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(N2 40) 1 "oon n'Ixw
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Loop: LD R2,0(R1) ;R2=array element
DADDIU R2,R2,#1 ;increment R2
SD R2,0(R1) ;store result
DADDIU  RI,R1,#8 ;increment pointer
BNE RZ2,R3,L00P ;branch if not last element

.1 -2 72k 2 7w 1Y DR N'TAnI integer M®0n 7'onn wn 7w MR 7Y NNAIY NoNn

[21 (two-issue processor) '7'27na NITIED 2 NT? X'XINY 721000 Tayn 7y N'ONN DX D'YIN
NITNNA XINWY 210 751 NITIES MY 007 02 72101 Taynn D Nin .dynamic scheduling -2 JnIn
NP 1A ALU NI71y9 YIX ,NAINDN AIY'N 112Y NITI9 YIXA NIT'N' NINYR Taynd .TNN (1YY
CTRR VY ITAN IR ALU D219 9w YN 1 [IN1 .DANIMN NX'97n 'Nan

D'TAIYY NINR-NIRT) speculation -2 NIN X7 TayNn UKD Taynn 7V N'DNN DR DX e
.(ROB X77 71X ,Tomasulo bn"1A7x '9-7y
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Loop Instruction Issue Execute | Mem | Write Comment
iteration access | CDB
1 LD R2, O(R1) 1 2 3 4 First issue
1 DADDIU R2, R2, #1 1 5 6 Wait for LW
1 SD R2, O(R1) 2 3 7 Wait for DADDIU
1 DADDIU R1,R1, #8 2 3 4 Execute directly
1 BNE R2, R3, Loop 3 7 Wait for DADDIU
2 LD R2, 0(R1) 4 8 9 10 Wait for BNE
= 2 DADDIU R2, R2, #1 4 11 12 Wait for LW
o) 2 SD R2, O(R1) 5 9 13 Wait for DADDIU
o — 2 DADDIU R1,R1, #8 5 8 9 Wait for BNE
o 2 BNE  R2, R3, Loop 6 13 Wait for DADDIU
—_ 3 LD R2, O(R1) 7 14 15 16 Wait for BNE
-
O 3 DADDIU R2,R2, #1 7 17 18 Wait for LW
Q 3 SD R2, O(R1) 8 15 19 Wait for DADDIU
o 3 DADDIU R1,R1, #8 8 14 15 Wait for BNE
%) 3 BNE R2, R3, Loop 9 19 Wait for DADDIU
, ait for
@) 4 LD R2, O(R1) 10 20 21 22 Wait for BNE
, R2, ait for
z 4 DADDIU R2, R2, #1 10 23 24 Wait for LW
4 SD R2, O(R1) 11 21 25 Wait for DADDIU
4 DADDIU R1,R1, #8 11 20 21 Wait for BNE
4 BNE R2, R3, Loop 12 25 Wait for DADDIU
5 LD R2, 0(R1) 13 26 27 28 Wait for BNE
5 DADDIU R2,R2, #1 13 29 30 Wait for LW
5 SD R2, O(R1) 14 27 31 Wait for DADDIU
5 DADDIU R1,R1, #8 14 26 27 Wait for BNE
5 BNE R2, R3, Loop 15 31 Wait for DADDIU
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With speculation

Loop Instruction Issue | Execute | Read | Write | Commit Comment
iteration access | CDB

1 LD R2, 0(R1) 1 2 3 4 5 First issue

1 DADDIU R2,R2, #1 1 5 6 7 Wait for LW

1 SD R2, O(R1) 2 3 7 Wait for DADDIU
1 DADDIU R1,R1, #8 2 3 4 8 Commit in order
1 BNE R2, R3, Loop 3 7 8 Wait for DADDIU
2 LD R2, 0(R1) 4 5 6 7 9 No execute delay
2 DADDIU R2,R2, #1 4 8 9 10 Wait for LW

2 SD R2, O(R1) 5 6 10 Wait for DADDIU
2 DADDIU R1,R1, #8 5 6 7 11 Commit in order
2 BNE R2, R3, Loop 6 10 11 Wait for DADDIU
3 LD R2, 0(R1) 7 8 9 10 12 Earliest possible
3 DADDIU R2,R2, #1 7 11 12 13 Wait for LW

3 SD R2, O(R1) 8 9 13 Wait for DADDIU
3 DADDIU R1,R1, #8 8 9 10 14 Executes earlier
3 BNE R2, R3, Loop 9 13 14 Wait for DADDIU
4 LD R2, 0(R1) 10 11 12 13 15 Earliest possible
4 DADDIU R2,R2, #1 10 14 15 16 Wait for LW

4 SD R2, O(R1) 11 12 16 Wait for DADDIU
4 DADDIU R1, R1, #8 11 12 13 17 Commit in order
4 BNE R2, R3, Loop 12 16 17 Wait for DADDIU
5 LD R2, 0(R1) 13 14 15 16 18 Earliest possible
5 DADDIU R2, R2, #1 13 17 18 19 Wait for LW

5 SD R2, O(R1) 14 15 19 Wait for DADDIU
5 DADDIU R1, R1, #8 14 15 16 20 Executes earlier
5 BNE R2, R3, Loop 15 19 20 Wait for DADDIU
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Loop Instruction Issue | Execute | Mem | Write Comment
iteration access | CDB

1 LD R2, 0(R1) 1 2 3 4 First issue
1 DADDIU R2, R2, #1 1 5 6 Wait for LW
1 SD R2, O(R1) 2 3 7 Wait for DADDIU
1 DADDIU R1,R1, #8 2 3 4 Execute directly
1 BNE R1, R3, Loop 3 5 Wait for DADDIU
2 LD R2, 0(R1) 4 6 7 8 Wait for BNE
2 DADDIU R2, R2, #1 4 9 10 Wait for LW
2 SD R2, O(R1) 5 7 11 Wait for DADDIU
2 DADDIU R1,R1, #8 5 6 7 Execute directly
2 BNE R1, R3, Loop 6 8 Wait for DADDIU
3 LD R2, 0(R1) 7 9 10 11 Wait for BNE
3 DADDIU R2, R2, #1 7 12 13 Wait for LW
3 SD R2, O(R1) 8 10 14 Wait for DADDIU
3 DADDIU R1,R1, #8 8 10 11 Wait for ALU
3 BNE R1, R3, Loop 9 12 Wait for DADDIU




No speculation

With speculation

nN>"¥ (no speculation) NIIWXIN N720W NN single-ported 12'0 N>'TAYW NN N

2 NIk
Loop Instruction Issue | Execute | Mem | Write Comment
iteration access | CDB

1 LD R2, 0(R1) 1 2 3 4 First issue
1 DADDIU R2,R2, #1 1 5 6 Wait for LW
1 SD R2, O(R1) 2 3 7 Wait for DADDIU
1 DADDIU R1,R1, #8 2 3 4 Execute directly
1 BNE R1, R3, Loop 3 5 Wait for DADDIU
2 LD R2, O(R1) 4 6 8 9 Wait for BNE + Mem
2 DADDIU R2,R2, #1 4 10 11 Wait for LW
2 SD R2, O(R1) 5 7 12 Wait for DADDIU
2 DADDIU R1,R1, #8 5 6 7 Execute directly
2 BNE R1, R3, Loop 6 8 Wait for DADDIU
3 LD R2, 0(R1) 7 9 10 11 Wait for BNE
3 DADDIU R2,R2, #1 7 12 13 Wait for LW
3 SD R2, O(R1) 8 10 14 Wait for DADDIU
3 DADDIU R1,R1, #8 8 9 10 Execute directly
3 BNE R1, R3, Loop 9 11 Wait for DADDIU

IX dual-ported XIn |IN2'TN DRN N7RWNN NYOwIn X7 (with speculation) n"wn n720n
2 NIXA'DT7 NDMIX NN 71 KL, single-ported

Loop Instruction Issue | Execute | Read | Write | Commit Comment
iteration access | CDB

1 LD R2, 0(R1) 1 2 3 4 5 First issue
1 DADDIU R2,R2, #1 1 5 6 7 Wait for LW
1 SD R2, 0(R1) 2 3 7 Wait for DADDIU
1 DADDIU R1,R1, #8 2 3 4 8 Execute directly
1 BNE R1, R3, Loop 3 5 8 Wait for DADDIU
2 LD R2, 0(R1) 4 5 6 7 9 No Execution delay
2 DADDIU R2,R2, #1 4 8 9 10 Wait for LW
2 SD R2, O(R1) 5 6 10 Wait for DADDIU
2 DADDIU R1, R1, #8 5 6 7 11 Commit in order
2 BNE R1, R3, Loop 6 8 11 Wait for DADDIU
3 LD R2, 0(R1) 7 8 9 10 12 Earliest possible
3 DADDIU R2,R2, #1 7 11 12 13 Wait for LW
3 SD R2, O(R1) 8 9 13 Wait for DADDIU
3 DADDIU R1,R1, #8 8 9 10 14 Executes earlier
3 BNE R1, R3, Loop 9 11 14 Wait for DADDIU
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V2 1'n counter '72) 2-bit-saturated counters 00I2N NIX'9{7 'NTN 7V2 TAYNA 7101 IT N7RWA
N'0I9 NN NNIVO'NN .NMIVO' N0 k=3 -2 wnnwn '’TNN .(SNT, WNT, WT, ST :n'axn
.(N7w o'xTNN NX W' branch NTI9 72'7) NI'o1o D'axnn NPt L (N"YRPI7)

MOV R5, 0

LW R1, A(R5)

BL R1,5,Cond
ADD R2,R2,R1
BL R1,10, Cond
ADD R3,R3,R1
ADD R5,R5,1

BL R5, N, Loop

Loop:

Cond:

NNAN N'IDNN NN

#i=0

# Al

#if A[i] <5 jump to Cond
#R2 =R2 +A[i]

#if A[i] < 10 jump to Cond
# R3 =R3 + A[i]

#i=i+1l

#if i <N jump to Loop

--brl

--br2

--br3
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total misprediction -n Inn ?T1912 Nx'9)7 707 misprediction rate -n 1N i

?rate
bri br2 br3
History SM History SM History SM
100 ST-T 010 ST-T 110 ST-T
001 SNT - NT 101 SNT - NT 101 ST-T
010 SNT - NT if N=3: SNT - NT
011
ifN>3: ST -T
it N>3: [ST (mostly) - T
111 WT (once every iteration) - T




MR, 1= MR, =0 371 ,0%19%7 nwiv X7 br2 -1 brl nimipo
TNNA NIV br3 'Tx N>3 X . MR 3 =0 p%71,071v7 nyiv X7 br3 'Tx N=3 DX :br3 1217
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.total misprediction rate = 0 :7x N=3 ox ]3I
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? total misprediction rate = 0%

22y 22y N7 'y MRy 5 =0% wox? nin %y .k -n yswin br3 71 11 NN
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¥ 1AW 2¥N |2 0N NN NNIXK 7W QIN'Y D'PY 07 DA AT [u7 k 7D .09wImn

"1111' AMIVO'N WY NA'RNAY D'AXNAN NAIDN) YI9PT7 X K7 1AW XN |1l Y1977
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(CPligear =1) M2t ndWwn 7w D'y 'K 'w*7wn 27w 10 branch resolution

N2V 7NN NITIRD 7W MK AI7'90 NINIMN AX'9PN NITIRS 7w 'onfd pnn Inn- .1
[P NX71,07'NN 770 1012 1ANd ?naman NN Yy Taven v CPI-ninn k=3
.0MD0nN 12'¥N

.branch niTize mw pimn ,NImpo 4 v Afi]=0 N2 n*¥0'RA

.branch nimizo 3 pimn ;NI 6 v Afi]=6 N2 n'¥0'RA

.branch nimipo 3 yInn ,nimpEe 7 wr Afijl=12 na n'xao'xa

X"T) NI'YIU'R 6 -2 NNX DYD NYX2ANNN L,R5 10000 7w 2INNKN NTIR9 DX W' 9011
.(nrxo'x 3D nTpe 0.5

,(MIm79 35 JIinn branch nimpo 16 IX) nimpo 17.5 mn branch nimpo 8 :3"no
.%br =45.714% :]p'n

D'WIN [TAIX DN TN NRAY D71,'wY 29w BR -0 "2 9'woa awin 12d MR -n
JWY MITnn v v

CPI1 = CPI, g, + %br x MispredictionRate x MispredictioPenalty =1+ % X % x2=1.057

YNNWN? IX ,NI'0I9 NIMIVO'NN NX 1'RWUN7 07NN ,NDYN 'ARWN] J10N7 NIn-7y .0
misprediction -0 NNy 1NN ,k=3 712y .branch -0 NITIEO 757 NISNIWN D'axXN NRPNA
2TV DX 200D 7 ? total misprediction rate -0 1NN 771912 Nx'9p 707 rate
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TN brl 17'R1,0TN XN YIOPN TN br2 YWKD ,br2 =71 brl -7 qniwn 12'n '010' axn
DYONY RXI' ,09X7 NI7NNIKA NNIVO'NN NIAOY [IMIY 1IN .NTN 2¥N] YI9PN K7
DY9 ,|'AN'07 1721 [P NXY1 Lbrl nTIRo YAy a1 '010' 7w a¥na "1y nawraNn

7¥ INNNA 17N NTIRS 70 7w misprediction rate -n ,[37 .brl 712y nyoi br2 1Ay
:D'a¥NN NIRPN

Tnn ntnn '010" nMIvo'n? Nn'RNNN NIPNNY 72770 WNT 7w IR SNT 7w 2InNX 1Ay

JAY D TN br2 Ny 27w aTnn 17'R1,01 2Dt TN brl 2wy a7w arnn p71L,NT

nrnn P71, T an artnn ‘010" nmivorn'? nn'knnin MdNNW 7271 ST 7w 2InnX 11ay

121 N TN br2 Ny n7w aTnn 1R A TAn brl 1y v

T, NT jaro? ntnn ‘010" nmi1vorn? nn'knnn mpnnw 7273 WT 7w 2NNk 11ay
A7-m'y v n br2 12y nanrbrl Nay DA n7w ATNN 1971,NY10 TN K'Y 91X
RXINA NAXINY DRAXNN NIIDN DY NYNINA DN X7 NINNKRD DYRIV'ONY

TN br2 17'R1,0TN 2¥N2 YIOPN TN br3 YWKD ,br3 =71 br2 -7 qniwn 12'n 101" ax¥n
NITIPO 712Y N7 2¥N] "1p21" NRONN DX 7W DYI0R 721 .NTH Ax¥NA YI9PN KY
ax¥n1) NT ATNN TN NXRTA NN LP7 .00 nni (7 7xnwn) br3, br2, br2

.0 2¥NN NN 7w 2INNKA NN X7 misprediction rate -7 n7w nnNnn L P, (AN
NXTI) br3 Ny v TN Nt Lbr2 1A (121 TN AW IT NIDN Y ITINNY RXI
(Mwrwn ok 111 nnvonn 7w 0raxnn MdnY Y'Y Niyus? qona

0oy

0, ifinit SNT, WNT

MispredictionRate, =
P & %,ifinitST,WT

0,ifinit ST

MispredictionRate, =
P 2 % Cif init SNT, WNT, WT

MispredictionRate; = }/

3
mispredictions 212 __25%,if init ST, WNT, SNT
Total MispredictionRate = P _J6+4+6
branches 2+2+2

=37.5% , if init WT
6+4+6
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.multi-level cache 7& nd>ayn j115N2 pIov] IT N7RWA

[N2'Tn N9 .Inclusive policy 72y NI'n% Mo N2 2y .0 (INLN ND'T DN7 YN

L1 -7 nwan part D ma ko ,10a Blocks 120 i pmonn jnor nra i axppmn
nwnan At D ma T . a Blocks 7y n'71iy X7 L1 9w no9an DX TTA VW IThRA Tiny? 710!
NYIN NITY 72,000 7D W 0TI 0IRY DN [Inunn (N7 7Y Dniwn nirnne

main memory -7 NYNN AT 90102 .|IYY NIThn N 1'0 01?2 na 7¢ 9112 nnion oY
WY Nitnn 100 '

27N 1NV [ND'T NN [11DN7 NRIY NIVYN MY 1V'¥N DNYWY D'0TINN Y

WKRD ,TAYA NI MWUN 1A A (onn N7 K oTinn
:DPNN NP'TAN NRON Y D R¥nl pTa omnnn . L1=a Blocks , L2= 9a Blocks

MR, =10% 31, MR, =10%

N7Ima o7 o1, L1=a Blocks :awno ,nironrn yanan 1 arne monn Nt 2 ominn
, MR ; =10% :n"jnn np*1an NN 11w D K¥nl 712 omnnn . a Blocks -2 nnnTin

D'NYN |'2N NYXD IT'R 2V70 NNI0RVDINNN NNXR 7D 112y AMAT -0 NN QYN .X
?norTy
N O0TINN 7w nyxnn Iy

AMAT = L1 access time + L1 miss rate -(L2 access time + L2 miss rate - memory access time)

AMAT =1+0.1-(9+0.1-100) = 2.9[ cycles]

‘2 0NN 7w nyxnn Ny
NIV ,[Inon N7 7Y NI 4 -2 N, P, opIaa - AnnTipn AT DI D

27 .anxnna lvw NIt 1, 2, 3, 4 7w nwna aar nival,oma a, 2a, 3a, 4a v i
AMAT =1+0.1(2+05-(3+05:(4+0.5-100))) = 2.7[cycles]

.N9TY 2 0TINN 7w nyxnn DI

122 D' [INUNAN DT A'DY  N'YIYW DYUXD VDL, DMIUN TN IR VAW IWUR A 0TINN e
Miss -n 227 N2 75 Yy 1'% DX XN .k 73 a Blocks 2w niroarn nima 10 -n

,nwu? . MR ; =10% :n"pnn D yT XD 1M2N 1IWYY NIR'TAN 7V 002NN 72X Rate

207 nwnan at p7 ,nnK 75 a Blocks niya ninaan (noTa Nk p7nn KInY (1iron
JN9NY! DT 'WINA DAL (TN [IYY AITAN) "7RN1'A N AN

701 — X7 DX 70'NIN 17'K2,]D DR ?777TIX 'A OTINnw DN DRN .2
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No speculation - ou-rored

:(1 "oon nA7xw 112Y) ND0]

NDNN DY 7Y NRIYWRY NIIOR 7
:dual-ported XIn |N>'TAY NnN1N

Loop Instruction Issue | Execute | Mem | Write Comment

iteration access | CDB

1 LD R2, 0(R1) 1 2 3 4 First issue

1 DADDIU R2, R2, #1 1 5 6 Wait for LW

1 SD R2, O(R1) 2 3 7 Wait for DADDIU

1 DADDIU R1,R1, #8 2 3 4 Execute directly

1 BNE R1, R3, Loop 3 5 Wait for DADDIU

2 LD R2, O(R1) 4 6 7 8 Wait for BNE

2 DADDIU R2, R2, #1 4 9 10 Wait for LW

2 SD R2, 0(R1) 5 7 11 Wait for DADDIU

2 DADDIU R1,R1, #8 5 6 7 Execute directly

2 BNE R1, R3, Loop 6 8 Wait for DADDIU

3 LD R2, O(R1) 7 9 10 11 Wait for BNE

3 DADDIU R2,R2, #1 7 12 13 Wait for LW

3 SD R2, 0(R1) 8 10 14 Wait for DADDIU

3 DADDIU R1,R1, #8 8 10 11 Wait for ALU

3 BNE R1, R3, Loop 9 12 Wait for DADDIU

4 LD R2, O(R1) 10 13 14 15

4 DADDIU R2, R2, #1 10 16 17

4 SD R2, O(R1) 11 14 18

4 DADDIU R1,R1, #8 11 13 14

4 BNE R1, R3, Loop 12 15

5 LD R2, O(R1) 13 16 17 18

5 DADDIU R2, R2, #1 13 19 20

5 SD R2, O(R1) 14 17 21

5 DADDIU R1,R1, #8 14 17 18 Wait for ALU

5 BNE R1, R3, Loop 15 19

6 LD R2, O(R1) 16 20 21 22

6 DADDIU R2, R2, #1 16 23 24

6 SD R2, O(R1) 17 21 25

6 DADDIU R1,R1, #8 17 20 21

6 BNE R1, R3, Loop 18 22

7 LD R2, O(R1) 19 23 24 25

7 DADDIU R2, R2, #1 19 26 27

7 SD R2, O(R1) 20 24 28

7 DADDIU R1,R1, #8 20 24 25 Wait for ALU

7 BNE R1, R3, Loop 21 26




No speculation - sige-rorte

:single-ported XIn [ND'TAW NNIN2 @

Loop Instruction Issue | Execute | Mem | Write Comment

iteration access | CDB

1 LD R2, O(R1) 1 2 3 4 First issue

1 DADDIU R2,R2, #1 1 5 6 Wait for LW

1 SD R2, O(R1) 2 3 7 Wait for DADDIU

1 DADDIU R1,R1, #8 2 3 4 Execute directly

1 BNE R1, R3, Loop 3 5 Wait for DADDIU

2 LD R2, O(R1) 4 6 8 9 Wait for BNE + Mem

2 DADDIU R2,R2, #1 4 10 11 Wait for LW

2 SD R2, O(R1) 5 7 12 Wait for DADDIU

2 DADDIU R1,R1, #8 5 6 7 Execute directly

2 BNE R1, R3, Loop 6 8 Wait for DADDIU

3 LD R2, 0(R1) 7 9 10 11 Wait for BNE

3 DADDIU R2,R2, #1 7 12 13 Wait for LW

3 SD R2, O(R1) 8 10 14 Wait for DADDIU

3 DADDIU R1,R1, #8 8 9 10 Execute directly

3 BNE R1, R3, Loop 9 11 Wait for DADDIU

4 LD R2, 0(R1) 10 12 13 14 Wait for BNE

4 DADDIU R2,R2, #1 10 15 16

4 SD R2, O(R1) 11 13 17

4 DADDIU R1,R1, #8 11 13 14 Wait for ALU

4 BNE R1, R3, Loop 12 15

5 LD R2, 0(R1) 13 16 18 19 Wait for BNE + Mem

5 DADDIU R2,R2, #1 13 20 21

5 SD R2, O(R1) 14 17 22

5 DADDIU R1,R1, #8 14 16 17

5 BNE R1, R3, Loop 15 18

6 LD R2, 0(R1) 16 19 20 21

6 DADDIU R2,R2, #1 16 22 23

6 SD R2, O(R1) 17 20 24

6 DADDIU R1,R1, #8 17 19 20

6 BNE R1, R3, Loop 18 21

7 LD R2, 0(R1) 19 22 23 24

7 DADDIU R2,R2, #1 19 25 26

7 SD R2, O(R1) 20 23 27

7 DADDIU R1,R1, #8 20 23 24 Wait for ALU

7 BNE R1, R3, Loop 21 25




