Human pipeline: laundry
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Folding colors
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Latency — Time for One
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pipelined times three
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times three pipeline timing
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ADD
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10 ps o0 ps 10 ps 50 ps 10 ps

1
throughput: ———— ~ 16 G operations/sec
60 ps
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deeper pipeline
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)D
A (t+2) '/2?21 2x A (t+1)
partial_results E'
; IJxA 3xA((t+0)
A A1) partial results

<+ —> €1 44— 4 14— <>
10 ps 25 ps 10 ps 25 ps 10 ps 25 ps 10 ps

Problem: How much faster can we get?

1
Probf&mu@bquefgf%ﬂsr do 2hi€?ops/sec

25 ps 10 ps
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deeper pipeline

| -
>

)D
A (t+2) '/2?21 2% A (t+1)
partialresults E'
; IxA 3xA(t+0)
A A+ partial results

Problem: How much faster can we get?

Problem: Can we even do this?

diminishing returns: register delays

110 ps _
logic (all)
per cycle Q
100 ps 10 ps
60 ps ; ;
logic (1/2) —»@—} logic (2/2) —»@
per cycle
50 ps 10 ps 50 ps 10 ps
43 ps = . .
logic (1/3) —»@—} logic (2/3) —»@—} logic (3/3) —»@
per cycle
33ps 10ps 33ps 10ps 33ps 10 ps
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diminishing returns: register delays diminishing returns: register delays
120 ‘ ‘ ‘ 100 [F---—- - e
m .83x speedup — max. rate of register updates
o wn
= 100 | . % 80 | |
2 80| 1 & 1.02x throughput
Q@ — 60| . :
o + o ©®
£ 60 : a . "
3 < 40) et :
5 40 * . : 3 .
o PY — | ® B
° o 4 . 1.02x speedup < 20
GE_) 20 AN NS N o] 1.83x throughput
- L | register delay 1 | 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
"4 6 8 10 12 14 24 6 8 10 12 M
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deeper pipeline

diminishing returns: uneven split

aihm Can we split up some logic (e.g. adder) arbitrarily?
D Probably not...
> AN 110 ps
logic (all
A(t+2) t2|><A|t2><A(t+1) per cycle gic (all) ﬂ
partial results E' 100 ps 10 ps
I xA 3xA((t+0)
‘ A(t+1) o | 70 ps _ :
A partial results logic (1/2) -DQ-» logic (2/2) -»Q
per cycle
60 ps 10 ps 45 ps 10 ps
Problem: How much faster can we get? 50 ps
. logic (1/3) -DQ» logic (2/3) -bm-b logic (3/3) -»Q
Problem: Can we even do this? per cycle
40ps 10ps 3B5ps 10ps 30ps 10 ps
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addqg processor addqg processor
decode
execute
register file register file
srcA  RlsrcA] orcA  RIsrcA]—
e R[srcB] - R[srcB]— —L
H oxF +ldstM H | ‘ Oxjrtelativt
,'\;I‘:; - Isplit dstE ADD— ,'\;I‘:; » B dstE ADD H—
u next R[dstM] u next R[dstM] ™
PC ’——next R[dstE] PC - next R[dstE] 7
fetch and ’7
add2- | pc ogate _
writeback
18 18




addqg processor

addqg processor

decode decode
) | <kios t ; execute execute
>lghal sKips \{VO >tages register file register file
\\\ srcA  RIsrcAl— srcA  RIsrcAl—
H ‘\\ [—>sch R[sch]——|_’ srcB R[sch]———|_*
M| oxpeteimeiv H | ox et
l'\;l‘:; » dstE ADD H— ,'\;‘I:; » dstE ADD H—
u next R[dstM] u next R[dstM]
PC next R[dstE] PC - next R[dstE]
fetch and fetch and ’7
PC update _ PC update _
writeback writeback
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pipelined addq processor addq execution
decode/execute
= addq %r8, %r9 // (1)
N addq %r10, %rll // (2)
fetch/ deroq%gister file q or®s e decode/execute
fetCh/fetCh " Jerepa RIsrcAlH {Zi‘ EE
EL’“CB R[srcB]; reger#sl6, Wlfbam(12)-,, register file J values for (1)
fetch/fetch ﬁ} RI Arﬁ
oxF+dstM — lsrcA src
I'\;z:_ , dstE fetch / decode E | | . RisreBlS
oxF+ldstM
next R[dstM] Instr. dstE
PC next R[dstE] Menn. x
next R[dstM]
F 2 PC adddquxite, %ral//(12) next R[dstE]
. add 2 T
execute/writeback padd 2 A
address of (2)
19 execute /writeback 20




addq processor timing addq processor performance
// initially %r8 = 800, example delays: _ @t x
// %r9 = 900, etc. B path time B -
addq %r8, %ro T : add 2 (PC update) 80 ps T .
addq %r10, %rill instruction memory 200 ps
addq %r12, %ril3 register file read 150 ps
addq %r9, %rs add 100 ps
register file write 150 ps
fetch fetch/decode decode/execute execute/writeback
:)ycle (I;’)SO rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE no plpe|ln|ng 1 instruction per 600 ps
1 ox2 |8 9 add up everything but add 2 (slowest path)
2 Ox4 10 11 800 900 9
3 |ex6 |12 |13 |1000 |1100 |11  |1700 o pipelining: 1 instruction per 200 ps + register delay
4 9 8 1200 |1300 (13 2100 11 N
s 1700 lsoo I8 2500 3 slowest path through stage + register delay
6 2500 8 latency: 800 ps + register delay (4 cycles)
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OPq processor addqg processor: data hazard
fetch/decode  decode/execute // initially %r8 = 800,
ifum:,% :% // %r9 = 900, etc. B
L H addq %r8, %r9 PCT
register file addq %r9, %r8
dd
fetCh/fetCh L lercA R[srcA]—:E:‘ :ddg
*E»L’sch R[srcB]H L Y
oxF -ldstM fetch fetch/decode decode/execute execute/writeback
Instr ; cycle |PC rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
Mem, [ 5PNt dstE ALU— 0 0x0
1 0x2 8 9
next R[dstM] 2 9 8 306900 |0
PC next R[dstE] 3 900 800 8 1700 9
4 1700 8
— should be 1700
‘%
N
execute/writeback 23




data hazard

addq %r8, %r9 // (1)

addq %r9, %r8 // (2)

step# |pipeline implementation ISA specification
1 read r8, r9 for (1) read r8, r9 for (1)
2 read r9, r8 for (2) write r9 for (1)

3 write r9 for (1) read r9, r8 for (2)
4 write r8 for (2) write r8 ror (2)

pipeline reads older value..

instead of value ISA says was just written

data hazard compiler solution

addq %r8, %r9
nop
nop
addq %r9, %r8

one solution: change the ISA
all addgs take effect three instructions later

make it compiler’s job

usually not acceptable
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data hazard hardware solution addqg processor: data hazard stall
// initially %r8 = 800, @b i
addq %r8, %r9 // %r9 = 900, etc. B , o A
// hardware inserts: nop addq %r8, %r9 T -
// hardware inserts: nop // hardware stalls twice
addq %r9, %r8 addq %r9, %rs8 i)
2 fetch | fetch/decode decode/execute execute/writeback
how about hardware add nops 5de P A |8 RG] [RircB] [aE Jnext RIGstE]  JastE
(0] Ox0
called stalling 1 Jox2x 8 o
2 Ox2* |[F F 800 900 9
extra |Ogic- 3 0x2 F F - - F 1700 9
- , 4 9 8 -— | -—- F
sometimes don't change PC 5 1700 lsoo |8 — F
sometimes put do-nothing values in pipeline registers 6 2500 8
R[9] written during cycle 3; read during cycle 4
27 28




control hazard

addqg %r8, %r9
je  OXFFFF

control hazard: stall

addqg %r8, %r9
// ilnsert two nops

addq %r10, %ril je  OXFFFF
1% 0%
fetch fetch /decode decode/execute execute/writeback addq %rlo y 70 ril
cycle PC Z'ZZF rA |rB RisrcAl |R[sch] |dStE next R[dstE] |dStE fetch fetch/decode decode/execute execute/writeback
i ?xi) r;]_ - cycle |PC SF/ZF |rA |rB R[srcA] |R[sch] |dstE next R[dstE] |dstE
(0] 0Ox0 0/1
2 222 |d/1 F 800  [oe0 [0 | n oo o/t I 5
. . 2 Ox2*x (0/1 F F 800 900 9
OxFFFF if R[8] = R[9]; ©x12 otherwise oo oo F IF =TT Toes 5
4 Ox10 |[0/0 F F - - F - F
5 10 11 - - F - F
6 1000 (1100 |11 - F
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control hazard: stall control hazard: stall
addqg %r8, %r9 addqg %r8, %r9
// insert two nops // ilnsert two nops
je  OXFFFF je  OXFFFF
addq %rl10, %rll addq %rl10, %rll
fetch I fetch /decode I decode/execute I execute/writeback fetch fetch/decode decode/execute execute/writeback
ocle IPC__ Hwait for two cycles for addq to update SF/ZF cvdle [PC_ [SF/ZF [rA  |B  [RlsrcA] [R[srcB] [dstE [next R[dstE] |dstE
0 Bl T 0 Ox0 0/1
1 ox2x |4/1 |8 9 1 ox2* lexecute je instruction (use SF;ZF;I
2 Ox2* |d/1 F F 800 900 9 2 Bk yaes ™ J ™ (VAV} Uuu( Y
3 \Z v 9/0 F F - - F 1700 9 3 Ox2 q/0 F F - - F 1700 9
4 0x10 |[0/0 F F = - F - F 4 oxro—0/0 F F - - F - F
5 10 11 - - F - F 5 10 11 - - F - F
6 1000 1100 |11 - F 6 1000 (1100 |11 - F
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pipelined Y86 CPU

five stages — fetch+PC
update/decode/execute/memory /writeback

one per cycle
need: pipeline registers between stages

need: way of dealing with control hazards

need: way of dealing with data hazards
stalling + two techniques we'll take about next week
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pipelining summary

assembly line for math
divide into pieces
each piece in parallel for different instructions

increase throughput but also increase latency
limited by uneven division of work
limited by dependencies (“hazards”)

limited by register delays
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register operations when stalling

“stall” — write disable; keep old value
“bubble” — write default (no-operation) instead of
input

HCL2D will provides these directly

if it didn't — MUX in front of register input
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