬁ@ .?.'
S S
/& A5k

° Sequential laundry takes 6 hours for 4 loads

~n o -

- o a-=0
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Pipelined Laundry: Start work ASAP

6PM 7 8 9 10 11 Midnight
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Pipelining Lessons

° Pipelining doesn’t help
6 PM 7 8 9 of single task, it helps
L o of entire workload
[ Time™
| | 1 ° Pipeline rate limited by
| | | pipeline stage

~n o -

- o a-=0

I I I
30 40 40 40 40 20
tasks operating
) ?,' simultaneously
° Potential speedup =
=i
° Unbalanced lengths of pipe
@ o ?_- stages reduces speedup
° Time to “fill” pipeline and
Y & () ?_' time to * " it reduces
speedup
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Review: Single Cycle, Multiple Cycle, vs. Pipeline
<— Cyclel =§< CycleZ—»E
Cik] I I I -
SingIeCyclelmpIementation:
i Load | Store :Waste |

éCyclelgCycle2§Cycle3§CycIe4§CycIe5§CycIeGECycIe7§CycIeBECycIeQECycIeloé

MuItEpleCycleImplementation: : :
L oad Store R-type
[ Ifetch | Reg | Exec [ Mem [ wr | ifetch | Reg | Exec [ Mem | Ifetch |

PipeIIneImplementation: :
Load| Ifetch | Reg [ Exec | Mem | wr |

Store| Ifetch| Reg |Exec |Mem | Wr |

R-type| Ifetch | Reg | Exec [ Mem | wr |
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Review: A Pipelined Datapath

L : : :
O <3_| PC+4 5o J

> > > =
§e)
O Imm16 . p-{ IMM16 m =
— | |Rs — > Zerd | Data
A T Llra [2 ™A b2 2
| |15 ! 71 (- DUSB & Mem| |2
c o | P ro ; EX‘?C—»% =RADO_>§
= & Rt [REile & Unit T WA )
a R D @ - {92. | Di &
] & HE » L0 _ | > & 2
S Rd - 1 > > —I
RegDst ALUS'c  MemWr!  MemtoReg !
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Review: Pipeline 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

: Reg/Dec . Exec . Mem . Wr
- > -
4 Exi0p Exop b 4
—»
ALUSrc ALUSrc
;’
_ ALUOp  |— | ALUOp X Z
= Main 'Reopst | | RegDs 5 3
o Control X [ 3 =
& ] Memwr _|2| Memwr 3 MemWr %
%’ Branch @ | Branch : @ | Branch 8
] Lt §°) Q
MemtoReg MemtoReg MemtoReg @ [MemtoReg
RegWr RegWr | RegWr RegWr
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Review: Pipeline Summary

° Pipeline Processor:
» Natural enhancement of the multiple clock cycle processor
» Each functional unit can only be used once per instruction
« If ainstruction is going to use a functional unit:
- it mustuseit 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 stage
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Outline 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)
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Its not that easy for computers

° Limits to pipelining: prevent next instruction from executing
during its designated clock cycle
: HW cannot support this combination of
instructions
:instruction depends on result of prior instruction still
in the pipeline
: pipelining of branches & other instructions that
change the PC

° Common solution is to the pipeline until the hazard is resolved,
inserting one or more * " in the pipeline
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Single Memory is a Structural Hazard

Time (clock cycles)

Y

r'] Load

? Instr 1
o |Instr 2
é Instr 3
r Yinstr 4
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Option 1: Stall to resolve Memory Structural Hazard

Time (clock cycles)

|
n |Load
S
t {Instr 1
r.
o |Instr 2
:
d
e
r
Yinstr 4
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Mem_[ Reg

|Memld

Instr 3(sta§||)

|

A
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Option 2: Duplicate to Resolve Structural Hazard
* Separate Instruction Cache (Im) & Data Cache (Dm)

Time (clock cycles)

r'] Load

? Instr 1
o |Instr 2
é Instr 3
r Yinstr 4
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Data Hazard on r1l

add rl,r2,r3
subr4,rl r3
and r6, rl ,r7
or r8,r1,r9

xorrl0, rl ,r11
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Data Hazard on r1; (Figure 6.30, page 397, P&H)

» Dependencies backwardsin time are hazards

Time (clock cycles)  : :
T ID/RE

add r1,r2,r3 | im Href

MEWM —WB

i

EX:
- fDm 7

S~ W0 5 —

subrd,rl,r3 ”“

Reg

and r6,rl,r7

‘pm |- [Reg

or r8,rl,r9

Pm

- o a-=0

xor r10,r1,r11

\J
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Optionl: HW Stalls to Resolve Data Hazard

* Dependencies backwar dsin time are hazards

Time (clock cycles)
- IDIR

.

F EX. MEWM WB

. 1add r1,r2,r3 | m Hres[ 3 }iom o
n : :

f subr4, r1,r3

" land ré,r1,r7
(@]

4 lor r8,r1,r9

e

" yxor r10,r1,r11
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But recall use of “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

Reg/Dec : Exec : Mem . Wr
- > -
4 Exi0p Exop b 4
=
ALUSrc ALUSrc
L ———
_ ALUOp  |— | ALUOp X Z
= Main 'Reopst | | RegDs 5 3
o Control X [ 3 =
& ] Memwr _|2| Memwr 3 MemWr %
%’ Branch @ | Branch : @ | Branch 8
] o Qa
MemtoReg MemtoReg MemtoReg @ [MemtoReg
RegWr RegWr — RegWr RegWr
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Option 1: How HW really stalls pipeline

* HW doesn’t change PC => keeps fetching same instruction

& setscontrol signalstot

Time (clock cycles)

o0 benign values (0)

I= §|D/R|§ EX MEIS/I WB;

. 1add ri,r2,r3 | im [HRe[f 5 Jiom :
n
f stall Im
r.

stall
o
r
d | stall
° |subr4,r1,r3

\ )

and r6,r1,r7
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Option 2: SW inserts indepdendent instructions

*« Worst caseinserts NOP instructions

Time (clock cycles)

T éID/RI% EX MEI;/I WEiB =

. (add ri,r2,r3 [ im [R5} dom TE.
.
? nop Im -?:Reg :Ibm .{.Reg
" nop Im _{Reg = EDm Reg
O z
.
d | nop
° |subr4,r1,r3

\j

and r6,r1,r7
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Questions 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 1507 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. Exercise Avg. Lab
1) 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)
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Option 3 Insight: Data is available! (igure 6.41, page 413, par)

* Pipelineregisters already contain needed data

Time (clock cycles)  : : : : :
F: ID/RE NEX: MEM WB

.

. 1add ri,r2,r3 | im HiRes|* 3 Y iom |
n
psuprats [ WRHEpP Al
" land r6,r1,r7 IR )_th R
©
e S S, |
ryxorrl0,ri,ril tm {Reg pm a
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HW Change for “Forwarding” (Bypassing): Figure 6.42, page 414, paH)

* Increase multiplexorsto add pathsfrom pipelineregisters
» Assumesregister read during write gets new value
(otherwise mor e resultsto be forwarded)

ID/EX EX/MEM MEM/WB

[ > Zero? >
M
Lyl u
> x
Data
(M Memory > —
u
X
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From Last Lecture: The Delay Load Phenomenon

CyclelECycIeZ Cycle3§Cycle4 ECycIeS ECycIeB ECycIe7 ECycleS
clock [T [T T_T1 N [ S

10: Load| Ifetch |Reg/Dec| Exec | Mem:| Wr ‘|

3 | :
Plusl| Ifetch |Reg/Dec| Exec } Mem | Wr |

Plus2 [ Ifetch |Reg/Dec|‘ Exec [{[ Mem [ wr |

Plus3 | Ifetch |Reg/Ded|| Exec | Mem | wr |

Plus4 | Ifetch |[Reg/Dec| Exec | Mem | wr |

° Although Load is fetched during Cycle 1:
» The data is NOT written into the Reg File until the end of Cycle 5
* We cannot read this value from the Reg File until Cycle 6
» 3-instruction delay before the load take effect
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Forwarding reduces Data Hazard to 1 cycle:
(Figure 6.47, page 420 P&H)

Time (clock cycles)
IF :ID/R

o

EX: MEM WB

Clwrd, 0(r2) [ R[S )fom [
n
S |subr4,rlré |

" land r6,r1,r7 |

(e}

4 lor r8,r1,r9

e

r

\
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Optionl: HW Stalls to Resolve Data Hazard

* “Interlock”: checksfor hazard & stalls

Time (clock cycles)  : : : : :
F: ID/RE NEX: MEM WB

C(wrl, 0r2) [m ref B

n : : : :

f stall 'm

" sub r4,r1,r3

(@]

4 land r6,r1,r7

e :

" yor r8,r1,r9 1R
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Option 2: SW inserts independent instructions

* Worst caseinserts NOP instructions
* MIPS|1 solution: No HW checking

Time (clock cycles) : : :

T DR

.

F EX. MEWM WB

C(lwrd, 0(r2) | im fHRes]? 4
n
S I
© | nop | m
r.
sub r4,r1,r3
(e}
r
4 land r6,r1,r7
e
"yor r8,r1,r9

Software Scheduling to Avoid Load Hazards

Try producing fast code for

a=b+c;
d=e-f;
assuming a, b, c,d ,e,and f
in memory.
Slow code:
LW Rb,b
LW Rc,c
ADD Ra,Rb,Rc
SW a,Ra
LW Re,e
LW Rf,f
SUB Rd,Re,Rf
SW d,Rd
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Compiler Avoiding Load Stalls:

B scheduled [ unscheduled

gcc
spice
tex 65%
0% 26% 46% 66% 86%
% loads stalling pipeline
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Break (5 Minutes)
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12: Beg| Ifetch [Reg/Dec| Exec [ Mem
(target iSTO00) \

From Last Lecture: The Delay Branch Phenomenon
: Cycle4:iCycle5 i Cycle6:Cycle7 :Cycle8 :Cycle9 :Cycle 10: Cycle 11

aw [ T T 1

(LTI

wr |

16: R-typel Ifetch lReg/Dec| Exec

Mem [ wr |

20: R-type [‘Ifetch [RegD

Exec | Mem | wr |

24: R-type | Ifetch

egDec| Exec | Mem | wr |

1000: Target of Br

Ifetch [Reg/Dec| Exec [ Mem | wr |

° Although Beq is fetched during Cycle 4:

e Target address is NOT written into the PC until the end of Cycle 7
» Branch’s target is NOT fetched until Cycle 8

» 3-instruction delay before the branch take effect
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«———— Program Execution Order (in Instructions)
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Control Hazard on Branches: 3 stage stall

Time (in Clock Cycles)

cc1

40 beq $1,$3,36

44 and $12,$2,$5

48 or $13,$6,$2

52 add $14,$2,$2

—

801d $4,$7,100
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cc2 cc3

1 Reg

=

cc7 ccs cco
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Branch Stall Impact

° If CPI =1, 30% branch, Stall 3 cycles =>new CP| =1.9!

° 2 part solution:
» Determine branch taken or not sooner, AND
» Compute taken branch address earlier

° MIPS branch tests =0or #0

° Solution Option 1:
* Move Zero test to ID/RF stage
» Adder to calculate new PC in ID/RF stage
» 1 clock cycle penalty for branch vs. 3
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Option 1: move HW forward to reduce branch delay

Instruction Instr. Decode Execute Memory Write
Fetch Reg. Fetch Addr. Calc. Access Back
/\

L@

X
IF/D ID/EX EX/MEM MEM/WE

4 Zero?

Rs.10
<! 1115 M
instruction | IR M

MEMAWBIR | Registers AU

Data
ul Memor
M y

16 [sign \32
xtend
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Branch Delay now 1 clock cycle

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

EX/MEM MEM/WB

1Rs..10

R11.15

MEM/WB.IR

sign \a2
extend

Data

Memory M
r X

16
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Option 2: Define Branch as Delayed

° Worst case, SW inserts NOP into branch delay

° Where get instructions to fill branch delay slot?
» Before branch instruction
* From the target address: only valuable when branch
* From fall through: only valuable when don’t 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
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When is pipelining hard?

: 5instructions executing in 5 stage pipeline
* How to stop the pipeline?
* Restrart?
* Who caused the interrupt?
Stage Problem interrupts occurring

IF Page fault on instruction fetch; misaligned memory
access; memory-protection violation

ID Undefined or illegal opcode

EX Arithmetic interrupt

MEM Page fault on data fetch; misaligned memory

access; memory-protection violation
° Load with data page fault, Add with instruction page fault?
° Solution 1: interrupt vector/instruction , check last stage
° Solution 2: interrupt ASAP, restart everything incomplete
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When is pipelining hard?

° Address modes: Autoincrement causes register change during
instruction execution

e Interrupts?
* Now worry about write hazards since write no longer last stage
- Write After Read (WAR): Write occurs before independent read

- Write After Write (WAW): Writes occur in wrong order, leaving
wrong result in registers

- (Previous data hazard called RAW, for Read After Write)

° Memory-memory Move instructions
* Multiple page faults
» make progress?
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When is pipelining hard?

: long execution time

° Also, may pipeline FP execution unit so that can initiate new
instructions without waiting full latency

FP Instruction Latency Initiation Rate (MIPS R4000)
Add, Subtract 4 3
Multiply 8 4
Divide 36 35
Square root 112 111
Negate 2 1
Absolute value 2 1
FP compare 3 2

° Divide, Square Root take =10X to =30X longer than Add
» Exceptions?

» Adds WAR and WAW hazards since pipelines are no longer
same length
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Hazard Detection

Suppose instruction i is about to be issued and a predecessor
instruction j is in the instruction pipeline.

Rregs (i ) = Registers read by instruction i
Wregs (i ) = Registers written by instruction i
° A RAW hazard exists on register pif 3p, pe Rregs(i ) nWregs( j )

— Keep arecord of pending writes (for inst's in the pipe) and compare
with operand regs of current instruction.

— When instruction issues, reserve its result register.
— When on operation completes, remove its write reservation.

° A WAW hazard exists on register pif 3p, pe Wregs(i ) nWregs( j )

° A WAR hazard exists on register pif 3p, pe Wregs(i ) nRregs( j )
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Avoiding Data Hazards by Design

Suppose instructions are executed in a pipelined fashion such that
Instructions are initiated in order.

°WAW avoidance: if writes to a particular resource (e.g., reg) are
performed in the same stage for all instructions, then no WAW
hazards occur.

proof: writes are in the same time sequence as instructions.

| [R/D] E W
I [R/D] E|W
| [R/D] E|W

° WAR avoidance: if in all instructions reads of a resource occur at an
earlier stage than writes to that resource occur in any instruction,
then no WAR hazards occur.

proof: A successor instruction must issue later, hence it will perform
writes only after all reads for the current instruction.
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First Generation RISC Pipelines

° All instructions follow same pipeline order (“static schedule”).
° Register write in last stage
— Avoid WAW hazards
° All register reads performed in first stage after issue.
— Avoid WAR hazards
° Memory access in stage 4
— Avoid all memory hazards
° Control hazards resolved by delayed branch (with fast path)
° RAW hazards resolved by bypass, except on load results
which are resolved by fiat (delayed load).

Substantial pipelining with very little cost or complexity.
Machine organization is (slightly) exposed!
Relies very heavily on "hit assumption"of memory accesses in cache
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Review: Summary of Pipelining Basics

° Speed Up < Pipeline Depth; if ideal CPI is 1, then:
Pipeline depth +Clock cycle unpipelined
stall cycles per instruction” Clock cycle pipelined
° Hazards limit performance on computers:

* structural: need more HW resources

 data: need forwarding, compiler scheduling

» control: early evaluation & PC, delayed branch, prediction

SpeedUp=1+Pipe|ine

° Increasing length of pipe increases impact of hazards since pipelining
helps instruction bandwidth, not latency

° Compilers key to reducing cost of data and control hazards
* load delay slots
» branch delay slots

° Exceptions, Instruction Set, FP makes pipelining harder
° Longer pipelines => Branch prediction, more instruction parallelism?
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