Pipelining (part 2)

addq processor performance

N

register file

example delays:

path time EEWQ ELmQLE;L
add 2 80 ps B M L .
instruction memory 200 ps L

pPC

register file read 125 ps oy
add 100 ps

register file write 125 ps &y

no pipelining: 1 instruction per 550 ps
add up everything but add 2 (critical (slowest) path)

pipelining: 1 instruction per 200 ps + pipeline register delays
slowest path through stage + pipeline register delays
latency: 800 ps + pipeline register delays (4 cycles)

critical path

every path from state output to state input needs enough time

output — may change on rising edge of clock
input — must be stable sufficiently before rising edge of clock

critical path: slowest of all these paths — determines cycle time
times three: slowest part of ALU ended up mattering

matters with or without pipelining

SEQ paths

register file
A srcA RlsreA]
R[srcB]

B %rsp=D—|srcB

o yidstM .
- ata in
et 5 OXF— dstE Data out
i Hem o Addr in
write?
—{next R[dstM] ko
PC next R[dstE] of opcode
instr. r
it

length




SEQ paths

path 1: 25 picoseconds

SEQ paths

path 1: 25 picosecond

s  path 2: 50 picoseconds

register file | PC+9 register file
rA srcA RlsreA] A rcA RIsrcA]
R[srcB R[srcB
B—Zrsp=D—srcB [oreB] L B—%rsp=D—srcB [oreB]
r 0xF4§dstM All;U Daa' - S DldstM Daa
L Instr. alu, ata in L Instr. ata in
5 OXF— dstE valE| Data out 4 OXF— dstE Data out
Mem. oree 0->ﬁ—>aluB ]} Addr in Mem. Krsp Addr in
write? write?
—{next R[dstM] function —{next R[dstM] function
PC next R[dstE] of opeode PC next R[dstE] of opcode
- Instr. r - |Instr. r
= |length =" llength
path 1: 25 picoseconds  path 2: 50 picoseconds path 1: 25 picoseconds  path 2: 50 picoseconds
path 3: 400 picoseconds path 3: 400 picoseconds path 4: 900 picoseconds
register file | PC+9
DL A -
122y 15 1 =
R[srcB
B %rsp=D—(srcB [sreE] B~ grsp=D—|src
[ OxF—| dstM ALU Data i i OxF—] Data i
L ata in L ata in
'I\;;str %%Ej’ dstE *‘%E- Data out Il\;;g" %%E: ﬂ?ﬁa—e‘ﬂ
em- 0_,ﬁ—»aluB Addr in em- dr in
write? write?
—>|next R[dStM] function == [TTEXT r\?u:.LM] function
PC r“eXt R[dstE] of opeode PC rnext R[dstE] of opcode
- | Instr. - |Instr.
= llength =" llength




SEQ paths

path 1: 25 picoseconds

path 2: 50 picoseconds

path 3: 400 picoseconds path 4: 900 picoseconds

register file | PC+9
L
v Rfsrerd D
B %rsp=D—(srcB RlsreB] ALU
 —r= N
i |nstr ((;I - il h Data in
Y~ ..and many, many more pat sIr | Data-ert
= write?
— [11EXT r\?u:.LM] function
PC rnext R[dstE] of opcode
1 |instr.
= llength

sequential addq paths

register file
rcA RIsrcAl
R[srcB]
srcB
oxF+dstM
Instr. .
Mem. > dstE
next R[dstM]

>m

’—~next R[dstE]

sequential addq paths

path 1: 25 picoseconds

register file
rcA RIsrcA]
R[srcB]
srcB
OxF+dstM
Instr. .
Mo » dstE >DD
next R[dstM]
PC

’—~next R[dstE]

sequential addq paths

path 1: 25 picoseconds
path 2: 375 picoseconds

>m

register file
rcA RIsrcA]
R[srcB]
srcB
OxF+dstM
e cplit PdstE
next R[dstM]
PC next R[dstE]




sequential addq paths

path 1: 25 picoseconds
path 2: 375 picoseconds
path 3: 500 picoseconds

register file
RL
==
R[srcB]
srcB
OxF+dstM
st P dstE
Mem.

next R[dstM]

PC rnext R[dstE]

sequential addq paths

path 1: 25 picoseconds
path 2: 375 picoseconds
path 3: 500 picoseconds

register file

OxF+dstM

»+E
Pastt

next R[dstM]

PC rnext R[dstE]

DD

sequential addq paths

path 1: 25 picoseconds
path 2: 375 picoseconds
path 3: 500 picoseconds

overall cycle time: 500 picoseconds (longest path)

pipelined addq paths

register file

OxF

1N
14

next R[dstM]
next R[dstE]

PC r

—
|7\

register file
srcA R[srcA]
OxF+dstM
Instr ! d
Mem. lit dstE
next R[dstM]
PC RistE]
L path 1: 80 picoseconds
path 2: 210 picoseconds E:
path 3: 210 picoseconds ]
path 4: 135 picoseconds A
path 5: 110 picoseconds
path 6: 135 picoseconds

overall cycle time: 210 picoseconds




pipelined addq paths

addq processor timing

7N}
. . . , register file
N // initially %r8 = 800, &LM' o]
register file // %r9 = 900, etc. L
Rjsre] addq %r8, %r9 M st .
sreh addq %r1e, %ril e s
. / pC next Ridstl
addq %ri12, %ril3 i
| OxFdstM addq %r9, %r8 R
L lit dstE DD )
’ fetch | fetch/decode decode/execute execute/writeback
next R[dstM] cycle |PC rA [rB R[srcA] [R[sch] [dstE next R[dstE] [dstE
PC o 0] 0Ox0
mext—pdstE] 1 Ox2 8 9
’ path 1: 80 picoseconds 2 Ox4 |10 11 860 906 |9
path 2: 210 picoseconds ¢ 3 ox6 |12 13 1000 |1100 |11 1700 9
path 3: 210 picoseconds 1 4 9 8 1200 (1300 (13 2100 11
path 4: 135 picoseconds Ay 5 1700 (800 |8 2500 13
path 5: 110 picoseconds 6 2500 8
path 6: 135 picoseconds
overall cycle time: 210 picoseconds
addq processor timing addq processor timing
= =
. . . , register file . . . , _ register file
// initially %r8 = 800, &LM' o] // initially %r8 = 800, &LM' o
// %r9 = 900, etc. T // %r9 = 900, etc. i S
oxFdstM oxF+dstM
ad d 96 I’8 96 F9 Instr. | lepii dstE a d d %r8 %r9 Instr dstE
q b Mem. q ) Mem.
addq %ri1o, %rll st Rlgs) addq %r1e, %rill p——
/ / pC next Ridst / / pC next R[dstl
addq %r12, %rl3 e addq %r12, %rl3 -
addq %r9, %r8 add2 N addq %r9, %r8 Lol N
©J ©J
fetch | fetch/decode decode/execute execute/writeback fetch | fetch/decode decode/execute execute/writeback
cycle [PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE cycle [PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
0] 0x0 [¢] 0x0
1 0x2 8 9 1 0x2 8 9
2 Ox4 10 11 800 900 9 2 Ox4 10 11 800 900 9
3 0x6 12 13 1000 |1100 |11 1700 © 3 0x6 12 13 1000 |1100 |11 1700 9
4 9 8 1200 (1300 (13 2100 11 4 9 8 1200 (1300 (13 2100 11
5 1700 (800 8 2500 13 5 1700 (800 8 2500 13
6 2500 8 6 2500 8




addq processor timing

1]
IS

// initially %r8 = 800, &Lj‘“i;i[j

// %r9 = 900, etc. L

addq %r8, %r9 B et

addq %rio, %rill et R

addq %ri2, %ri3 " pos i

addq %r9, %r8 add2 A

©

fetch fetch/decode decode/execute execute/writeback

cycle |PC rA [rB R[srcA] [R[sch] [dstE next R[dstE] [dstE

[¢] 0x0

1 0Ox2 8 9

2 Ox4 10 11 800 900 9

3 0x6 12 13 1000 (1100 (11 1700 9

4 9 8 1200 (1300 |13 2100 11

5 1700 (800 8 2500 13

6 2500 8

addq processor timing

// initially %r8 = 800,
// %r9 = 900, etc.
addq %r8, %r9 ,B
addq %ri1o, %rll
/ / pPC
addq %ri12, %ril3
addq %r9, %r8 add 2
fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA [rB R[srcA] [R[sch] [dstE next R[dstE] [dstE
0] 0x0
1 0x2 8 9
2 Ox4 10 11 800 900 9
3 0x6 12 13 1000 |1100 |11 1700 9
4 9 8 1200 (1300 (13 2100 11
5 1700 (800 8 2500 13
6 2500 8

1]
IS

Wy e
Tt ROl
oxF+dstM
Instr.

register file

ren RIsrcA]

next RldstM]

next R[dstE]

pipeline register naming convention

d_dstE
N

E_dstE
“/’

rF\
register file
srcA RlsreA]
R[srcB]
srcB
dstM
Instr.
- Mo dstE :>ADD
next R[dstM] —

PC

next R[dstE]
F —

N
W_dstE— S

pipeline register naming convention

f — fetch sends values here
D — decode receives values here

d — decode sends values here




addq HCL

addq fetch/decode

unpipelined pipelined
e /* D: to decode /* Fetch+PC Update*/ /* Fetch+PC Update*/
/* f: from fetch */ d: from decode */ pc = P_pc; pc = P_pc;
f_rA = il0bytes[12..16]; d_dstE = D_rB; EKPC :‘18E ;ei;[lz 16] 2_5; _ IE‘)(1:og iés[lz 16]
_ o X % - L % =1 y .. ; _rA =i y .. ;
f_ rB il10bytes[8..12]; /* use reg_ﬂster.flle. / B = 'ilObytes[s..lz];’ frp - ‘il@bytes[S..lz];’
reg_srcA = D_rA; /* Decode */ /* Decode */
/* fetch to decode */ d_valA = reg_outputA; reg_srcA = rA; reg_srcA = D_rA;
/* f_rA -> D_rA, etc. */ reg_srcB = rB; reg_srcB = D_rB;
register fD { reg_dstE = rB; d_dstE = D_rB;
rA : 4 = REG_NONE; /* decode to execute */ Va{g = reg_outputgi S—Va%'é = reg_outputgg
rB : 4 = REG_NONE; register dE { valB = reg_outputB; -valB = reg_outputB;
} dstE : 4 = REG_NONE;
valA 64 = 0;
valB 64 = 0;
}
10 11
addq pipeline registers SEQ without stages
register pP {
pc : 64 = 0;
15 - .
/* Fetch+PC Updatex/ register file PC+9
register fD { ” A RlsrcA]
rA : 4 = REG_NONE; rB : 4 = REG_NONE; o R[srcB]
H B %rsp=D—|srcB
/* Decode *x/ W’;dstM AI";U Data |
register dE { - | Instr. R i ata in
valA : 64 = 0; valB : 64 = E; dstE : 4 = REG_NONE; >D’ Mem. wrip e it =]}~ paer o
} I write?
/* Execute x/ —>next R[dstM]
register ew { PC next R[dstE]
valE : 64 = 0; dstE : 4 = REG_NONE; =] r
} e ;
/* Writeback x/ = length
12 13




SEQ with stages

SEQ with stages

decode decode
execute execute
memory memory
fetch register file | pclo fetch register file | Peps
|
—rA srcA RlsrcA] —rA srcA RlsrcA]
B —%rsp=D—(srcB RlsrcB] — 1 rB—%rsp=D—{srcB RlsreB];
1 OxF—| dstM ALU i . OxF =] dstM ALU i
L | Instr — pfaluA Data in L | Instr e — p{aluA DData in
: xF—| dstE va D : OxF =] t valE ta out|
™ Menm. s ¥ Kﬁ_»alus IE-! *DquZTrai:Ut ™ IS S ) F':ﬁ_>alus I *D_’Adzrain
write? write?
—{next R[fistM] —{next R[fistM]
PC next R[§istE] PC next R[fistE]
instr. r instr. r
.Plength ] length
writeback writeback
14 14
SEQ with stages SEQ with stages (actually sequential)
decode decode
| execute i, execute
] =
. memory = memory
rule: signal to next stage (except flow control) =
eteh | register file | pclo fetch register file | Peps
|
—rA srcA RlsreAl | A rcA RIsrcA]
—B—%rsp=D—{srcB RlsrcB] — 1 rB—%rsp=D—{srcB RlsreB]
=] o= J=|dstM ALU : ( dsti L= All;U Data i
b Lt OXF =] dstE aluﬁalEj DI;:amout d Instr. dstE i uva|E-| S;:alr;ut
= Mem. Fre— F—:ﬁ_’a'”B | —~|Addr in ™ Mem. F_:ﬁ—»ms I (X —|Addr in
write? ;’P write?
—{next R[fistM] —{next R[fistM]
PC next R[fistE] PC next R[fistE]
instr. r instr. r
.klength ] length
\ L
writeback writeback
14 15




adding pipeline registers

adding pipeline registers

decode decode
o — execute o — execute
- memory —— memory
) = not shown — control logic | #%=
fetch | register file | o eten | register file | Ho
- src RlsrcA] . - R[srcA]HH
B " A R[srcB]HH B " A R[srcB]HH
B —%rsp—=—(srcB N B —%rsp—=—(srcB N
dstM ALU dstM ALU
- T Instr. o dstE _7D->alu€alE DDa:air;ut i T inste A dstE T aluI:aIE DDa;:air:)ut
b Mem. _Kﬁ—nluB I 1)~ {addr in > Mem. —;;ﬁ—n.lus I 2] —~(Addr in
—{next R[fistM] e —{next R[fistM] e
PC next R[§istE] PC next R[fistE]
instr. r instr. r
.Plength .Plength
writeback writeback
16 16
passing values in pipeline memory read /write logic
read prior stage's outputs address =
e.g. decode: get from fetch via pipeline registers (D_icode, .. data
& & PIP & (b- ) data memory -
. output
send inputs for next stage data
e.g. decode: send to execute via pipeline registers (d_1icode, ..) input 7
exceptions: deliberate sharing between instructions icode —[is read?
via register file/memory/etc. cominsr mem ] . _
via control flow instructions ' [is write?]
17 18




memory read /write logic

address ~
data

data memory ~
output

data
input

—_is read?
is write?

18

memory read /write logic

address ~
data
data memory ~
output
data
input
from —_is read?
instr.
mem. iS Write?

18

memory read /write: SEQ code

icode = il1l0bytes[4..8];
mem_readbit = [
icode == MRMOVQ || ...: 1;
0;
13

19

memory read/write: PIPE code

f_icode = il0bytes[4..8];

register fD { /* and dE and eM and
icode : 4 = NOP;

}

d_dicode

D_icode;

e_icode = E_-dicode;

mem_readbit = [
M_icode == MRMOVQ || ...: 1;
0;

1;

mw */

20




memory read/write: PIPE code

addq pipeline registers

stage addq rA, rB
f_ic.:ode = ilObytes[4..8]; fetch icode : ifun «— M;[PC]
register fD { /* and dE and eM and mW */ (A : 1B « M[PC+1]
icode : 4 = NOP; valP < PC +2
} , PC update PC + valP P
update < va .
d_icode = D_dicode; N N icode ---------o-omomomoooooo
decode valA < R[rA]
S . IB B
e_icode = E_-dicode; valg « R[rB]
mem_readbit = [ b ... DI icode -------------mmmmmmmm-
M_icode == MRMOVQ || ...: 1; execute valE « valA + valB
0: T Tmemory T 2 icode -
1 ’ S e R e ———— M icode -~
’ write back  R[rB] + valE
20 21
addq pipeline registers addq pipeline registers
stage addq rA, rB stage addq rA, rB
fetch icode : ifun + M;[PC] fetch icode : ifun «+ M;[PC]
rA . rB « M;[PC+1] rA . 1B <« M[PC+1]
valP «- PC+2 valP «+— PC+2
PC upd PC IP e PC upd PC IP P
_ PCupdate PCovalP 5 icode, ALB | | PCupdste PCealP S o, oA, B
decode valA < R[rA] decode valA < R[rA]
valB < R[rB] valB < R[rB]
7777777777777777777777777777777777777 DI icode, B -------cmmmme oo - - icode, 1B, valA, valB -------ooo oo
execute valE « valA + valB execute valE + valA + valB
LTI s (B icode, B --------iiiiio b o n T s (B icode, rB --------ooiiiooo oo
fffff € ——Q—y—————————fff””————————————_ icode, rB ------------ooo fff——e——(?—y—————————f”””————————————_ icode, rB ---------------------

write back  R[rB] <« valE

21

write back  R[rB] <« valE

21




addq pipeline registers

addq pipeline registers

stage addq rA, rB stage addq rA, rB
fetch icode : ifun + M;[PC] fetch icode : ifun «+ M;[PC]
rA : rB < M;[PC+1] rA : rB < M;[PC+1]
valP <~ PC +2 valP «+— PC+2
PC upd PC IP P PC upd PC IP P
t t
_ PCupdate PCevalP 5 icode, A B | | PCupdate PCewalP S (coe. tA (B
decode valA < R[rA] decode valA < R[rA]
valB < R[rB] valB < R[rB]
dstE < rB
7777777777777777777777777777777777777 DI icode, rB, valA, valB ---------- oo b - - - - icode, dstE, valA, valB -----------
execute valE < valA + valB execute valE < valA + valB
ey T (B icode, rB, valE --------oooooo - 1 T mremany ST e (B icode, dstE, valE ----------------
————————— 4 --------------------------- -3 icode, 1B, valE -------------— - ~~f——————y—————————fff””————————————_ icode, dstE, valE ----------------
write back  R[rB] <« valE write back  R[dstE ] < valE
21 21
addq pipeline registers pushq pipeline registers
stage addq rA, rB
t hq rA
fetch icode : ifun + M;[PC] >rage pusha r
rA . rB « M;[PC+1] fetch icode : ifun « M;[PC]
valP <~ PC+2 valP <~ PC+2
PC upd PC IP P PC update PC IP Pe
ate —va
_ T update TL R D Jicode, rA, rB -----------mmm - e D Jicode --------mmmmmmmmm oo
decode valA < R[rA] decode valA < R[rA]
valB < R[rB] valB < R[%rsp] _
dstE + rB o 77”""t"*"""”;;_”HlfBﬁﬁgf 777777 0 icode ------ommmmemeoe oo
7777777777777777777777777777777777777 > icode, dstE, valA, valB ----------- execute va valb — .
execute valE < va'A + valB R }\ZilE 777777 IX 7777777 (M icode ----oooooioieoioeoiooes
" d redundant with rB + icode ode, dstE, valE ---------------- || memory  M|valE]« valA I icode -
””” but will make implementation simpler fode. dstE, valk -------ommmeo write back  R[%rsp] + valE

WIrITE DdTK M UStC | & vdiC

21

22




pushq pipeline registers

stage pushq rA
fetch icode : ifun < M;[PC]
valP + PC+2
PC upd PC IP Pe
t
D dpeEe T R — D Jicode, rA —-----mmmmmm o -
decode valA + R[rA]
valB < R[%rsp]
************************************ B icode -~~~ oo
execute valE « valB —8
************************************ D icode -~~~ oo
memory M{[valE ] < valA
************************************ M icode -~~~ o
write back  R[%rsp| < valE

22

pushq pipeline registers

stage pushq rA
fetch icode : ifun < M;[PC]
valP + PC+2
PC upd PC IP Pe
t
D rpeEe T R — D Jicode, rA —------mmmmm -
decode valA «+ R[rA]
valB < R[%rsp]
———————————————————————————————————— DI icode, valA, valB ----------------
execute valE < valB —8
************************************ I icode valA -------ooioooooooo
memory M valE ] < valA
************************************ Ml icode ~--------cooooioooooo-
write back  R[%rsp| < valE

22
pushq pipeline registers pushq pipeline registers
stage pushqg rA stage pushqg rA
fetch icode : ifun < M;[PC] fetch icode : ifun < M;[PC]
valP + PC+2 valP + PC+2
PC upd PC IP P PC upd PC IP PC
t t
tmedate TR AT D] icode, A <o s A D] icode, rA <o s
decode valA < R[rA] decode valA < R[rA]
valB < R[%rsp] valB < R[%rsp]
777777777777777777777777777777777777 DI icode, valA, valB ---------------- dstE <« %rsp
execute valE « valB —38 _ R ECSE L L L L R PSP PP R R DI icode, valA, valB, dstE -----------
777777777777777777777777777777777777 _ ICOde, vaIA, valg ---------------- execute valE <« valB — 8
memory MJvalE] < valA . b S icode, valA, valE, dstE -----------
””” s eoeo oo oo [J icode, valE oo oooooooooo oo memory M[valE] + valA
write back  R[%rsp] < valE B O i S S icode, valE, dstE -~~~
write back  R[ dstE | < valE

22

22




pushq pipeline registers

stage pushq rA
fetch icode : ifun < M;[PC]
valP + PC+2
PC upd PC IP P
t
D dpeEe T R — D Jicode, rA —------mmmmm -
decode valA < R[rA]
valB < R[%rsp]
dstE < %rsp
77777777777777777777777777777777777 I icode, valA, valB, dstE -----------
execute valE v]\\B -8

redundant with icode

but will make implementation simpler

write back

R[dstE | < valE

22

addq processor: data hazard

N

le

. . . , register fil
// initially %r8 = 800, &L A' o
// %r9 = 900, etc. e "Bl

©xF+dstM
addq %r8, 9%r9 B M e L
addq %r9, %r8 -
addq PC next R[dstE]
fadd 2|
addq ... 2
&y
fetch fetch/decode decode/execute execute/writeback

cycle |PC rA [rB R[srcA] [R[sch] [dstE next R[dstE] [dstE
[¢] 0Ox0
1 0x2 8 9
2 9 8 800 900 9
3 900 800 8 1700 9
4 1700 8

23
addq processor: data hazard data hazard
// initially %r8 = 800, &L:jfi“i;i'f,,,
// %r9 = 900, etc. e et addq %r8, %r9 // (1)
a4da %8, %o B L addq %r9, %rs // (2)
70 y 70 next R[dstM]
addq I step# |pipeline implementation ISA specification
addg ... ) 1 read r8, r9 for (1) read r8, r9 for (1)
fetch | fetch/decode decode/execute execute/writeback .
cycle PCt rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE 2 read r9' r8 for (2) write r9 for (1)
o loxe 3 write r9 for (1) read r9, r8 for (2)
; =2 2 : seo_—Taos 15 4 write r8 for (2) write r8 ror (2)
3 900 400 8 1700 9
4 hould be 1700 1700 8 pipeline reads older value..
should be
instead of value ISA says was just written
23 24




data hazard compiler solution

addq
nop
nop
addq

%r8, %ro

%r9, %r8

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

make it compiler’s job

usually not acceptable

data hazard hardware solution

addq %r8, %r9
// hardware inserts: nop
// hardware inserts: nop
addq %r9, %r8

how about hardware add nops?

called stalling

extra logic:

sometimes don't change PC
sometimes put do-nothing values in pipeline registers

25 26
addq processor: data hazard stall addq processor: data hazard stall
el el

. . . os _ ‘ register file = . . . os _ ‘ register file “
// initially %r8 = 800, L // initially %r8 = 800, L
// %r9 = 900, etc. T // %r9 = 900, etc. i S

xF+dstM xF+dstM
addq %r8, %r9 | e e e . addq %r8, %r9 | e M . .
// hardware stalls twice 1 - - Fg — // hardware stalls twice 1 - - T«{ﬁﬂ
addq %r9 , %r8 P JLr stalling logic (not shown) | riaste] addq %r9 , %r8 P JLr stalling logic (not shown) | riaste)
, ,

addq %r1e, %ril | addq %r1e, %ril |

q 7 y 7 @ q ' y 7 @

fetch | fetch—decode decode—execute execute—writeback fetch | fetch—decode decode—execute execute—writeback
cycle |PC A [rB RlsrcA] [R[srcB] [dstE  [next R[dstE]  [dstE cycle |PC rA [rB RlsrcA] [R[srcB] [dstE [next R[dstE]  [dstE
[¢] 0x0 [¢] 0Ox0
1 Ox2* |8 9 1 Ox2* |8 9
2 Ox2*x [F F 800 900 9 2 Ox2*x [F F 800 900 9
3 0x2 F F = - F 1700 9 3 0x2 B F = - F 1700 9
4 Ox4 9 8 - - F i F 4 Ox4 9 8 = - F - [
5 10 11 1700 (800 8 - F 5 10 11 1700 (800 8 I [
6 1000 (1100 |11 2500 8 6 1000 (1100 |11 2500 8
27 27




addq processor: data hazard stall

// initially %r8 = 800,
// %r9 900,

%A
‘ register file
A
OxF+dstM
addq %r8, %r9 i st Lo rd,g ,
// hardware stalls twice
=

etc.

t R[dstM]

addq %r9 %r8 + stalling logic (not shown) | riasie)
/ b

addq %r10, %ril

&)
fetch | fetch—decode decode—execute execute—writeback
cycle |PC rA [rB R[srcA] [R[sch] [dstE next R[dstE] [dstE
0] 0x0
1 Ox2*x (8 9
2 Ox2*x [F [F 800 900 9
3 0x2 B [F = - [F 1700 9
4 Ox4 9 8 - - [F - [F
5 10 11 1700 (800 8 - F
6 1000 (1100 |11 2500 8

R[9] written during cycle 3; read during cycle 4

addq stall

addq %r8, %r9

// hardware stalls twice
addq %r9, %r8

addq %r1e, %ril

ldecode lexecute lwriteback

0 [addq %r8, %r9 |

[1 Jaddq %rg, %8 [addq %r8, %r9 \

2 Jaddq %r9, %r8 |nop “bubble” \addq %8, %r9 \

3 Jaddq %r.z), %rsiip “bubble” ] \addq %8, %r9 |

4 Jaddq %r10, %r11addq %r9, %r8 |nop “bubble”  |nop “bubble” |
e |

lcycle [fetch

nop “bubble”

\
laddq %r10, %r11[addq %r9, %r8

5 B nop “bubble” \
27 28
addq stall (alternative) addq processor: data hazard stall (alternative)
)

o // initially %r8 = 800, &L'ef'“i;i[:
addq /or8, %ro9 ] // %r9 = 9@0’ etc. ﬂjﬁ.sm‘? RfsrcB]
// hardware stalls twice addq %rs8, %r9 | et et
addq %r9, %r8 // hardware stalls twice I [ « R
addq %rlO, %rll addq %I"g, %8 P{ + stalling logic (not shown) | rase)

oz 0/ ladd 2F
[cycle [fetch [decode lexecute lwriteback addq %r106, %ril ‘ Y
fetch | fetch—decode decode—rexecute execute—writeback
‘O ‘addq %I’S, %r9 ‘ cycle [PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
\
1 Jaddq %r9, %r8¢d‘dq %r8, %r9\\~ 2 Zig 8 5
2 qu%QQ%dHM@?&%%@ qu%£9&9\ A SO S w N s N 5
3 laddg %r10, %r11]addq %r9, %r8 [nop “bubble” \addq %8, %r9 | 4 o4 19 8 SN I L S F
v \i 5 10 11 1700 (800 8 = F
4 Jaddq %r10, %r11]addq %r9, %r8 |nop "bubble”  |nop “bubble” | & 1000 1100 |11 |2500 8
\ \
5 - laddq %r10, %r11]addq %r9, %r8 [nop “bubble” |
29 30




addq processor: data hazard stall (alternative)

addq processor: data hazard stall (alternative)

// initially %r8 = 800, &L:fi“ij“: 3 // initially %r8 = 800, &%:fi“i;i'f,@
// %r9 = 900, etc. A il // %r9 = 900, etc. LG et
addq %I’8, %F9 . :\2‘::; split| dstE L addq %I’8, %F9 . r‘\;‘:‘m' M ’—dzze
// hardware stalls twice 1 — // hardware stalls twice 1 —
addq %r9 %r8 Pq + stalling logic (not shown) | rase) addq %r9 %rs Pq + stalling logic (not shown) | rse)
2 y 7 . / ) 7 I
addq %r10, %ril [ addq %r1e, %ril [
b b
fetch | fetch—decode decode—execute execute—writeback fetch | fetch—decode decode—execute execute—writeback
cycle |PC A [rB RlsrcA] [R[srcB] [dstE  [next R[dstE]  [dstE cycle |PC rA [rB RlsrcA] [R[srcB] [dstE_ [next R[dstE]  [dstE
0 0x0 [0} 0x0
1 0Ox2 8 9 1 0Ox2 8 9
2 Ox4* |9% 8% 800 900 9 2 Ox4* |9% 8% 800 900 9
3 Ox4* |9% 8% - - Fx 1700 9 3 Ox4* |9% 8% - - Fx 1700 9
4 Ox4 9 8 - - Fx - F 4 Ox4 9 8 - - Fx - F
5 10 11 1700 800 8 - F 5 10 11 1700 800 8 - F
6 1000 1100 11 2500 8 6 1000 1100 11 2500 8
R[9] written during cycle 3; read during cycle 4
30 30
hazard exericse hazard exericse solution
register file register file
addq %r8, %r9 ‘ - ‘

SF—sren RlsreAlH JF—oren  RlsreAlH
addq %ri10, %rll L oes R[S“BI*'E%L Bl R[schl*E;L
addq %ro, %rs B = B = = |
addq %rll, %rl10 e Rt e e

PC Inext R[dstE] PC next R[dstE]
y Y
to resolve hazards with stalling, how many stalls are needed?
cycle #:10:1:12i3i4i5:6i7:8
addq %r8, %r9 F:DIEiW
addq %r10, %11 F:D:E{W
addq %r9, %r8 X F‘*D E'W
addq %rll, %rle F »D E:W
31 32




exercise: pipelining improvement (1)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3
10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? (compute the mean)

33

exercise: pipelining improvement (1)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3
10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? (compute the mean)

1+.15x1+.10x24+.02x 3+ .01 x4=1.45

33

exercise: pipelining improvement (2)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3

10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? 1.45

original cycle time: 1200 ps; new cycle time: 300 ps

how much better throughput?

34

exercise: pipelining improvement (2)

1% of instructions executed need to stall 4 cycles for hazard
2% stall exactly 3

10% stall exactly 2

15% stall exactly 1

how many cycles per instruction? 1.45

original cycle time: 1200 ps; new cycle time: 300 ps

how much better throughput?

1 every (1.45 x 300 = 435 ps) versus 1 every 1200 — 2.76 faster

34




control hazard

addq %r8, %r9
je  OxFFFF
addg %rl10, %rll

fetch fetch—decode decode—execute execute—writeback
cycle |PC SF/ZF [rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
¢} Ox0 0/1
1 Ox2 0/1 8 9
2 222 [0/1  JexF  JoxF [see [oee o |
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control hazard

addq %r8, %r9
je  OxFFFF
addg %rl10, %rll

fetch fetch—decode decode—execute execute—writeback
cycle PC SF/ZF [rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
[¢] Ox0 0/1
1 Do a/1 8 9
2 222 /1 JoxF [oxF [gee Joee o ]

OxFFFF if R[8] = R[9]; ©x12 otherwise

35
control hazard: stall control hazard: stall
addq %r8, %r9 addq %r8, %r9
// insert two nops // insert two nops
je OXFFFF je OXFFFF
addq %rl1o, %rll addq %rl10, %rll
fetch fetch—decode decode—execute execute—writeback fetch ‘fetchﬁdecode‘ decode—execute ‘ execute—writeback ‘
cycle |PC_ [SF/ZF A B [RI[srcA] [RlsrcB] [dstE [next R[dstE] [dstE ode |Pc_ lwait for two cycles for addq to update SF/ZH|
[¢] 0x0 0/1 [¢] Daeld -
1 Ox2* [0/1 8 9 1 Ox2* /1 8 9
2 Ox2*x [0/1 OxF OxF |800 900 9 2 Ox2*x [d/1 OxF OxF |800 900 9
3 0x2 0/0 OxF OxF |=—— - OxF (1700 9 3 v /0 OxF OxF |7~ - OxF (1700 9
4 0x10 0/0 OxF OxF |=—— - OxF |7~ OxF 4 0x10 0/0 OxF OxF |=—— - OxF |=——— OxF
5 10 11 I - OxF |7~ OxF 5 10 11 - - OxF |=—— OxF
6 1000 |1100 (11 - OxF 6 1000 |1100 (11 - OxF
36 36




control hazard: stall

addq %r8, %r9

// insert two nops
je OXFFFF

addq %rl10o, %rll

stalling for conditional jmps

subq %r8, %r8
je label

label: drmovq

fetch fetch—decode|  decode—execute execute—swriteback time|fetch decode ‘execute \memory Iwriteback ‘
cycle  |PC SF/ZF |A [rB [RIsrcA] [RIsrcB] [dstE |next R[dstE] [dstE 1 OP
0 ox0_ [0/1 5 _ch op
1 |eox Jexecute je instruction (use SF/ZF ! d
Sz Jexecute je instruction (use SF/ZF)] 3 |wait for JCCCC_|OPq (set ZF)
3 lez q/0  JoxF |exF |-7= |77~ [exF |170© 9 4 |wait for jCC |nothing |jCC (use ZF) |OPq

OXTe 0 X X - - X -== X ; - . .
: / ?OF 61)1F B - gxi - gxi 5 lirmovq nothing |nothing jCC (done) |OPq \
6 1000 [1100 [11 | OxF

36 37
stalling for conditional jmps stalling for conditional jmps
subq %r8, %r8 subq %r8, %r8
je label je label
label: drmovq label: drmovq
time|fetch decode  [execute [memory |writeback | time|fetch decode [execute Imemory writeback |
1 |OPq 1 |OPq
2 |iCC OPq 2 |iCC OPq
3 |wait for jCC[jCC OPq (set ZF) 3 |wait for jCC[jCC OPgq (set ZF) 4 ZF sent via register
4 |wait for jCC |nothing [JCC (use ZF) |OPq 4 |wait for jCC |nothing [JCC (use ZF) |OPq
5 |irmovq nothing |nothing jCC (done) |OPq \ 5 lirmovq nothing |nothing JCC (done) |OPq \
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stalling for conditional jmps

subq %r8, %r8
je label

label: drmovqg ...

stalling for ret

call empty
addq %r8, %r9

empty: ret

time|fetch decode [execute [memory |writeback | time|fetch decode  [execute memory |writeback |

1 |OPq 1 call

2 |jCC OPq 2 ret call

3 |wait for jJCC |jCC OPq (set ZF) 3 |wait for ret |ret call

4 |wait for jCC |nothing—{jCC (use ZF) |OPq 4 |wait for ret |nothing |ret call (store)

5 |irmovq nothing |nothing JCC (done) |OPq \ 5 |wait for ret |nothing |nothing ret (load) |call

“taken” sent from execute to fetch 6 |addg nothing  |nothing nothing  |ret
37 38
stalling for ret stalling for ret
call empty call empty
addq %r8, %r9 addq %r8, %r9

empty: ret empty: ret

time|fetch decode [execute I[memory  [writeback | time|fetch decode  [execute Imemory [writeback |

1 Jcall 1 Jcall

2 ret call 2 ret call

3 |wait for ret |ret call return address stored here 3 |wait for ret |ret call ‘

4 |wait for ret |nothing |ret call (store) 4 |wait for ret |nothing |ret '€turn aqg.fe\%%JQ?de here

5 |wait for ret |nothing |nothing ret (load) |call 5 |wait for ret |nothing |nothing ret (load) |call

6 |addq nothing |nothing nothing ret 6 |addq nothing |nothing nothing ret
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pipeline stages

fetch — instruction memory, most PC computation
decode — reading register file
execute — computation, condition code read/write
memory — memory read/write

writeback — writing register file, writing Stat register

39

pipeline stages

fetch — instruction memory, most PC computation

decode — reading register fi/

common case: fetch next instruction in next cycle
e : " :
can't for conditional jump, return

memory — memory read/write

writeback — writing register file, writing Stat register

39
pipeline stages pipeline stages
fetch — instruction memory, most PC computation fetch — instruction memory, most PC computation
decode — reading register file decode — reading register file
execute — computation, condition code read/write execute — computation, condition code read/write
memory — memory read/write [\ memory — memory read /write
. d/write i t id di I . . . : . :
writeba |- i [0 Selie @ ag€ avolds reading wrong vaie writeback — writing register file, writing Stat register
get value updated for prior instruction (not earlier/later)
don’t want to halt until everything else is done
39
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