Changelog

Changes made in this version not seen in first lecture:

10 October 2017: remove duplication of stall logic slides
10 October 2017: slide 6: use d_dstE and reg_dstE instead of dstE, use
P_pc and p_pc consistently

10 October 2017: move pipeline stages slide after mention of the stall for
ret

10 October 2017: slide 8: show version without moved wires for
dstE/dstM

10 October 2017: slide 16: add valA and valB, not valB and valB

addq processor timing

// initially %r8 = 800,

// %r9 = 900, etc.
addq %r8, %r9

addq %r10, %rll

addq %rl12, %ril3

addq %r9, %r8

e

fetch fetch/decode decode/execute execute/writeback
cycle |PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
[¢] 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

N

register file

fdstM
dstE

ext RldstM]
next R[dstE]

A RlsrcAlH]
R[srcB]HH]
B

addq processor timing

// initially %r8

N

IS
register file
= 800,

on RlsrcAlH]
// %r9 = 900, etc. mae!
addq %r8, %r9 lsm e L :
addq %rl10, %rll ot R
addq %rl12, %rl3 ot
addq %r9, %r8 add2 ol
L))

fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
[¢] 0x0
1 0x2 8 9
2 Ox4 10 11 800 900 9
3 0x6 12 13 1000 |1100 |11 1700 ©
4 9 8 1200 (1300 (13 2100 11
5 1700 (800 8 2500 13
6 2500 8




addq processor timing

etc. N
oxFdstM
g prstr dstE

register file

R[srcA]

srcA

— o

Inext R[dstM]
Inext R[dstE]

// initially %r8 = 800,
7/ %r9 = 900,
addq %r8, %r9
addq %rl10, %rll

/ / pPC
addq %ri12, %ril3

fadd 2|

addq %r9, %r8 2

fetch fetch/decode decode/execute execute/writeback
cycle |PC rA [rB R[srcA] [R[sch] [dstE next R[dstE] [dstE
[¢] 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

addq processor timing

// initially %r8
// %r9

800,
900,

etc.

addq %r8, %r9
addqg %ri0, %rill

/ / pPC
addq %rl12, %ril3

fadd 2|

addq %r9, %r8 2

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 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

,E,L
H s
oxF+dstM
g r‘\;::; M dstE

register file

RlsrcA]
R[srcB]

srcA

next RdstM]
next R[dstE]

— o

addq processor timing

register file

RlsrcA]
R[srcB]

jsrcA

Inext R[dstM]
Inext R[dstE]

// initially %r8 = 800, ﬂﬁa
// %r9 = 900, etc. L e
oxFdstM
addq %r8, 9%r9 B e
addq %ri1o, %rll
, , PC
addq %ri12, %ri3
addq %r9, %rs8 add2
fetch | fetch/decode decode/execute execute/writeback
cycle |PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
0] 0x0
1 0Ox2 8 9
2 Ox4 10 11 800 900 9
3 0Ox6 12 13 1000 |1100 |11 1700 9
4 9 8 1200 (1300 (13 2100 11
5 1700 (800 8 2500 13
6 2500 8

pipeline register naming convention

d_dstE
N\

) IR\
register file
R[srcA]

E_dstE

»

srcA
R[srcB]
srcB
OxF+dstM
Instr.
- Mo, dstE :>ADD
next R[dstM] —
PC next R[dstE]
add 2 F =
%N
W dst — < dActlE
_ - <+—C€__GStC
—/




pipeline register naming convention

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

d — decode sends values here

addq HCL

/* D: to decode

/* f: from fetch *x/ d: from decode */

f_rA = il0bytes[12..16]; d_dstE = D_rB;

f_rB = il0bytes[12..16]; /* use register file: */
reg_srcA = D_rA;

/* fetch to decode */ d_valA = reg_outputA;
/* f_rA -> D_rA, etc. x/
register fD {

rA : 4 = REG_NONE; /* decode to execute *x/
rB : 4 = REG_NONE; register dE {
} dstE : 4 = REG_NONE;

valA : 64 = 0;
valB : 64 = 0;

addq fetch/decode

unpipelined pipelined
/* Fetch+PC Updatex/ /* Fetch+PC Updatex/
pc = P_pc; pc = P_pc;
p_pc = pc + 2; p_pc = pc + 2;
rA = ilObytes[12..16]; f_rA = il0bytes[12..16];
rB = ilObytes[8..12]; f_rB = il0bytes[8..12];
/* Decode x/ /* Decode x/
reg_srcA = rA; reg_srcA = D_rA;
reg_srcB = rB; reg_srcB = D_rB;
reg_dstE = rB; d_dstE = D_rB;
valA = reg_outputA; d_valA = reg_outputA;
valB = reg_outputB; d_valB = reg_outputB;

addq pipeline registers

register pP {
pc : 64 = 0;
13

/* Fetch+PC Updatex/
register fD {
rA : 4 = REG_NONE; rB : 4 = REG_NONE;

)
/* Decode x/
register dE {
valA : 64
}

/* Execute x/
register eW {

valE : 64 = 0; dstE : 4 = REG_NONE;
}

/* Writeback */

0; valB : 64 = E; dstE : 4 = REG_NONE;




SEQ without stages

SEQ with stages

decode
execute
memory
register file PC+9
. | fetch register file P
A srcA RlsreAl g | CLFQ
B~ mrsp=D—srcB RlsreB] L | A rcA RIsrcA]
ﬁidStM A'\I;U Data i i R = ALU
i Instr. alu ata in i
T o2xF— J—dstE valEn Data out OxF—| J—dstM .
™ Mem. wrep on| FaluB I_’D—>Addr in i Instr. £ GxFaid E A Q DDat: n 4
ite? ™ Mem. e jﬁ—’alu: D |addr in
—{next R[dstM] ° R
PC next R[dstE] —{next R[fistM]
instr. r PC next R[fistE]
.Plength instr. r
] length
writeback
SEQ with stages SEQ with stages
decode decode
execute | execute
—
memory : memory
rule: signal to next stage (except flow control)
fetch register file | rclo eten | register file | rcto
| |
—rA srcA RlsreAl | A rcA RIsrcA]
— | B ®rsp=D—jsrcB RlsreBI] | B Zrsp—D—jsrcB RlsreBI]
L | Instr E_ 2= e — ﬁJI;U Data in L | Instr E_ 2= e — ﬁJI;U Data in
iq Mem. R o) L == R e - Menm. WEITE o) L == R e
write? write?
—{next R[fistM] —{next R[fistM]
PC next R[fistE] PC next R[fistE]
instr. r instr. r
.klength .klength
writeback writeback




SEQ with stages (actually sequential)

adding pipeline registers

decode decode
o execute o = €execute
- %ﬂ memory - ﬂ memory
%PEp= — %PEp=]
fetch | register file | pcho fetch | register file | o
|
L rcA R[srcA] L rcA R[srcA]HH
7*rB‘%‘WD—*sch RlsrcB] —B—%rsp=D—{srcB R[SYCB]--A
dstM ALU dstM ALU
L Instr ——>| ~laluA Data in L Instr N ——>| [~laluA Data in
’ dstE valE Data ou ’ dstE valE Data ou
>~ Mem. —_:‘0 e [—F b—»Add: i >~ Sen ——_:‘0 e ] I‘b—»Addtr. i
—{next R[fistM] V —{next R[fistM] V
PC next R[§istE] PC next R[fistE]
instr. r instr. r
.Plength .Plength
writeback writeback
10 11
adding pipeline registers passing values in pipeline
decode
= €execute . '
oxF—] read prior stage's outputs
: memory L . .
not shown — control logic | e.g. decode: get from fetch via pipeline registers (D_7code, ..)
etch : : .
| el | o send inputs for next stage
- srcA Elsrcgl" e.g. decode: send to execute via pipeline registers (d_1icode, ..)
—B—%rsp=D—{srcB [sre ]“A
dstM ALU
- L= A dstE — P e Bota out exceptions: deliberate sharing between instructions
~ Mem. ——_:‘0 e ] 2 |Addr in . . !
i via register file/memory/etc.
> |next RifistM] via control flow instructions
PC next R[fistE]
instr. r
.klength
\ L
writeback
11 12




memory read /write logic

memory read /write logic

address | address |
data memory - data data memory - data
output output
data data
input input
icode —_is read? —{is read? |
from instr. mem Wﬂte? m
13 13
memory read /write logic memory read/write: SEQ code
address | icode = il0bytes[4..8];
data memory - data mem_readbit = [
output icode == MRMOVQ || ...: 1;
data R 0:
input 1; ’
b
from —is read?
instr.
mem. is write?

13

14




memory read/write: PIPE code

memory read/write: PIPE code

f_icode = il0bytes[4..8]; f_icode = il0bytes[4..8];
register fD { /* and dE and eM and mW x/ register fD { /* and dE and eM and mW x/
icode : 4 = NOP; icode : 4 = NOP;
} +
d_dicode = D_-icode d_dicode = D_1icode
e_icode = E_-dicode; e_icode = E_-dicode;
mem_readbit = [ mem_readbit = [
M_icode == MRMOVQ || 1; M_icode == MRMOVQ || 1;
0; 0;
15 13
15 15
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 : 1B < M;[PC+1] rA : rB < M;[PC+1]
valP <~ PC+2 PC valP <~ PC+2 pC
PC update PC « valP 57 icod PC update PC « valP 577 icode, fA, 1B
””””””””””””””””””” Icode -~~~ - """ """ TTTTTTTT T T T T o T TTT T TS T T TT T TS TS TT o TT o ' T T T TT oo TT T
decode valA < R[rA] decode valA < R[rA]
valB < R[rB] valB < R[rB]
************************************* DI icode ~-----------mmm oo [ icode, 1B -
execute valE < valA + valB execute valE < valA + valB
************************************* M icode -----------------eooo--—opoqeooooooooooooooooooooooo------————--[J icode, B -----------oooooooooo-
memory S code | memory S icode, 1B -
write back  R[rB] <« valE write back  R[rB] <« valE
16 16




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]
7777777777777777777777777777777777777 DI icode, rB, valA, valB ----------- - p oo - - - - icode, 1B, valA, valB ------- oo oo
execute valE < valA + valB execute valE < valA + valB
ey T (B icode, rB -------coiiii amony T e (B icode, B, valE --------oooooo oo
————————— 4 --------------------------- -3l icode, /B ------------- - fff——————y—————————f”””————————————_ icode, rB, valE ------------------
write back  R[rB] <« valE write back  R[rB] <« valE
16 16
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 : 1B < M;[PC+1] rA : rB < M;[PC+1]
valP <~ PC+2 valP «+— PC+2
PC upd PC IP e PC upd PC IP P
t t
_ PCupdate PCevalP S icode, A vB | | PCupdate PCewalP S icode. tA (B
decode valA < R[rA] decode valA < R[rA]
valB < R[rB] valB < R[rB]
dstE < rB dstE < rB
7777777777777777777777777777777777777 DI icode, dstE, valA, valB ----------—--p-q---oooooo oo oo - - - icode, dstE, valA, valB -----------
execute valE < valA + valB _ execute valE < v + valB
TTmemory T TTTTTTTTTTTTTTTTT - TCOdev dstE, valE -----ooooooooo oo "1 md redundant with rB + icode ode, dstE, valE ------ooooooooe
”””””””””””””””””””” I icode, dstE, valE --------ooooooo—oop-g-o-o Ty will make implementation simpler fode: dstE, valE <o o oo o o oo
write back R[dStE] + valE Write Dack

16

Nnrustc | < vdiC

16




pushq pipeline registers pushq pipeline registers
stage pushq rA stage pushq 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 Pe
t t
| PCupdate PCevalP iode || PCudate PCovalP .
decode valA + R[rA] decode valA + R[rA]
valB < R[%rsp] valB <« R[%rsp]
************************************ B icode ----------mmmmommmoooos oo oo [ jicode - -oooooooooooooooooos
execute valE < valB —8 execute valE < valB —8
************************************ (B icode -------------oo-oo-oomoo-oobeqeoeoooeoooooooooooooooo oo - [ jcode - -o-oooooooooooooooooooo
memory M{[valE ] < valA memory M valE ] < valA
************************************ (B icode -------------------oo-oo-oobqeoooooooooooooooooooooooo o - [J icode - ---ooooooooooooooooooo
write back  R[%rsp| < valE write back  R[%rsp] < valE
17 17
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
Sl PEE T R D Jicode, rA ~ oo o LT PeEe T R D Jicode, rA ~ oo
decode valA < R[rA] decode valA < R[rA]
valB < R[%rsp] valB < R[%rsp]
777777777777777777777777777777777777 DI icode, valA, valB ------------o o g - icode, valA, valB -
execute valE < valB —8 execute valE < valB -8
777777777777777777777777777777777777 O icode valA ---------mmo e b [T icode, valA, valE -
memory M{[valE ] + valA memory M valE ] < valA
———————————————————————————————————— Ol icode ---------------------------b-d---------o—--—-——————————— - icode, valE --------------------
write back  R[%rsp] < valE write back  R[%rsp| < valE

17

17




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 —------mmmmm o -
decode valA < R[rA]
valB < R[%rsp]
dstE < %rsp
777777777777777777777777777777777777 B icode, valA, valB, dstE ----------- ---
execute valE < valB —38
777777777777777777777777777777777777 (B icode, valA, valE, dstE ----------- -~
memory M{[valE ] < valA
———————————————————————————————————— Cl icode, valE, dstE ---------------- ---
write back  R[ dstE | < valE

17

I but will make implementation simpler

pushq pipeline registers

stage pushq rA
fetch icode : ifun < M;[PC]
valP + PC+2
PC upd PC IP P
t
D upgEe T R — D ]icode, rA
decode valA < R[rA]
valB <« R[%rsp]
dstE <« %rsp
77777777777777777777777777777777777 DI icode, valA, valB, dstE
execute valE « vi B =8

redundant with icode

write back  R[ dstE | < valE

17
addq processor: data hazard addq processor: data hazard
. . . register file . . . register file
// initially %r8 = 800, &Lf tR[mA]E; // initially %r8 = 800, &Lf tk[sw,@
// %r9 = 900, etc. A (il // %r9 = 900, etc. LS et
addq %r8, %r9 B e L addq %r8, %r9 B M e L
addq %r9, %r8 N addq %r9, %r8 p—
a d d q PC next R[dstE] a d d q PC next R[dstE]
addq A addq A
(L)) «J
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 0Ox2 8 9 1 0x2 8 9
2 9 8 800 900 9 2 9 8 800 00 9
3 900 800 8 1700 9 3 900 800 8 1700 9
4 1700 8 4 1700 8
should be 1700
18 18




data hazard

addq %r8, %r9 // (1)
addq %r9, %r8 // (2)

step# |pipeline implementation
1 read r8, r9 for (1)

2 read r9, r8 for (2)

3 write r9 for (1)

4 write r8 for (2)

ISA specification
read r8, r9 for (1)
write r9 for (1)
read r9, 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

19 20
data hazard hardware solution addq processor: data hazard stall
// initially %r8 = 800, &L:jfi“i;i'f,,,
addq %r8, %r9 // %r9 = 900, etc. e ’*[“Bl"@L
// hardware inserts: nop addq %r8, %r9 1 s M bl L
// hardware inserts: nop // hardware stalls twice 1 [ _—
addq %I"g, %r8s addq 96]"9, %r8 P{ + stalling logic (not shown) | rase)
addq %r1e@, %riil add 2 [
how about hardware add nops? &
fetch | fetch—decode decode—execute execute—writeback
. cycle [PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
called stalling o loxe
1 Ox2* (8 9
extra logic: 2 ox2x_|F F 800 [900 |9
sometimes don't change PC j 2§i g g = E i i
sometimes put do-nothing values in pipeline registers 5 10 |11 |1700 |see s - F
6 1000 (11600 (11 2500 8
21 22




addq processor: data hazard stall

// initially %r8 = 800, &L'ef'ste;[i:
// %r9 = 900, etc. ELT el
addq 96r8’ %ro 1 St it ’ ds:E
// hardware stalls twice

t RldstM]
t RldstE]

addq %r9, %r8

—[ Mem. ’—
Pq + stalling logic (not shown)
add 2F ‘

addq processor: data hazard stall

‘ register file

// initially %r8 = 800,

S F—srea RlsreA)
// %r9 = 900, etc. Q%TBM Rt
addq %r8, %r9 1 e M o

t RldstM]
t R[dstE]

addq %r9, %r8

// hardware stalls twice r
P{ + stalling logic (not shown)
add 2 ‘

addq %r1e, %ril o addq %r1e, %ril R
Y Y
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 Ox2x (8 9 1 Ox2x (8 9
2 Ox2x |F 7 800 900 9 2 Ox2x |F P 800 900 9
3 0Ox2 F F = - F 1700 9 3 0Ox2 F F - - F 1700 9
4 Ox4 9 8 - - [F - [F 4 Ox4 9 8 - - F - [
5 10 11 1700 (800 8 - F 5 10 11 1700 (800 8 - F
6 1000 (1100 (11 2500 8 6 1000 (11600 (11 2500 8
R[9] written during cycle 3; read during cycle 4
22 22
addq stall addq stall (alternative)
addq %r8, %r9 addq %r8, %r9
// hardware stalls twice // hardware stalls twice
addq %r9, %r8 addq %r9, %r8
addq %rie, %ril addq %rie, %ril
[cycle [fetch ldecode lexecute lwriteback [cycle [fetch ldecode lexecute lwriteback
0 laddq %r8, %r9 | 0 laddq %r8, %r9 |
\

1 Jaddq %r9, %r8 [addq %r8, %r9 \ 1 Jaddq %r9, %r8 [addq %r8, %r9 |
2 Jaddq %r9, %r8 |nop “bubble” \addq %18, %r9 \ 2 Jaddq %r10, %r11addg %r9, %r8 [addq %r8, %r9 \

Y Y Y
3 Jaddq %r9, %r8 [nop “bubble” Inop “bubble” \addq %8, %r9 | 3 Jaddq %r10, %r11]addq %r9, %r8 |nop “bubble” \addq %8, %r9 |

T~ Y A/
4 Jaddq %r10, %r11]addq %r9, %r8 |nop “bubble”  |nop “bubble” | 4 Jaddq %r10, %r11]addq %r9, %r8 |nop "bubble”  |nop “bubble” |
5 - laddq %r10, %r11]addq %r9, %r8 [nop “bubble” | 5 - laddq %r10, %r11]addq %r9, %r8 [nop “bubble” |
23 24




addq processor: data hazard stall (alternative)
1]

. . . os _ register file
// initially %r8 = 800, @iﬂu o
// %r9 = 900, etc. S e
OxF+dstM
addq %r8, %r9 d e T
// hardware stalls twice o
addq %r9 , %8 p JLr stalling logic (not shown) | riaste)
addq %r1e, %ril add 2 |
&y
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* [9% 8% 800 900 9
3 Ox4*x [9% 8% = - F* 1700 9
4 Ox4 9 8 - - Fx i F
5 10 11 1700 (800 8 - F
6 1000 (1100 |11 2500 8

25

addq processor: data hazard stall (alternative)
1]

// initially %r8 =
// %r9 =
addq %r8, %r9

// hardware stalls twice

800,

9200, etc.

==

register fil

e

JH—orea  RlsreAl
srcB

RlsrcB]|

oxFdstM

dstE

t RldstM]
t R[dstE]

)

addq %r9 , %r8 P JLr stalling logic (not shown

addq %r10, %rill |
fetch | fetch—decode decode—execute execute—writeback

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

0] 0Ox0

1 0x2 8 9

2 Ox4*x [9% 8% 800 900 9

3 Ox4*x (9% 8% = - F* 1700 9

4 0Ox4 9 8 - - F* - [

5 10 11 1700 (800 8 I [

6 1000 (1100 |11 2500 8

25

addq processor:

data hazard stall (alternative)
(x|

. . . , register file
// initially %r8 = 800, ‘ el
, L e
// %r9 = 900, etc. L e
xF+dstM
addq %r8, %r9 d e .
// hardware stalls twice -
addq %r9 , %rs p JLr stalling logic (not shown) | riaste]
addq %r10, %ril add 2 |
&
fetch | fetch—decode decode—execute execute—writeback
cycle |PC rA er R[srcA] ‘R[sch] ldstE next R[dstE] ldstE
[¢] 0x0
1 0Ox2 8 9
2 Ox4*x (9% 8% 800 900 9
3 Ox4*x [9% 8% = - F* 1700 9
4 ox4 |9 8 = = [FE__ F
5 10 11 1700 (800 8 - F
6 1000 (1100 |11 2500 8

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

25

hazard exericse

addq
addq
addq
addq

%r8, %r9
%rlo, %rll
%r9, %r8
%rll, %rlo

register file

rea RlsreA]
R[srcB]
B

oxFdstM

dstE

next RdstM]
next R[dstE]

— &

to resolve hazards with stalling, how many stalls are needed?

26




hazard exericse solution

N

register file

&‘ rea RisreA]H
oxF

TIIF ﬂ
L (

&J
cycle #:10:1i2i3i14i5:6i7:8
addq %r8, %r9 F:D:E:W
addq %r1e, %11 F:D:E{W
addq %r9, %rs8 X FVD E:W
addq %rll, %rl10 F i’D EiW

27

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)
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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+.10x2+.02x 3+ .01 x4=1.45

28

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?
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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

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 0Ox2 0/1 8 9
2 222 [0/1  JexF  loxF [see [oee o |

29 30
control hazard control hazard: stall
addq %r8, %r9 addq %r8, %r9
je OXFFFF // insert two nops
addq %rl1o, %rill je OXFFFF
o’ o/
fetch fetch—decode decode—execute execute—writeback a d d q or l O > 0 r l l
;ycle GF:CO 2';{2': rA 8 |RIsrcA] [RIsrcB] [dstE_[next R[dStE] [dstE fetch fetch—decode| decode—execute execute—rwriteback
° nxﬁ o - cycle [PC SF/ZF [rA [rB |RIsrcA] [R[srcB] [dstE |next R[dstE] [dstE
[¢] 0x0 0/1
2 222 /1 JoxF [oxF [gee [oee o ] n o ot T8 5
. i . 2 Ox2*x [0/1 OxF OxF |800 900 9
OxFFFF if R[8] = R[9]; ©x12 otherwise 5 Toa To/0 Toxk loxk = = Toxr 11700 5
4 0x10 |[0/0 OxF OxF |~ - OxF |-~ OxF
5 10 11 - - OxF |=—~ OxF
6 1000 (1100 |11 i OxF
30 31




control hazard: stall

addq %r8, %r9

// insert two nops
je OXFFFF

addq %rl10o, %rll

fetch ‘fetchﬁdecode‘ decode—execute ‘ execute—writeback ‘
ode |Pc_ llwait for two cycles for addq to update SF/ZF|
[¢] orvel r
1 Ox2x /1 8 9
2 ox2x (4/1 OxF OxF |800 900 9
3 ® /0 OxF OxF |=—— - OxF |1700 9
4 0x10 |(0/0 OxF OxF |==— - OxF |=7— OxF
5 10 11 - - OxF |=7= OxF
6 1000 (1100 (11 - OxF

31

control hazard: stall

addq %r8, %r9

// insert two nops
je OXFFFF

addq %rl10, %rll

fetch fetch—decode decode—execute execute—writeback
cycle  |PC SF/ZF |A [rB |RIsrcA] [R[srcB] [dstE |next R[dstE] [dstE
0 0x0  [0/1
1 |ox2x Jexecute je instruction (use SF/ZF)|
2 "\ - VS UAT UAT OoUVU JUU 7
3 |lex2 |d/0 JexF  JexF [--= === JexF |[i7ee 9
4 Nexre—d/0  [oxF [oxF [-—— [-—  oxF [-— OxF
5 10 11 - - OxF |=—~ OxF
6 1000 [1100 |11 |- OxF

31
stalling for conditional jmps stalling for conditional jmps
subq %r8, %r8 subq %r8, %r8
je label je label
label: drmovqg ... label: drmovqg ...
time|fetch decode  [execute [memory |writeback | time|fetch decode [execute Imemory writeback |
1 |OPq 1 |OPq
2 |jiCC OPq 2 |jiCC OPq
3 |wait for jCC |jCC OPq (set ZF) 3 |wait for jJCC |jCC OPq (set ZF)
4 |wait for jCC |nothing |jCC (use ZF) |OPq 4 |wait for jCC |nothing [JCC (use ZF) |OPq
5 lirmovg nothing  |nothing JCC (done) |OPq \ 5 lirmovg nothing |nothing jCC (done) |OPq |
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stalling for conditional jmps

subq %r8, %r8

stalling for conditional jmps

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 JicC OPq

3 |wait for jJCC |jCC OPgq (set ZF) 4 ZF sent via register 3 |wait for jCC |jCC OPq (set ZF)

4 |wait for jCC |nothing [JCC (use ZF) |OPq 4 |wait for jCC |nothing—jCC (use ZF) |OPq

5 lirmovg nothing |nothing JCC (done) |OPq \ 5 lirmovg nothing |nothing JCC (done) |OPq |

“taken” sent from execute to fetch
32 32
stalling for ret stalling for ret
call empty call empty
addq %r8, %r9 addq %r8, %r9

empty: ret empty: ret

time|fetch decode [execute memory  [writeback | time|fetch decode  [execute Imemory  |writeback |
1 Jcall 1 Jcall

2 ret call 2 ret call

3 |wait for ret |ret call 3 |wait for ret |ret call '€turn address stored here
4 |wait for ret |nothing |ret call (store) 4 |wait for ret |nothing |ret call (store)

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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stalling for ret

call empty
addq %r8, %r9

empty: ret

time |fetch decode \execute
call
ret call

1

2

3 |wait for ret |ret call ‘

4 |wait for ret |nothing |ret '€tUrn aqg,'fe\%%V!Q?ded here
5

6

I[memory  |writeback |

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

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

33 34
pipeline stages pipeline stages
fetch — instruction memory, most PC computation fetch — instruction memory, most PC computation
decode — reading register fi/ decode — reading register file

common case: fetch next instruction in next cycle : e :
g __ " . o execute — computation, condition code read/write

can't for conditional jump, return
memory — memory read/write memory — memory read/write

. - . : . . . read /write in same stage avoids reading wrong value
writeback — writing register file, writing Stat register writeba / ge av aing &)

get value updated for prior instruction (not earlier/later)
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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

don't want to halt until everything else is done

PC update (adding stall)

to instr. mem

PC

u

-~

convert icode

icode (from instr. mem)
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PC update (adding stall) PC update (rearranged)
to instr. mem jump target — Mux —~ to instr. mem.
T—» to stall logic
PC
o a control logic—— taken?: etc.
MUX —MUX{F10| predicted PC
-l — (replaces PC)
) MUX 0
|C0de (from instr. mem) —
— jump target/ret address
need to stall? icode (from instr. mem)
“taken” (from execute) need to Sta”7
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PC update (rearranged)

—_

jump target — mux — to instr. mem.

— to stall logic
a control logic~—— taken?; etc.
predicted PC
(replaces PC)
MUX
+10

convert icode

icode (from instr. mem)
need to stall?

PC update (rearranged)

—_—

jump target — mux — to instr. mem.

convert icode

icode (from instr. mem)
need to stall?

— to stall logic
a control logic—— taken?; etc.
predicted PC
(replaces PC)
MUX
+10!
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PC update (rearranged) rearranged PC update in HCL
. N /* actual input to instruction memory */
Jump target — mMux — to instr. mem. pc = [
— to stall logic conditionCodesSaidTaken : jumpTarget;
/* from later in pipeline x/
A control logic~—— taken?; etc. 1: P_predictedPC; /* a register, replacing PC register x/
predicted PC 1;
(replaces PC)
. &=
iCOde (from instr. mem)
need to stall?
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stalling for ret

ret paths

decode
addq %r8, %r9 B %?éﬁzﬂ memory
fetch . .
register file
empty: ret | & | s
jmp target L A RlsrcAlH
(from other stage) P R[srcB]HH
time [fetch decode  [execute memory  [writeback | [ B %rsp=DjsrcB a ALU
1 call L | R —— {aluA Data in
2 ret call — I\;I]:r: a dstE E valE| Data out
™ . I alu :‘ '—'Addr in
3 |wait for ret |ret call 2 = e
4 |wait for ret |nothing |ret call (store) i > |next RifistM]
5 |wait for ret |nothing |nothing ret (load) |call p};ec' . next R[fistE]
6 |addq L 1 - |nothing ret _ | Instr.
why not start addq here? — length
writeback
38 39
ret paths ret paths
decode decode
i, — execute i, — execute
- memory - memory
— %P8p=] — %P8p=]
fetch | register file | L, fetch | register file | Lo
jmp target Lea A RIsrcAlr jmp target A RlsrcA]L- I
(from other stage) i R[srcB]H (from other stage) I t | th
B—%rsp=—|srcB V r n rl |
B = N ALU L ( ery 10 g .C Cal pa LU
Instr. U . Data in Instr. AI I—'L:U"a'uA Data in
Mem. = = I 0: '—Valu;alE-l' :‘ '—'Al:d)ztrainOUt Mem. e I 0: '—Valu;alE *E;%trj:?*
next R[fistM] o next R[fistM] o
next R[fistE] pred' next R[fistE]
| instr. r PC 1 linstr. r
length = llength
[t | L
writeback writeback
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fetch /fetch logic — advance or not

from incremented PC —
MUX

A
predicted PC

should we stall?

fetch/decode logic — bubble or not

no-op value — OXF ——
MUX —

|

rA

should we send
no-op value (“bubble”)?

40 41
HCLRS signals exercise
register aB { register aB {
value : 8 = OxFF;
} 3 stall: keep old value
e bubble: store default value
HCLRS: every register bank has these MUXes built-in time a_value |B_value |stal_B  |bubble_B
0 0x01 OXFF 0] 0
1 Ox02 272 1 0
stall_B: keep old value for all registers 2 0x03 222 0 0
. . . 3 Ox04 22?2 0 1
register input — register output T Ox05 377 o o
. 5 0Ox06 22?2 0 0]
bubble_B: use default value for all registers 6 Ox07 777 1 o
register input — default value 7 0x08 222 1 0
8 272
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exercise result ret stall
register aB { [timefetch ldecode  [execute [memory  [writeback |
value : 8 = OxFF; ‘0 \call ‘

}: .. '\RN

1 ret |call ‘
time a_value B_value |stall_B bubble_B
(1J 8§8% gigi ? 8 2 |wait for ret [ret |call \
2 0x03 0x01 0 0 _ ,
3 Ox04 0x03 0 1 3 |wait for ret [nothing [ret |call (store) |
4 0x05 OxFF (0] 0
5 0x06 0x05 0 0 4 |wait for ret |nothing [nothing Iret (load) |call ‘
6 0x07 Ox06 1 0
g 0x08 gigg 1 © 5 Jaddq Inothing  [nothing Inothing  ret ‘

stall (S) = keep old value; normal (N) = use new value

bubble (B) = use default (no-op);

44 45
ret stall ret stall
[timefetch ldecode  [execute I[memory  [writeback | [timefetch ldecode  [execute [memory writeback |
0 Jeall \ 0 Jeall \
1 ret |call ‘ 1 ret |call ‘
¥ N N
2 |wait for ret [ret |call \ 2 |wait for ret [ret |call \
¥ B T~ N N
3 |wait for ret |nothing [ret |call (store) | 3 |wait for ret |nothing [ret |call (store) |
4 |wait for ret |nothing |nothing Iret (load) |call ‘ 4 |wait for ret |nothing |nothing Iret (load) |call ‘
5 Jaddq Inothing  [nothing Inothing  [ret ‘ 5 [addgq Inothing  [nothing Inothing  [ret ‘
stall (S) = keep old value; normal (N) = use new value stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op); bubble (B) = use default (no-op);
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ret stall

[timelfetch ldecode |execute [memory |writeback |
0 Jcall ‘
“RN
1 ret |call ‘
2 |wait for ret [ret |call \

B N —— N

3 |wait for ret |nothing

[ret |call (store) |

N — N N

4 |wait for ret |nothing

Inothing Iret (load) |call ‘

5 Jaddq Inothing

Inothing Inothing  ret ‘

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);

ret stall
[timelfetch ldecode  [execute I[memory |writeback |
0 Jeall ‘
I\RN
1 ret |call ‘
2 |wait for ret [ret |call \
3 |wait for ret |nothing [ret |call (store) |

N — N N

4 |wait for ret |nothing [nothing Iret (load) |call ‘
‘5 \addq \nothing \nothing \nothing \ret ‘

stall (S) = keep old value; normal (N) = use new value
bubble (B) = use default (no-op);
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backup slides PC update from lab

- to instr. mem

N

PC

Ly

ICOde (from instr. mem)
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PC update from lab

icode = ilObytes[4..8];
p_pc = [
jcode == ADD ||
icode == IRMOVQ ||

13

P_pc + 2;
P_pc + 10;
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