L e

Real-World Pipelines: Car Washes

Sequential

11

Parallel

ldea

m Divide process into
independent stages

m Move objects through stages
In sequence

m At any given times, multiple
objects being processed
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Computational Example
300 ps 20 ps

Combinational | Delay = 320 ps
logic Throughput = 3.12 GOPS

Clock

System
m Computation requires total of 300 picoseconds
m Additional 20 picoseconds to save result in register
m Clock cycle must be at least 320 ps

1 operation 1000 ps
Throughput = ————— x —— = 3.12 GOPS
320 ps 1 ns
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3-Way Pipelined Version

100 ps 20 ps 100 ps 20 ps 100 ps 20 ps

Comb Comb. Comb.
C Throughput = 8.33 GOPS
Clock
System

m Divide combinational logic into 3 blocks of 100 ps each

m Can begin new operation as soon as previous one passes
through stage A.

® Begin new operation every 120 ps

m Overall latency increases
® 360 ps from start to finish
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Pipeline Diagrams

Unpipelined

OP1
P2
OP3

Time

m Cannot start new operation until previous one completes

3-Way Pipelined

OP1 | A B

OP2 A B C

OP3 B C
Time

—>
m Up to 3 operations in process simultaneously
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2'241 300 359
Clock | J

OP1
OP2 A : &
OP3 * B C
0 120 240 360 480 640
Time

100 ps 20 ps 100 ps 20 ps 100 ps 20 ps

’//E

Comb.
A logic —

B

Comb.
{ logic

Clock
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Limitations: Nonuniform Delays

o0 ps 20 ps 150 ps 20 ps 100 ps 20 ps
1~ Toge. [{o] etay-510ps
g 9 Throughput = 5.88 GOPS
or1 [A B C _—
OP2 A B C
OP3 A B C
Time

-_—mm§

m Throughput limited by slowest stage
m Other stages sit idle for much of the time
m Challenging to partition system into balanced stages
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Limitations: Register Overhead

o0ps 20ps 2S0ps 20ps S0ps 20ps S0ps 20ps 20ps 20ps 20 ps 20 ps

jComb. [ wlComb. ftn »|Comb. oMb .fuli, »|Comb. »jComb.
| logic logic | logic logic | logic - | logic

Clock Delay = 420 ps, Throughput = 14.29 GOPS

m As pipeline deepens, overhead of loading registers becomes
more significant

m Percentage of clock cycle spent loading register:
® 1-stage pipeline: 6.25%
e 3-stage pipeline: 16.67%
® 6-stage pipeline: 28.57%
m High speeds of modern processor designs obtained through
very deep pipelining
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Data Dependencies

Combinational

logic

Clock
OP1 F
OP2
OP3 (7
Time
System

m Each operation depends on result from preceding one
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Data Hazards

Comb. Comb. Comb.
logic logic logic
A B C

OP1 R C Clock
QP2 A B C
OP3 A B C
OP4 A B O
Time

—..
m Result does not feed back around in time for next operation
m Pipelining has changed behavior of system
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Data Dependencies in Processors

1 irmovl $50,
2 addl ,
3 mrmovl 100 ( ), %edx

m Result from one instruction used as operand for another
® Read-after-write (RAW) dependency

m Very common in actual programs

m Must make sure our pipeline handles these properly

® Get correct results
® Minimize performance impact
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Vil

m Stages occur in sequence

m One operation In process
at a time

PC
Data
Memory memory
Execute
A B
Becode Register M
file
E
S0000CRD

Fetch Instruction PC

memaory increment

PC

e

5

Write back
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m Still sequential
iImplementation

m Reorder PC stage to put at
beginning

PC Stage

m Task is to select PC for
current instruction

m Based on results

computed by previous
instruction

Processor State

m PC is no longer stored in
register

m PCis determined from
other stored information

T _'_ i By
oo g K -
s - ! { - - .
1
T 1 = 5 i
] i ) = i i ] ”- it “w, r .:_-
l.\-. = .-' T 1 - .. F
¥ £ | 5 1 # L \ e [ | T
5 A Er | 1 It ]
A F 1
E5d ’ a3 s 3 . — =1 ey L 1 . -
o S 14 r e _ 5 Ere R = = ;_-"' [Tl =3 ) . '_"__'."'-'l-- == £ = i (U, =l
- B =

Memory

Execute

Decode

Fetch

PC

data out

Ins
m

truction
emory

PC

increment

plcndel pBch

pValM

pValC

pValP

LT

Write back
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Write back
vali

Data

Memory memory

Addr, Data

Execute
valA, valB
D J srcA, srcB
ecode A B
icode, valC GStA, dstS Register ™
valP file
E
icade, ifun uas
rA, rB
valC
Fetch Instruction PG
memaory increment
PC
V:13

ing Pipeline Re

valk, valM

isters

W icode, W valM

W_valE, W_valM, W_dstE, W_dstM

valiM

Data

Memory memory

Addr, Data

Bch |

aluA, aluB

valk

Execute ALU

valA, valB

A B
Rexade Register ™
file
E
Write back

icode, ifun,

rA, rB, valC valP
Fetch Instruction PC

memory increment
predPC

PC
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W icode, W valM W valE, W valM, W dstE, W dstM

valiM

Data
memaory

M icode,
M Bch,
M valA

Fetch

m Select current PC
m Read instruction
m Compute incremented PC  &xcue

Addr, Data

Bchi valE

aluA, aluB

Decode
m Read program registers

valA, valB

B ogiotor™
Execute o
Write back
m Operate ALU :
M e m o ry Fetch e vai{i:nstmction PC =
memaory increment
m Read or write data memory redPC
PC

Write Back

m Update register file
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Write back

dla ou ¥

F

Memory

m Pipeline registers hold
iIntermediate values
from instruction
execution

_valA

&

valA - dstE
&

Forward (Upward) Paths E
m Values passed from one |

stage to next Ol B e | e | ‘i i i i
m Cannot jump past | —
stages
® e.g., valC passes
through decode ﬂ} fT F F

Instruction
memory

Fetch

i PC
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Write back

-

F

valg vali - dstE
F
oL

Memory

Predicted PC

m Guess value of next PC

valA

&

M_Bch

valA - dstkE
&

Branch information
= Jump taken/not-taken Execute

m Fall-through or target
address = [

ifun - valC

valA valB ‘ dstkE

dstM | srcA | srcB

Return address - | “
= Read from memory .

ifun rA rB

Register updates £ o EN 2

. . | T T 1 —
m To register file write ";?E;’“iﬁ”
ports Fetch | »

||

-

W_valM
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M icode

rA‘rE-
3 7

ifun

Split Align e
Byte 0 Bytes 1-5

Instruction
memaory

PC

iIncrement

M _Bch
i M_valA
: W icode
W valM

m Pipeline timing requires next instruction fetch to begin

immediately after current instruction is fetched

® Not enough time to reliably determine next instruction

e Can be done for all but conditional jumps, return

m Solution for conditional jumps: predict taken (use valC)

® Recover if prediction was incorrect

V:il7
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Simple Prediction Strategy

Instructions That Don’t Transfer Control
m Predict next PC to be valP
m Always reliable

Call and Unconditional Jumps
m Predict next PC to be valC (destination)
m Always reliable

Conditional Jumps
m Predict next PC to be valC (destination)
m Correct only if branch is taken (~60% of time)
m Could predict all branches not taken (correct ~40% of time)

Return Instruction
m Don’t try to predict

V:18 ECENn-CS 324
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ifun rA rB

F F F

PC
Increment
Split Align

Byte 0 Bytes 1-5

Instruction

memory

M icode
M_Bch
i M_valA
; W icode
W valM

m Mispredicted Jump

® Will see branch flag once instruction reaches memory stage
e Can get fall-through PC from M_valA

m Return Instruction
e Will get return PC when ret reaches write-back stage
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Pipeline Demonstration

1 rmoywl
irmovl
i a1 o7 gl

1rmoswl

halk

File: demo-basic.ys

S1,
52,
53,
s4,

seax
secCx
sedx

sebx

ECEN-CS 324



Data Dependencies: 3 Nop’s

# demo-h3.ys

1 2 3 4 9
0x000: irmovl $10, $edx n
0x006: irmovl $3,%eax -n---
0x00c: nop -n-m-
0x00d: nop -n-m
0x00e: nop nﬂ
D

0x00f: addl %edx, $Seax

%011+ halt

Cycle 6
W

R[%eax] <3

6 74 8 9 10 11
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Data Dependencies: 2 Nop’s

# demo-h2.ys

0x000:
0x006:
0x00c:
0x00d:
0x00e:
0x010:

irmovl $10, $edx

irmovl $3,%eax

nop
nop
addl %edx, seax

halt

D

A <R[%edx

B «<R[2eax
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Data Dependenmes 1 Nop

# demo-hl.ys 7 8 9

0x000: irmovl $10, %edx
0x006: irmovl $3, %eax
0x00c: nop
0x00d: addl $%$edx, %$eax
Ox00t: halt

M

M valE = 3
M dstE = seax

Error

V23 ECENn-CS 324
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Data Dependenmes No Nop

# demo-h0.ys
0x000:
0x006:
0x00¢:
0x00e:

irmovl $10, $edx

irmovl $3,%eax

addl
nalkt

sedx, seax

M valk =1
M dstE = $edx

E

Error
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Stalling for Data Dependencies

# demo-h2.ys
0x000: irmovl $10, %edx

0x006: irmovl $3, %eax

0x00c: nop
0x00d: nop
bubble
0x00e: addl %edx, $Seax
D010 Halt

m If instruction follows too closely after one that writes
register, delay it

m Delay or stall always takes place in decode stage

® Following instruction also delayed in fetch, but just one “stall
cycle” is tallied

m Stall = dynamically injecting nop into execute stage

m One way of dealing with hazards

e Situation in which we get wrong answer without special action
V:25 ECENn-CS 324



Write back

IR &

Is There a Pending Write
for Src Registers?

m Pending writes
indicated by dstE and
dstM fields

® |In execute, memoty,
and write-back stages
. Com pare srcA and sch ﬂ icn:ie iTn- valC valA valB dstE| dstM srcimrclim
in decode stage with all (oste] as] srea] srcB
these flEIdS Decode

m If fields are equal, stall

. Execute

A 5 W _valM
RegisterM
file W _valE

n icodg ifun rA

Special Case T T
m If srcX register ID is 8, o L ey
don’t stall even on R
match

® Indicates absence of
register operand
V:26 ECEN-CS 324




Detecting Stall Condition

# demo-h2.ys

0x000: irmovl $10, $edx -n---
0x006: irmovl $3, %eax -n---
Dx00¢: nop -----
O0x00d: nop -n--
bubble -
0x00e: addl %edx, Seax nn
0x010: halt n

SICA = $edx
srcB = $eax
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Multi-cycle Stalls

# demo-h0.ys

0x000:
0x006:

0x00c¢c:
0x00e:

mevs 0o [FTOTETWW]

irmovl $3, %eax
bubble
bubble
bubble

addl %edx, seax

halt

E dstE = $eax

D D

SICA = $edx SICA = $edx
srcB = $eax srcB = $eax

D
SICA = $Sedx
srcB = $eax
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Stalling: Another View

Cycle 8

# demo-h0.ys

Write Back
Memory
Execute

Decode
Fetch

bubble

0x000: irmovl $10, $edx bubble

0x006: irmovl 83, %Seax 0x00c: addl %edx, $eax

0x00c: addl %edx, Seax 0x00e: halt

0x00e: halt

Operational Rules:
m Stalling instruction held back in decode stage
m Following instruction stays in fetch stage

m Bubbles injected into execute stage
e Like dynamically generated nop’s
® Move through stage-by-stage as regular instructions
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Implementing

W _dstM

W _dstE |

w

valM - dstE

M dstM

E_dstM

dstM

M dstE |
' valA - dstE

dstM

h

...E_.bubble
icode| ifun valC valA

valB

dstE

dstM

srcA

srcB

d_srcB
d srcA

D icode

___Qﬁg_t_q]!___ﬂ icode| ifun - rA B valC

valP

Pipeline Control

m Combinational logic detects stall condition
m Sets mode signhals for how pipeline registers should update
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Normal

Stall

Bubble

Input =y

= X

Output = x

>

stall bubble
oo

Input =y Output = X
=D X
stall bubble
Input =y Output = x
=D X—=
stall bubble
— 0 j_ — 1

Pipeline Register Modes

=

=

=

Rising
clock

Rising
clock

Rising
clock

o O 3

Output =y

Output = x

=

Output = nop
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Data Forwarding

Our Naive Pipeline Would Experience Many Data Stalls
m Register isn’t written until completion of write-back stage

m Source operands read from register file in decode stage
® Needs to be in register file at start of stage
® Leads to many more stall cycles than necessary

Observation
m The value we want is generated in execute or memory stage
m |t is “available” 1-2 cycles before write-back

Trick: Go Get It!

m Pass value directly from stage of generating instruction to
decode stage

m Needs to be available at end of decode stage
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Data Forwarding Example

# demo-h2.ys

Ox000 :
(s B2

U0 e
0x00d:
0x00e:
Ox0 10 2

irmovl $10, $edx
irmovl S$3, %eax
nop
nop

addl %edx, $eax

halt

B irmovl in write-back

stage

m Destination value in W

pipeline register

m Forward as valB for

decode stage

®m addl instruction can
proceed without stalling

6 7 4 9 10
F E|l M| W
D| E| M| W
F|{ Dl E| M| W
F| Dl M| W
F| D| E| M| W
F| D| E| M| W|
CYCIe\
W
W dstE = $eax Rlseax] €3
W valE = 3
D
SICA = 2edx | valA < R[gedx] =10
srcB = %eax | valB « W valE =3
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Decode Stage

m Forwarding logic selects
valA and valB

= Normally from register file

= When forwarding required,
valA or valB come from later

pipeline stage

Forwarding Sources
m Execute: valE
= Memory: valE, valM
m Write back: valE, valM

Detection

m Comparing regids, same as
in previous stall examples

V:34

IM W valE, W valM, W _dstE, W _dstM

E valA, E valB,
E srcA, E srcB

valA, valB

A B
RegisterV
file

E

Write back
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Data Forwarding Example #2

# demo-hO0.ys
0x000: irmovl S$10, $Sedx
0x006: irmovl $3, %eax

0x00c: addl $%edx, Seax

O0x00e: halt

Register $edx

m Generated by ALU
during previous cycle

m Forward from memory
as valA

Register $eax

m Value just generated
by ALU

m Forward from execute
as valB

Cycle 4
M
M dstE = $edx
M valE =10
=

E dstE = $eax

e valE < 0+3=3

- A

SIcA = $edx | valA « M valE = 10
srcB = $eax | valB « e valE = 3
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Write back

W valE valM - dstE

data out m_valM

ey = Add additional feedback

paths from E, M, and W
pipeline registers into
decode stage

m Create logic blocks to
select from multiple
sources for valA and valB
in decode stage

m Note: we either do this or

Execute

ﬂic{}de ' dstM | srcA | srcB

l d_srcATd_src BT
. “m[m] use stall control logic

g e Forwarding results in
= ]
D ——— much better performance

W_valM l
F{eglster M
file W_valE
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W _valk
W _valM -
s i -,mE Eim- 1.## What should be the A wvalue-
int new_E_valA = |
= e # Use incremented PC

o mgjjgw D icode in { ICALL, IJXX } : D valP;
# Forward valE from execute
d srcA == E dstE : e valE;
# Forward valM from memory
d srcA == M dstM : m valM;
# Forward valE from memory
d srcA == M dstE : M valE;
# Forward wvalM from write back
d srcA == W dstM : W wvalM;
# Forward wvalE from write back
d srcA == W dstE : W valE;
# Use value read from register file
l : d rvala;

dsiE | dstM | srcA | srcB
A F Y
d srcA|l d srcB
—ERES

W valM l
F{egister M
file W_valE
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Limitation of Forwarding

# demo-luh.ys 1 2 3 4 5 6 7 8 9 10 11

0x000: irmovl $128,%edx | F[ D[ E|[M|W
0x006: irmovl $3,%ecx "FlDp|lE|M]|W
F

0x00c: rmmovl %ecx, 0 (%edx)
0x012: irmovl S10, $ebx

0x018: mrmovl 0 (%edx), $eax # Load %eax

0x0le: addl %ebx, Yeax # Use %eax nm
0x020: halt F[D|E|M[wW

Load-use dependency Ficin 7 —
= Value needed by end of Y

M
decode stage in cycle 7 01 st =
= Value read from memory in M_valE =13 m_valM < M[128] = 3
D

H!

memory stage of cycle 8

Terminology
m This is a load hazard

Error
valA « M valk =10

m One solution is a load stall valB « R[eax] = 0
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