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DPAS-DDGLatency-Exend(ddg,  regiontype, shortlatency, extendedlatency)
1 /*   phase 1: mark mustresbit of each operation * /
2 for  each predicated operation node, op, in ddg do
3 op.mustres= 1;
4 independenceSet = all operations in ddg independent from op1
5 if(op is disjoint from at least one operation from independenceSet then
6 op.mustres = 0
7 end if
8 end for
9 /*   phase 2: adjust cmpp latencies * /
10 for each cmpp operation outgoing edge, cmpp_outedge) do
11 op = cmpp_outedge.destination;
12 if op.mustres== 1 then
13 setlatency(cmpp_outedge, shortlatency)
14 else
15 setlatency(cmpp_outedge, extendedlatency)
16 end if
17 end for
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C1: p1,p2 = cmpp(t1 < 10) if p0
A1: t2 = t1 + t0 if p1
A2: t3 = t1 & 0x8  if p1
A3: t3 = t1 << 0x2 if p2
M1: store(t2, A, t3) if p0
B: if(t3 < 1) goto… 
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Benchmark
cjpeg
djpeg
epic
unepic
g721encode
g721decode
ghostview
gsmdecode
gsmencode
mesa
mpeg2enc
mpeg2dec
pegwitenc
pegwitenc
rasta
rawcaudio
rawdaudio

Adaptive Difference Pulse Code Modulation compression
Adaptive Difference Pulse Code Modulation decompression

MPEG2 video decoder  
public key encryption 
public key decryption 
program for the rasta-plp processing 

GSM 06.10 full-rate speech decoder
GSM 06.10 full-rate speech encoder
3-D graphics library  
MPEG2 video encoder  

Efficient Pyramid Image decoder
G.721 voice encoder
CCITT G.721 voice decoder
PostScript Interpreter & 38 & 107 & 91

Description
JPEG image compression 
JPEG image decompression 
Efficient Pyramid Image coder

`badcLe f…gih gil �,o�{yr:‡y•€~�t �Wq9o�x � 	 o�Žyv�~ �Ho�{‚rQ‡�� •�•���

”–•��–•Q—

�

BCF-�š8 A :(�d6˜G :<F-#  �

�

� B GHG

�

��4

�

# BC=7G

K9gkgoSU†ZXegQ^dXZVYNQ[]\OP@cOTWSlPRSU\mVYSlL-NQ\ VYnHNkPbLONkPWPRSlT>V‰XZVRNk[]\�^OPWS VYnOS PRS•V’[ehžPWSU†eSl\mVYSUSl\
‡�SlLONkX –

�‘Sl\Ow‰n � 030��—XecOcOgQNkwlXZVYNQ[]\OP�_3SU\Ow‰nO`rXeTRœqP�PWnO[ •˜\�Nk\ ƒ�Xe_OgQS

Š

“

Š

“ �I[eVYSbVYnOSUTRS’NQP X VR[eV‰XZg9[eh

Š]Š

‡�SlLHNfX �‘SU\Ow‰nbXecOcOgQNkwlXZVYNQ[]\OPl“

	

S—ndX”†]S \O[eVsc3SUTWhi[]TW`rSUL VYnOS—S1*€c3SUTRNQ`rSU\qVRP„[]\ VYnHS;[eVYnHSlT 7

XecOcOgQNkw”X VYNk[e\OP9_šSlwlXe^OPWS�VRnOS+ƒCTRNQ` XeTRXe\’wU[]`rcHNkgkSUTI•‘XeP \O[ZV Xe_OgQS VY[ wl[]`acONkgQS™VRnOSl`�wl[]TWTRSUwUVYgŽ{

LO^OS›VR[$Xe\ SlTRTW[]TaNk\ [e\OS�[Zh ƒ�TWNk`rXeTYXZ\ 4 Pa`a[€LO^HgkSlPžVRndXZVrNkPaLON0-awl^HgQVaVY[ j�* X VrVRnONkP�VYNQ`rSZ“

ƒ„nOS�‡�SULONfX �ESl\Ow‰n�PW^ONQVRS™•‘XeP;w‰nO[]PWSl\ _šSlw”XZ^OPRS+[Zh�NQVRP—wl[e\qVRTR[]g –JNQ\qVRSl\OPWNQ†eS™\dX VY^OTWSe•*XZP9•ESlgkg�XeP

VYnOSuh XewUVIVYndX V9VRnOSlPWS `aSlLONkXrXecHcOgkNQw”XZVRNk[]\OP‘PRcšSl\OL’VRnOS™`rX��W[]TWNQVJ{�[ZhzVYnHSlNkTIS1*€SUwl^HVRNk[]\›VRNk`aS Nk\

gk[x[]cOP � �
	�� “

	

S ^OPWS VYnHS \O[eVYXZVYNQ[]\

|

�‘• •„• �‰• �ˆy�• ‡ • �—•

}

‚uVY[’TWSlcOTWSlPWSl\mV+VYnHS cOTW[€wUSlPRPW[]T+NQ\ VYnHNkPuPWVY^HLH{]“

"

NkPžhiSUVRw‰n •˜NQLHVYn*•

�

–™S2*HSUwl^HVRNk[]\ •˜NkLHVRn*•

�

–u\q^O` _3SUTrNQ\qVRSlt]SUT�^O\ONQVRPl•

"$.

– \q^O` _3SUTr[eh

�
[mXZVRNk\OtZ– c3[eNk\mV„^O\ONŽVYPU•

�

– \x^H`+_3SUT9[Zhˆ`aSl`a[]TW{ ^O\ONQVRPl•

)

–‘\q^O` _3SUTI[Zhˆ_OTRXe\Ow‰n›^H\ONQVRPl• Xe\OL

�

– gkXZVYSU\OwU{™[eh VYnHSscOTRSULONkwlXZVYS‘LOSUjd\HNk\Ot []cšSlTRXZVYNQ[]\

|

wl`acOc ‚•“

	

S‘^OPRSsVJ•E[o_dXePRS„cHTR[xwlSlPWPR[]TWP�Nk\

[]^OT‘P>VY^OL€{3•

|

Œ

•

Œ

•

Š

• �]• �]• �]• � ‚ Xe\HL

|

/H• /H•

Œ

•

Š

• �e• �]• � ‚�w”XegQgkSUL � � ��� �

|

Œ

‚EXe\OL � � ��� �

|

/m‚ •€TWSlPRcšSlw•VYNŽ†]SlgŽ{]“

7

‹



�J\ XZLOLONQVRNk[]\ •�•ES@XePRPW^O`rS(/

Œ

PRwlXegfXZTžXe\OL /

Œ

TR[eVYXZVYNQ\Ot›TWSlt]NQPWVYSUTRP+NQ\$[]^OT S1*€c3SUTRNQ`rSU\qVRPžXe\OL

[]c3SUTYXZVRNk[]\@gkXZVYSU\OwlNQSlPsVYnOXZV˜` X VYw‰n@VYnOS�� V‰XZ\ONk^O` cOTR[xwlSUPRPW[]Tl“

•<Xew‰n�_dXZPRSlgQNk\OSucOTW[€wUSlPRPW[]T � � � ���

|"�

‚INQP—wU[]`rcOXeTRSUL�•˜NQVRn›VYnHTRSlS wl[]TWTRSlPWc3[e\OLONk\Ht LOSUVRSlTW`rNQ\€–

NkPWVRNkw cHTRSlLHNkw”X VYS•–JX”•sXeTWS�cOTR[xwlSUPRPW[]TRP � �

�

���

|"�

# � ‚•• � �

�

� �

|0�

#

Š

‚uXe\OL � �

�

� �

|0�

# 0m‚u•˜NŽVYn$VRnOS�PYXe`aS

\x^H`+_3SUT�[eh;TWSlPR[e^OTRwUSlPrXePžVYnOS@wl[eTRTRSUPRcš[]\OLONQ\Ot _dXePWSlgkNQ\OS�cOTW[€wUSlPRPW[]Tl•E_O^HV�•˜NQVRn X wU`rcOc gkX –

VYSl\HwU{ [eh��]•

Š

Xe\OL 0H•zTWSlPRcšSlw•VYNŽ†]SlgŽ{]“��9[eVRSaVRndXZV •˜nHSl\ •ES TRS•hiSlTuVY[›cHTRSlLHNkw”X VYS•–JX”•sXeTWS cOTW[Z–

wlSlPWPR[]T � B I8I"9

(

3�6 # ��rNk\b[]^OT˜S1*€cšSlTWNk`aSl\mVYPU• •ES™XegQ•‘X”{€PINk`acOgŽ{ Xe\bS1*xVRSl\OLOSUL’wl`acOcbgfXZVRSl\Ow•{

[eh �	� 	 � � � �E����� 	 � � ���@wU{xwlgQSlPl•dVRndXZVINkPsVRnOS™PWw‰nOSlLH^OgkNQ\OtrLHNkPWVYXe\OwUSuTWSlpq^ONQTRSlLb_šSUVJ•ESlSl\’Xe\�[ec3SUT>–

XZVYNQ[]\›XZ\OL’NQVRP˜wl`acOc›VY[rt]^dXeTRXe\mVYSUSuVRndXZVIVYnOS™cOTRSULONkwlXZVYSo†ZXegk^OSuNkP9X”†ZXeNkgkXe_OgkS9hi[]T9TWS”XeL›Nk\@VYnOS

cOTRSULONkwlXZVYS+TWS”XeL XZ\OL’LONQPRcdXZVRw‰n�PWVYXet]S �3VYnOS+PWnO[]T>V wl`acOc�gfX VYSl\HwU{]• ��� ����	���� 	 � ����š•3•˜nONQw‰n�w”Xe\

[]\OgQ{bt]^OXeTYXe\mVRSlS VRnOS+X”†ZXeNkgkXe_ONQgkNQVJ{r[eh�VRnOS cOTWSlLONQw”XZVRS™†ZXegQ^OS NQ\�VYnHS S1*€SUwl^HVRSžPWV‰XZt]Se•3NkP;XZgQ•‘X {xP

XePRPW^O`rSUL�VY[ _šS+[]\OS wU{xwlgQS+Nk\’[e^OT;S1*€cšSlTWNk`aSl\mVYPU“ K—gQVRnO[]^Oten’` XZNk\mV‰XeNQ\ONk\HtrX wU`rcHc’gfXZVRSl\Ow•{

[ehs[]\HSaw•{xwlgkSaNk\ X�LOS•VYSlTW`rNQ\ONkP>VYNQw+cOTRSULONkwlXZVYS –7X”•‘XeTRSrXeTRw‰nHNQVYSUwUVR^OTRS�NkPuXegQ`r[ePWV NQ`rcš[]PRPWNk_OgQS

|

NŽV

•‘[]^HgkL S.33Slw•VYNQ†eSlgŽ{$TRSUpq^ONkTWS cOTRSULONkwlXZVYS�TWS”XeL XZ\OL LONkPWcdXZVYw‰n • TWSlt]NQPWVRSlT+TWS”XeL Xe\HL S2*€Slwl^€VYS�VY[

ndXecOcšSl\$NQ\$X@PRNQ\Ot]gkSawU{xwUgkSe•�PRS•†]SlTWSlgŽ{ wU[]`rcHTR[]`aNkPWNk\Ot VRnOS wUgk[xw‰œ�PRcšSlSlLd‚••zVRnOS TWSlPR^HgQVYPo•˜nOSU\

wl[]`acdXeTWSlL’•˜NQVRn’VYnO[ePRS hi[]T—wl`acOc�gfXZVRSl\OwUNkSUP—[eh

Š

Xe\HL 0 Nk\OLONQw”XZVRS™VRnOS+cšSlTWhi[eTR`rXe\OwlS LOSlt]TRX –

LdXZVYNQ[]\�VYndX V˜NkP„PRcšSlwUNQjdwlXegkgŽ{ LO^HSoVR[aVRnOSoNk\OwUTRSlXePRSUL�wU`rcOc@gkXZVYSU\OwU{e“

	

S�SU†ZXegQ^dXZVYSˆXegkgZ[ehx[]^OT XecOcHgkNkwlXZVYNQ[]\OPU• XecOcOgŽ{xNk\OtsLHSUVYSUTR`aNk\ONQPWVRNkwzcHTRSlLHNkw”X VYS•–JX”•sXeTWS�PRw‰nOSULO^Og –

Nk\Otu[]cHVRNk`aN5/”X VYNk[e\OP�VR[™S•†]SlT>{aTRSlteNk[]\�Nk\žVRnOS9SU\mVYNkTWS˜wl[xLOSe“ˆƒ„nHS9†ZXeTRNQ[]^OP�`aS”XePW^OTRSU`rSU\mVYP

|

PR^Hw‰n

XePzPWw‰nOSlLO^HgkSsgQSl\OteVRn*•eTWSlPW[]^OTRwUS•– Xe\OL+gkXZVYSU\OwU{m–JwU[]\OP>VYTYXZNk\OSUL+gk[ •ESlTC_3[]^H\OLOPl•eSUVYwZ“ ‚+XZTRS TRSlcš[]T>VYSlL

XePCX„•ESlNQt]nmVYSUL™X”†eSlTYXZt]Se• •‘SUNkt]nmVYSUL™_m{;VRnOS�S1*€SUwl^HVRNk[]\ohiTRSUpx^HSl\Ow•{o[ehHSlXew‰nuNk\OLONŽ†xNkLO^dXZgZTWSlt]NQ[]\ Nk\

VYnOSu_3SU\Ow‰nO`rXeTRœ “

}

gkS”XZTRgQ{e•

v

y3K;•bwlXe\�[e\OgQ{�_šSl\HSUjOV9NQhf– wl[]\H†eSlT>VYSlLbLOcdX –JNk`acOTW[ †ZXe_HgkS;TWSlt]NQ[]\OP

[ehdwl[xLOS

|

TWSlt]NQ[]\OP VYnOXZVzwU[]\mV‰XeNQ\ X V�gQS”XeP>V VJ•‘[9LONkP �W[]Nk\mVC[]cšSlTYX VYNk[e\OP‰‚ �

v

y3K;• •˜NQgkg]_šS Nk\OS13 SUwUVYNŽ†]S

hi[]T�[eVYnHSlT�wl[xLOS„TWSlt]NQ[]\OPˆLO^HS˜VR[;VYnOSUNkT�gkXew‰œ [ehšLONQP �W[]NQ\mV�[]cšSlTYX VYNk[e\OPl“Cƒ„nOS˜LOcdX – Nk`acOTR[ †ZXe_OgQS‘TWS•–

t]Nk[]\HP�w”Xe\awl[]`aSshiTR[e`"X gfXeTWt]Ss†ZXeTRNQSUVJ{+[Zh3VRnOS˜[]TRNQt]Nk\dXZg€PW[]^OTRwUS9wU[€LHSIwU[]\mVYTW[]gdwl[]\HPWVYTW^OwUVRP �€[]^OT

7 �



wl[]`acONkgQSlT w”Xe\ Xet]t]TWSlPRPWNQ†eSlgQ{acOTWSlLONQw”XZVRS;\OSUPWVYSUL �

,��

35476 #�Xe\OL �

,��

3 476 #

�

6:9<;=69PWVYXZVYSU`rSU\qVRP„XeP •‘SUgkg

XeP �

(

;=6 ;=6:9 6��:3 �

&

#�P>V‰XZVRSl`aSl\mVYPU“

	

SsXegQPR[;XZPRPR^H`rS<VYndX Vˆ\O[]\™LOcdX – Nk`acOTR[ †ZXe_OgQS�TRSUt]Nk[]\HPC•˜NQgkgmS1*q–

Slwl^€VYS˜•˜NQVYnžVRnOS„LOSUVRSlTW`rNQ\ONkP>VYNkw‘cOTRSULONkwlXZVYS –7X”•sXZTRS„PR^HcOc3[eTWV<VY^OTW\OSlLa[43 Xe\OL�•˜Nkgkgx_šSIPWw‰nOSlLH^OgkSUL

^OPRNQ\Ot VYnHS™_dXZPRSlgQNk\OSugkNQPWV9Xe\OL›`r[xLO^OgQ[aPWw‰nOSlLH^OgkNQ\Ot XegQt][]TWNQVYnH`rPU• Xe_O_OTWSU†xNfXZVRSlL›XeP�‘K��C•�Xe\OL

�‘K ‡’• NQ\ VYnHNkPzPWSlw•VYNk[e\*“ �J\žXZLOLONQVRNk[]\ • •˜nOSU\OSU†eSlT�VYnHS

v

y3K;• PRw‰nOSULO^OgQS‘hi[]TˆX9LOcdX – Nk`acOTR[ †ZXe_OgQS

TRSlteNk[]\rTRSlPW^OgQVRP‘NQ\rgQ[ •ESlT cšSlTWhi[eTR`rXe\OwlS˜VYnOXe\ VYnHS9wU[]TRTWSlPRcš[]\OLHNk\Ot™_dXePRSUgkNQ\OS9PWw‰nOSlLH^OgkS—hi[eT VRndXZV

TRSlteNk[]\*• VYnHSa_OXePRSUgkNk\HSaPWw‰nOSlLH^OgkSUT NkPo^OPWSlL$NQ\OPWVRS”XeL •�PW[›XePoVY[�X”†][]NQL LHSlt]TRXeLdXZVRNk[]\ Nk\ cšSlTWhi[eT>–

` Xe\HwlSe“—ƒ„nOSlTWSUhi[]TWS+Nk\�[]^OT—S2*€c3SUTRNk`aSl\mVRP—VYnOS LOSUVRSlTR`aNk\HNkPWVRNkwocOTWSlLONQw”XZVRS•–7X”•‘XeTRS PRw‰nOSU`rSUPl• _m{

Nk\OwU[]TRcš[]TYX VYNk\Ht�_dXePRSUgkNQ\OS@PRw‰nOSULO^OgkNQ\Ot •˜NQVYnHNk\&VYnOSU`�• •˜NkgQgs\OSU†eSlTacOTR[xLO^OwUS›X PRw‰nHSlLO^OgQS�VRndXZV

NkP •‘[eTRPRS�VYnOXe\ VRnOS�_dXePWSlgkNQ\OS�PRw‰nOSU`rSZ“ �I[eVYSžVRndXZVohi[]T gk[x[]cOPU•CX@PWw‰nOSlLH^OgkSa•˜NQVYn X@gk[ •ESlT ���

NkP;wU[]\OPRNQLOSlTWSlL _šSUVRVRSlT;_šSlwlXe^OPWSaNŽV;S2*HSUwl^HVRSlPoNQVRSlTRXZVYNQ[]\OP;X V X h XeP>VYSlT—TYXZVRS � nO[ •ESU†]SUTl•CX \OSUtmX –

VYNQ†eS+PRcšSlSULO^Oc `rX {b[xwlwlXePRNQ[]\dXegQgQ{@[xwlwl^HT—TRSUgfXZVRNQ†eS™VY[rVYnOS+_OXePRSUgkNk\HS PRw‰nHSlLO^OgQS+hi[]TIgk[x[]cOP9•˜NŽVYn

XbPWnO[]TWVoVRTRNkc wU[]^O\mV+XZ\OL X�gQ[]\Ot@PWVYXeTWV>–J^Oc�VYNQ`rSžNQ\ NQVYP `a[xLO^Ogk[�PWw‰nOSlLH^OgkSZ•ˆXePoS1*€cOgkXeNk\HSlL Nk\

•€Slw•VYNk[e\

Š

“27€“

Š

“

Œ

“

ƒ„nOS�TWSlcš[]TWVRSlL

v

y3K;• cOTR[xwlSUPRPR[eTbPWc3SUSlLO^Hc [ †]SUT�VYnOS�_dXZPRSlgQNk\OS›cOTR[xwlSUPRPR[eT@hi[eT †ZXeTRNQ[]^OP

TRSlteNk[]\OP�NQP `aS”XePW^OTRSUL XZP VYnOS�\q^O`+_šSlT [eh L€{€\OXe`rNQw›w•{€wUgkSUP@VRndXZV VRnOS�_dXePWSlgQNk\OS�cOTW[€wUSlPWPR[]T

PRcšSl\OLOP�NQ\ VRnOSlPWS�TRSlteNk[]\OPaLONŽ†€NQLOSlL _q{ VYnHS›\q^O`+_šSlTr[ehoLH{x\dXe`aNkwbwU{xwlgQSlP VRndXZVrVYnOS

v

y3K •

cOTR[xwlSUPRPR[eT9PWc3SU\OLOPINk\�VYnOSUPRSuTRSUt]Nk[]\HPl“

ƒ„nOSoTWSl`rXeNk\ONQ\Ot PWSlw•VYNk[e\OP„PRnO[ • VYnOSoTRSUPR^OgŽVYPshi[]T 4 S2*€VRSl\OLx–7XegQg54OXZ\OL 4 jdTWPWV>– jOV64

v

y3K���•š•Hhi[]T

v

y3K ‡›•3•OXeP<•ESlgkg3XeP hi[]T VRnOS—[ †eSlTYXZgkgšPRcšSlSlLH^Oc@Xew‰nONQSU†]SUL�_m{rLHSUVYSUTR`aNk\ONQPWVRNkw˜cOTRSULONkwlXZVYS –7X”•‘XeTRS

PRw‰nOSULO^OgkNQ\Ot�hi[]T„S”Xew‰n�_3SU\Ow‰nO`rXeTRœ • Xe\HL�[ †]SUT„VYnOSoSl\mVRNkTRSoPW^ONQVRSe“

7

Š



Benchmark SLbals CPL1 CPL2 CPL3 ResMSLbals ResMSLdpals IIbams RecMII1 RecMII2 RecMII3 ResMIIbams ResMIIdpams

cjpeg 67.42 56.13 61.35 66.13 60.51 54.26 10.00 1.00 1.00 1.00 10.00 7.00
djpeg 20.13 14.30 15.15 16.22 16.70 15.20 58.64 1.00 1.00 1.00 58.64 53.17
epic 7.06 5.47 6.24 6.35 5.20 4.05 23.01 1.00 1.00 1.00 23.01 18.84
unepic 20.72 18.99 19.17 20.72 8.15 7.04 6.00 1.00 1.00 1.00 6.00 5.00
g721encode 33.62 22.87 25.12 27.29 28.58 20.66 30.00 1.00 1.00 1.00 30.00 21.00
g721decode 29.53 20.03 22.03 24.03 25.06 18.01 30.00 1.00 1.00 1.00 30.00 21.00
ghostscript 17.77 12.54 13.98 15.47 12.44 9.76 44.10 7.88 7.88 7.88 43.13 33.35
gsmdecode 37.07 33.07 34.33 34.53 35.00 31.20 27.92 7.93 9.68 11.44 27.73 24.95
gsmencode 40.84 33.53 35.26 38.00 38.47 34.18 76.40 7.93 8.47 9.02 75.93 47.69
mesamipmap 51.90 37.63 39.63 41.62 37.82 34.82 22.00 1.00 1.00 1.00 22.00 16.33
mpeg2dec 45.68 32.11 33.85 36.83 39.68 28.23 28.35 1.00 1.00 1.00 28.35 25.85
mpeg2enc 44.04 37.71 35.19 35.50 26.47 23.83 20.01 2.98 3.98 4.97 20.01 17.02
pegwitdec 21.68 20.23 21.21 22.29 13.05 12.00 20.67 1.97 1.97 1.97 20.67 18.70
pegwitenc 22.49 19.90 20.90 22.25 16.49 15.43 22.91 1.00 1.00 1.00 22.91 20.20
rasta 19.14 17.10 18.14 19.33 11.44 10.19 8.00 1.96 1.96 1.96 8.00 7.00
rawcaudio 25.80 20.00 20.99 21.99 18.97 12.99 26.00 20.00 25.00 30.00 24.00 22.00
rawdaudio 12.91 10.99 11.99 12.99 11.97 7.99 20.00 6.00 8.00 10.00 20.00 18.00
Average 30.46 24.27 25.56 27.15 23.88 19.99 27.88 3.86 4.47 5.07 27.67 22.18

Benchmark SLbals CPL1 CPL2 CPL3 ResMSLbals ResMSLdpals IIbams RecMII1 RecMII2 RecMII3 ResMIIbams ResMIIdpams

cjpeg 54.98 56.13 61.35 66.13 30.44 29.09 5.00 1.00 1.00 1.00 5.00 4.00
djpeg 14.78 14.30 15.15 16.22 8.74 8.52 29.32 1.00 1.00 1.00 29.32 26.84
epic 6.55 5.47 6.24 6.35 3.19 2.49 11.50 1.00 1.00 1.00 11.50 11.17
unepic 20.43 18.99 19.17 20.72 4.08 4.07 4.00 1.00 1.00 1.00 4.00 4.00
g721encode 26.45 22.87 25.12 27.29 14.58 12.25 15.00 1.00 1.00 1.00 15.00 12.00
g721decode 23.16 20.03 22.03 24.03 12.85 10.67 15.00 1.00 1.00 1.00 15.00 12.00
ghostscript 14.44 12.54 13.98 15.47 6.43 6.22 22.55 7.88 7.88 7.88 21.58 19.63
gsmdecode 35.67 33.07 34.33 34.53 17.93 16.07 14.75 7.93 9.68 11.44 13.87 12.94
gsmencode 33.09 33.53 35.26 38.00 19.35 17.55 39.40 7.93 8.47 9.02 38.42 30.91
mesamipmap 41.56 37.63 39.63 41.62 19.11 18.15 12.33 1.00 1.00 1.00 12.33 10.67
mpeg2dec 34.48 32.11 33.85 36.83 20.10 18.32 14.19 1.00 1.00 1.00 14.19 13.04
mpeg2enc 48.94 37.71 35.19 35.50 13.70 12.28 11.00 2.98 3.98 4.97 10.00 9.01
pegwitdec 20.97 20.23 21.21 22.29 6.54 6.54 10.84 1.97 1.97 1.97 10.84 9.84
pegwitenc 21.09 19.90 20.90 22.25 8.47 7.83 11.56 1.00 1.00 1.00 11.56 10.58
rasta 18.06 17.10 18.14 19.33 6.52 6.20 4.00 1.96 1.96 1.96 4.00 4.00
rawcaudio 20.86 20.00 20.99 21.99 9.99 8.99 20.00 20.00 25.00 30.00 12.00 11.00
rawdaudio 11.91 10.99 11.99 12.99 5.99 5.98 10.00 6.00 8.00 10.00 10.00 9.00
Average 26.32 24.27 25.56 27.15 12.24 11.25 14.73 3.86 4.47 5.07 14.04 12.39

(a) Scheduling Headroom for P(4)

(b) Scheduling Headroom for P(6)
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A1: i = i + 4 if p0
M1: lv = load(i, A) if p0
C1: p1,p2 = cmpp(lv < 20) if p0
A2: a = 0 if p1
C2: p3 = cmpp(lv > 10) if p1
A3: a = lv + 2 if p3
C3: p4 = cmpp(i == 14) if p1
A4: a = lv – 4 if p4
A5: a = lv | 0x7 if p2
C4: p5 = cmpp(a==0) if p0
A6: t = a + lv if p5
M2: store(i, A, t) if p5
B: if(i < 400) goto A1 if p0

Predicates Freq. Operation Freq. HBPr
p1: 0.2 A1: 1.0 10
p2: 0.8 M1: 1.0 9
p3: 0.09 C1: 1.0 7
p4: 0.01 C2: 1.0 6
p5: 0.11 C3: 1.0 6

A2: 0.2 5
A5 : 0.8 5
A3: 0.09 5
A4: 0.01 5
C4: 1.0 4
A6 0.11 1
M2: 0.11 0
B: 1.0 0

(b) Assembly code (d) Activation and execution frequencies

A1

A4

C3

M1

C1

C2

C4

A6 M2 B

A3

A5 A2

1

2

1/3
1 1 

1/3

1/31/3

11

1

1/3

0

1

1

(c) Data Dependence Graph

0

0

for (i=0; i < N; i++)

{
lv = A[i];
if ( lv < 20) {
a=0;

if ( lv > 10) {
a = lv+2;

}
if ( lv == 14) {

a = lv-4;
}

}
else {
a = lv | 0x7;

}
if ( a == 0) {
t = a+lv;
A[i] = t;

}
}

(a) Original C source code

6 7 98:�;
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n:C24

n-1:M2n:C13

n-1:A62

n:M1n-1:C41

n:A47

n:A36

n:C35

n:A28

n:Bn:A59

n:A10

BMATime

n:C24

n-1:M2n:C13

n-1:A62

n:M1n-1:C41

n:A47

n:A36

n:C35

n:A28

n:Bn:A59

n:A10

BMATime

n:A5

n-2:A65

n:C13

n-1:A42

n:M1n-1:A31

n:C37

n-2:M2
n:C26

n-1:C44

n:Bn:A28

n:A10

BMATime

n:A5

n-2:A65

n:C13

n-1:A42

n:M1n-1:A31

n:C37

n-2:M2
n:C26

n-1:C44

n:Bn:A28

n:A10

BMATime

n-3:A6

n-1:A5

n-3:C4n-2:A4

n:Bn-1:A25

expected delay due to confl icts0.42

n-1:C33

n:M1n-1:C22

n:A11

n-3:M2n:C14

n-2:A30

BMATime

n-3:A6

n-1:A5

n-3:C4n-2:A4

n:Bn-1:A25

expected delay due to confl icts0.42

n-1:C33

n:M1n-1:C22

n:A11

n-3:M2n:C14

n-2:A30

BMATime

(a) Baseline II=10 (b) Determinisitc PAMS II=9 (c) Probabalistic PAMS IIexpected=6.42
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PPAS-DDGLatency-Extend (ddg,  regiontype, shortlatency, extendedlatency)
1 /* phase 1:  mark ‘mustres’ bit of each operation */
2 for each predicated operation node, op1, in ddg do
3 op1.mustres = 0
4 if op1is unconditional cmpp then
5 op1.mustres = 1
6 end if
7 if regiontypeis acyclic then
8 independenceSet = all operations in ddgindependent from op1
9 if independenceSet is empty then
10 op1.mustres = 1
11 else
12 if there exists other operation, op2, in independenceSet s.t. delay due to conflict 
13 that results from combining op1and op2is less than 1.0
14 op1.mustres = 0
15 end if
16 end if
17 end if
18 /* phase 2: adjust cmpp latencies */
19 for each cmppoperation outgoing edge, cmpp_outedgedo
20 op1 = cmpp_outedge.destination;
21 if op1.mustres == 1 then
22 setlatency(cmpp_outedge, shortlatency)
23 else
24 setlatency(cmpp_outedge, extendedlatency)
25 end if
26 end for
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Eliminate-Redundant-Conditions(ev)
1 for each element, ev1, of ev do
2 for each element, ev2, which is not ev1, of ev do
3 if ev1 and ev2 predicates imply each other then
4 if ev1 and  ev2 have the same boolean values then
5 eliminate ev1
6 else
7 return False /*  illegal vector * /
8 end if
9 end if
10 if ev2 predicate implies ev1 predicate then
11 if ev1 has boolean value F and ev2 has boolean value F then
12 eliminate  ev1
13 end if
14 if ev1 has boolean value F and ev2 has boolean value T then
15 return False /*  illegal vector * /
16 end if
17 end if
18 if ev1 and ev2 predicates are disjoint then
19 if ev1 has boolean value T and ev2 has boolean value F then
20 eliminate ev2
21 end if
22 if ev1 has boolean value F and ev2 has boolean value T then
23 eliminate ev1
24 end if
25 if ev1 has boolean value T and ev2 has boolean value T then
26 return False /*  illegal vector * /
27 end if
28 end if
29 end for
30 end for
31 if ev contains complete disjoint set of predicates p1, p2, …, pn
32 in ev, s.t. corresponding ev1, ev2, …, evn have boolean value F then
33 return False
34 end if
35 return Tr ue and ev

p1, p2 = cmpp(cond1)
A1 if  p1
p3,p4 = cmpp(cond2) if p2
A2 if  p3
A4 if  p4

if (cond1)

p1:A1 p2:if (cond2)

p3:A2 p4:A3

(a) Algorithm pseudo-code (b) Example of a complete set of disjoint 
predicates
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p0 (1.0)

p1 (0.2) p2 (0.8) p5 (0.11)

p3 (0.09) p4 (0.01)

I II

I I

p0 (1.0)

p1 (0.2) p2 (0.8) p5 (0.11)

p3 (0.09) p4 (0.01)

I II

I I

(a) PRG with D-edges eliminated (b) Subtreeof PRG (shaded) corresponding 
to ev= (p0=T, p3=F, p4=T, p5=T)

least common ancestor  
of p0, p3, p4 and p5 nodes
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PPALS-MainScheduler(oplist, ddg)
1 For every op in oplist, use ddgto initialize MinTime and compute priorities
2 ready_oplist = all operations in oplist with no incoming edges
3 CurrSchedLen = 0;
4 while ready_oplist is not empty do
5 hpr_ready_oplist = highest priority operations in reay_oplist
6 if ‘extend-all’ PPALS then
7 curr_op= hpr_ready_oplist.pop()   
8 else if ‘best-fit’ PPALS then
9 curr_op= LeastCombiningPotential(hpr_ready_oplist ) 
10 end if
11 compute MinTime for curr_op
12 minCurrSLIncrease = 1  /* minimum current schedule length increase */
13 for t = MinTime; t <= MaxTime; t++ do
14 for  each resource alternative, resource_alt, on which curr_opcan be scheduled do
15 if resource_alt is available at time t then
16 if t <= schedule time of the latest scheduled operation so far then
17 CurrSLIncrease = compute delay due to conflict incurred from scheduling 
18 curr_opin time t on resource_alt
19 else /* increases delay due to conflict component of current expected  SL */
20 CurrSLIncrease = 1 /* increases static component of current expected SL*/
21 end if
22 if CurrSLIncrease <= minCurrSLIncrease then
23 minCurrSchedIncrease = CurrSLIncrease
24 tmin = t
25 minresource_alt = resource_alt
26 end if
27 end if
28 end for
29 end for
30 Schedule curr_opin time tmin on minresource_alt
31 Update ready_oplist with the ready successors of curr_op;
32 end while

687 98:�;
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C1: p1,p2 = cmpp(t1 < 10) if p0
A1: t3 = t1 + t2 if p1
A2: t3 = t1 – t2 if p2
A3: t4 = t2 | 2 if p2
M1: store(t4, A, t3) if p0
C2: p3 = cmpp(t5 > 20) if p0
A4: t6 = t5 &  0x7 if p3
A5: t7 = t6 + 1 if p3
M2: store(t8, B, t7) if p0
B: if(t3 < 1) goto … 

(a) Assembly code

M1

B
0

(b) Data Dependence Graph

C1

A2A1 A3

1/3
1/3

1/3

M2

C2

A4

1/3

A5

0

Predicates Freq. Operation Freq. HBP
p1: 0.9 C2: 1.0 5
p2: 0.1 C1: 1.0 4
p3: 0.25 A4: 0.25 2

A1: 0.9 1
A2: 0.1 1
A3: 0.1 1
A5: 0.25 1
M1: 1.0 0
M2: 1.0 0
B: 1.0 0

(c) Execution and activation frequencies

1
1

1 1

1
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(a) Scheduling record of A4, A1, A2, A3 and A5 (CSLI – current schedule length increase)

(b) Complete schedule
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LeastCombiningPotential(hpr_ready_oplist)
1 for each operation, op, in hpr_ready_oplist do
2 if (op is cmpp operation) then
3 return op
4 end if
5 end for
6 mincombiningpotential = +inf
7 for each operation, op1, in hpr_ready_oplist do
8 combiningpotential = 0
9 for each operation, op2, which is not op1, in hpr_ready_oplist do
10 if(op1 is NOT disjoint from op2) then
11 combiningpotential -= CflDelay from combining op1 and op2
12 else
13 combiningpotential +=1
14 end if
15 end for
16 if combiningpotential < mincombiningpotential then
17 mincombiningpotential = combiningpotential
18 op_mincombiningpotential = op1
19 end if
20 end for
21 return op_mincombiningpotential
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ppams-Main()
1 II low = max(ResMIIppams, RecMIIppams)
2 IIhigh = max(ResMIIbams, RecMIIbams)
3 while IIhigh – II low > smalldelta do
4 IImiddle = (IIhigh + IIlow) / 2
5 if ppams-FindSchedule(IImiddle) == true do
6 IIhigh = IImiddle

7 else
8 II low = IImiddle

9 end if
10 end while
11 return IIhigh

)
7

+

PPAMS-FindSchedule(IIexpected)
1 for IIstatic = ceiling(max(WidthResMII, RecMIIppams));
2 IIstatic < floor(IIexpected) + 1; IIstatic++) do
3 IICflDelay= IIexpected - IIstatic

4 if PPAMS-IterativeScheduler(IIstatic, IICflDelay)==True then
5 return True
6 end if
7 end for
8 return False

)
3

+
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21

A5?p2
A4?p4

Schedule Res ervation Table

14
0.0213
0.0212
0.0211
0.0210
0.029

0.0018A3?p38
A2?p17

19
18
17

CflDel ay

20

C13
2

M11

6
C35
C24

15
16

A10
M

23
22

ATime

n-1:A4
n-1:A5

Modul o Reservation Table

0n:A10

expected delay due to conflicts0.0018
0n:C35
0n:C24
0n:C13

0.0018n-1:A32
0n:M1n-1:A21

CflDel ayMATime

(a) Scheduling A4 (b) Scheduling C4

21

A4?p4
A5?p2

Schedule Res ervation Table

0.1991C414
2.013
2.012
2.011
2.010
2.09

A3?p38
A2?p17

19
18
17

CflDel ay

20

C13
2

M11

6
C35
C24

15
16

A10

M

23
22

ATime

n-1:A5
n-2:C4n-1:A4

Modul o Reservation Table

n:A1 00

expected delay due to conflicts0.1991
0n:C35
0n:C24
0n:C13

0.1991n-1:A32
0n:M1n-1:A21

CflDel ayMATime

(c) Scheduling A6

0.2221

A4?p4
A5?p2

Schedule Res ervation Table

C414
13
12
11
10
9

A3?p38
A2?p17

0.2219
0.22M218
0.22A617

0.22
0.22

invalid

CflDel ay

20

C13
2

M11

6
C35
C24

15
16

A10
M

23
22

ATime

n-2:A6

n-1:A5
n-2:C4n-1:A4

Modul o Reservation Table

n:A1 0n-3:M20

expected delay due to conflicts0.4191
0.22n:C35

0n:C24
0n:C13

0.1991n-1:A32
0n:M1n-1:A21

CflDel ayMATime
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Benchmark SLbals CPL1 CPL2 CPL3 ResMSLbals ResMSLppals IIbams RecMII1 RecMII2 RecMII3 ResMIIbams ResMIIppams

cjpeg 46.11 37.20 41.51 46.00 40.80 30.55 6.49 1.31 1.62 1.93 6.49 4.69
djpeg 14.03 10.41 12.13 13.33 11.72 10.49 58.64 1.00 1.00 1.00 58.64 42.69
epic 13.55 11.57 12.54 13.58 5.67 5.51 21.41 2.16 2.54 2.93 21.02 16.38
unepic 20.11 18.43 20.52 22.70 7.75 6.06 13.27 1.00 1.00 1.00 13.27 10.52
g721encode 29.96 20.46 22.68 24.96 25.43 18.00 30.00 1.00 1.00 1.00 30.00 20.24
g721decode 29.53 19.89 22.30 24.37 25.13 17.87 30.00 1.00 1.00 1.00 30.00 20.26
ghostscript 15.14 10.81 12.30 13.86 11.10 8.67 44.10 7.88 7.88 7.88 43.13 31.35
gsmdecode 23.52 19.98 20.76 21.20 21.68 15.24 27.92 7.93 9.68 11.44 27.73 21.46
gsmencode 30.73 23.54 25.67 28.38 28.41 18.66 74.85 7.87 8.40 8.93 74.39 45.61
mesamipmap 50.49 36.56 39.42 43.20 36.91 33.03 22.00 1.00 1.00 1.00 22.00 15.92
mpeg2dec 16.44 11.95 13.48 14.95 14.42 11.54 28.35 1.00 1.00 1.00 28.35 18.70
mpeg2enc 32.38 27.52 28.14 27.31 20.26 15.20 20.27 2.97 3.95 4.93 20.27 12.36
pegwitdec 18.72 17.12 18.83 20.53 11.92 11.12 20.67 1.97 1.97 1.97 20.67 12.46
pegwitenc 16.57 13.87 15.61 16.80 12.67 10.88 19.33 1.61 1.61 1.61 19.33 12.67
rasta 18.71 14.04 15.64 17.29 12.66 11.25 6.81 3.02 3.58 4.14 6.80 4.85
rawcaudio 17.46 13.54 12.55 13.06 12.03 9.52 26.00 20.00 25.00 30.00 24.00 17.13
rawdaudio 12.91 10.99 11.99 12.99 11.97 11.95 20.00 6.00 8.00 10.00 20.00 14.21
Average 23.90 18.70 20.36 22.03 18.27 14.44 27.65 4.04 4.72 5.40 27.42 18.91

Benchmark SLbals CPL1 CPL2 CPL3 ResMSLbals ResMSLppals IIbams RecMII1 RecMII2 RecMII3 ResMIIbams ResMIIppams

cjpeg 38.06 37.20 41.51 46.00 20.60 20.48 3.40 1.31 1.62 1.93 3.24 2.64
djpeg 11.47 10.41 12.13 13.33 6.25 6.10 29.32 1.00 1.00 1.00 29.32 25.18
epic 12.61 11.57 12.54 13.58 3.52 3.48 11.09 2.16 2.54 2.93 10.70 8.71
unepic 19.76 18.43 20.52 22.70 4.04 3.90 7.34 1.00 1.00 1.00 7.34 6.57
g721encode 23.60 20.46 22.68 24.96 13.00 11.07 15.00 1.00 1.00 1.00 15.00 11.14
g721decode 23.16 19.89 22.30 24.37 12.92 10.81 15.00 1.00 1.00 1.00 15.00 11.15
ghostscript 12.42 10.81 12.30 13.86 5.83 5.64 22.55 7.88 7.88 7.88 21.58 18.95
gsmdecode 22.04 19.98 20.76 21.20 11.29 9.24 14.75 7.93 9.68 11.44 13.87 10.76
gsmencode 25.10 23.54 25.67 28.38 14.40 11.60 38.66 7.87 8.40 8.93 37.65 29.32
mesamipmap 40.44 36.56 39.42 43.20 18.64 16.80 12.33 1.00 1.00 1.00 12.33 10.39
mpeg2dec 13.37 11.95 13.48 14.95 7.35 7.06 14.19 1.00 1.00 1.00 14.19 12.10
mpeg2enc 34.45 27.52 28.14 27.31 10.79 9.91 11.12 2.97 3.95 4.93 10.14 7.33
pegwitdec 18.07 17.12 18.83 20.53 6.13 6.11 10.84 1.97 1.97 1.97 10.84 7.73
pegwitenc 14.92 13.87 15.61 16.80 6.63 6.08 10.01 1.61 1.61 1.61 10.01 8.10
rasta 15.71 14.04 15.64 17.29 7.13 6.94 3.57 3.02 3.58 4.14 3.56 3.06
rawcaudio 12.98 13.54 12.55 13.06 6.52 6.52 20.00 20.00 25.00 30.00 12.00 8.83
rawdaudio 11.91 10.99 11.99 12.99 5.99 5.99 10.00 6.00 8.00 10.00 10.00 7.33
Average 20.59 18.70 20.36 22.03 9.47 8.69 14.66 4.04 4.72 5.40 13.93 11.14

(a) Scheduling Headroom for P(4)

(b) Scheduling Headroom for P(6)
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Benchmark SLbals SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err
cjpeg 46.11 44.01 39.09 39.20 39.21 0.03 45.71 42.46 42.60 42.60 0.00 46.11 46.10 46.10 46.10 0.00
djpeg 14.03 13.69 13.25 13.28 13.25 -0.23 13.88 13.47 13.51 13.49 -0.15 13.87 13.59 13.62 13.60 -0.15
epic 13.55 13.54 13.44 13.45 13.45 0.00 13.54 13.43 13.44 13.44 0.00 13.50 13.44 13.45 13.45 0.00
unepic 20.11 20.05 19.63 19.83 19.83 0.00 19.98 20.11 20.11 20.11 0.00 20.11 20.11 20.11 20.11 0.00
g721encode 29.96 26.60 25.89 25.89 26.03 0.54 27.68 26.89 26.89 27.01 0.44 28.75 28.25 28.25 28.25 0.00
g721decode 29.53 26.38 26.06 26.16 26.31 0.57 27.33 26.92 27.03 27.17 0.52 28.33 27.99 28.09 28.10 0.04
ghostscript 15.14 13.68 13.53 13.56 13.58 0.15 14.32 14.19 14.20 14.21 0.07 14.90 14.83 14.85 14.85 0.00
gsmdecode 23.52 22.61 22.17 22.17 22.18 0.05 23.03 22.79 22.79 22.79 0.00 23.52 22.97 22.97 22.97 0.00
gsmencode 30.73 29.28 25.52 25.52 25.52 0.00 29.48 28.10 28.45 28.45 0.00 30.36 30.05 30.05 30.05 0.00
mesamipmap 50.49 49.27 46.18 46.18 46.98 1.70 49.27 47.11 47.11 47.91 1.67 50.22 49.88 49.88 49.89 0.02
mpeg2dec 16.44 15.22 14.13 14.18 14.19 0.07 15.08 15.20 15.22 15.22 0.00 15.56 15.68 15.70 15.71 0.06
mpeg2enc 32.38 31.58 27.87 28.03 28.07 0.14 29.91 30.71 30.85 30.87 0.06 30.29 30.28 30.38 30.40 0.07
pegwitdec 18.72 18.68 18.35 18.35 18.35 0.00 18.64 18.46 18.46 18.46 0.00 18.67 18.50 18.50 18.50 0.00
pegwitenc 16.57 16.41 16.00 16.00 16.00 0.00 16.41 16.31 16.31 16.31 0.00 16.50 16.44 16.44 16.44 0.00
rasta 18.71 18.61 18.41 18.42 18.42 0.00 18.64 18.58 18.58 18.58 0.00 18.61 18.68 18.68 18.68 0.00
rawcaudio 17.46 15.47 15.47 15.47 15.47 0.00 14.97 14.97 14.97 14.97 0.00 15.47 15.47 15.47 15.47 0.00
rawdaudio 12.91 12.91 12.90 12.90 12.90 0.00 12.91 12.90 12.90 12.90 0.00 12.91 12.91 12.91 12.91 0.00
Average 23.90 22.82 21.64 21.68 21.75 0.20 22.99 22.51 22.55 22.62 0.17 23.39 23.24 23.26 23.26 0.02

Benchmark SLbals SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err
cjpeg 38.06 38.06 37.60 37.60 37.60 0.00 38.06 38.06 38.06 38.06 0.00 38.06 38.06 38.06 38.06 0.00
djpeg 11.47 11.41 11.29 11.31 11.29 -0.18 11.42 11.40 11.40 11.40 0.00 11.46 11.43 11.43 11.43 0.00
epic 12.61 12.61 12.59 12.59 12.59 0.00 12.55 12.55 12.55 12.55 0.00 12.55 12.57 12.57 12.57 0.00
unepic 19.76 19.76 19.76 19.76 19.76 0.00 19.76 19.76 19.76 19.76 0.00 19.76 19.76 19.76 19.76 0.00
g721encode 23.60 22.82 22.68 22.68 22.68 0.00 23.46 23.25 23.25 23.25 0.00 23.39 23.25 23.25 23.25 0.00
g721decode 23.16 22.09 21.96 22.02 22.04 0.09 22.96 23.03 23.09 23.09 0.00 22.96 22.89 22.96 22.95 -0.04
ghostscript 12.42 11.91 11.87 11.88 11.96 0.67 12.42 12.41 12.41 12.42 0.08 12.41 12.41 12.41 12.42 0.08
gsmdecode 22.04 22.04 21.17 21.17 21.17 0.00 21.62 21.62 21.62 21.62 0.00 21.62 22.04 22.04 22.04 0.00
gsmencode 25.10 25.08 24.82 24.82 24.82 0.00 24.98 24.95 24.95 24.95 0.00 24.98 25.09 25.09 25.09 0.00
mesamipmap 40.44 39.47 38.48 38.48 38.51 0.08 40.41 40.41 40.41 40.42 0.02 40.44 40.44 40.44 40.44 0.00
mpeg2dec 13.37 13.03 12.96 12.96 13.08 0.92 13.31 13.31 13.31 13.31 0.00 13.36 13.36 13.36 13.36 0.00
mpeg2enc 34.45 34.35 34.26 34.28 34.26 -0.06 34.45 34.45 34.45 34.45 0.00 34.45 34.45 34.45 34.45 0.00
pegwitdec 18.07 18.07 18.04 18.04 18.04 0.00 18.07 18.07 18.07 18.07 0.00 18.07 18.07 18.07 18.07 0.00
pegwitenc 14.92 14.84 14.83 14.83 14.83 0.00 14.92 14.91 14.91 14.91 0.00 14.92 14.91 14.91 14.91 0.00
rasta 15.71 15.68 15.60 15.68 15.66 -0.13 15.71 15.71 15.71 15.71 0.00 15.71 15.71 15.71 15.71 0.00
rawcaudio 12.98 12.98 12.98 12.98 12.98 0.00 12.98 12.98 12.98 12.98 0.00 12.98 12.98 12.98 12.98 0.00
rawdaudio 11.91 11.91 11.91 11.91 11.91 0.00 11.91 11.91 11.91 11.91 0.00 11.91 11.91 11.91 11.91 0.00
Average 20.59 20.36 20.16 20.18 20.19 0.12 20.53 20.52 20.52 20.52 0.01 20.53 20.55 20.55 20.55 0.01

cmpplat1

(a) 4-wide  machine

cmpplat2 cmpplat3

cmpplat2 cmpplat3cmpplat1

(b) 6-wide machine
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Benchmark SLbals SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err
cjpeg 46.11 44.01 39.09 39.20 39.21 0.03 44.01 39.09 39.20 39.21 0.03 43.64 39.97 40.06 40.08 0.05
djpeg 14.03 13.69 13.25 13.28 13.25 -0.23 13.69 13.25 13.28 13.25 -0.23 13.86 13.37 13.40 13.37 -0.22
epic 13.55 13.54 13.44 13.45 13.45 0.00 13.54 13.44 13.45 13.45 0.00 13.54 13.44 13.45 13.45 0.00
unepic 20.11 20.05 19.63 19.83 19.83 0.00 20.05 19.63 19.83 19.83 0.00 20.10 19.68 19.87 19.87 0.00
g721encode 29.96 26.60 25.89 25.89 26.03 0.54 26.60 25.89 25.89 26.03 0.54 27.03 26.25 26.25 26.47 0.83
g721decode 29.53 26.38 26.06 26.16 26.31 0.57 26.38 26.06 26.16 26.31 0.57 26.65 26.05 26.16 26.30 0.53
ghostscript 15.14 13.68 13.53 13.56 13.58 0.15 13.68 13.53 13.56 13.58 0.15 14.11 14.00 14.03 14.11 0.57
gsmdecode 23.52 22.61 22.17 22.17 22.18 0.05 22.61 22.17 22.17 22.18 0.05 22.64 22.31 22.31 22.32 0.04
gsmencode 30.73 29.28 25.52 25.52 25.52 0.00 29.28 25.52 25.52 25.52 0.00 29.66 26.28 26.55 26.55 0.00
mesamipmap 50.49 49.27 46.18 46.18 46.98 1.70 49.27 46.18 46.18 46.98 1.70 49.26 48.02 48.02 48.02 0.00
mpeg2dec 16.44 15.22 14.13 14.18 14.19 0.07 15.22 14.13 14.18 14.19 0.07 15.33 14.33 14.38 14.39 0.07
mpeg2enc 32.38 31.58 27.87 28.03 28.07 0.14 31.58 27.87 28.03 28.07 0.14 31.60 30.33 30.43 30.48 0.16
pegwitdec 18.72 18.68 18.35 18.35 18.35 0.00 18.68 18.35 18.35 18.35 0.00 18.68 18.39 18.39 18.39 0.00
pegwitenc 16.57 16.41 16.00 16.00 16.00 0.00 16.41 16.00 16.00 16.00 0.00 16.41 16.15 16.15 16.15 0.00
rasta 18.71 18.61 18.41 18.42 18.42 0.00 18.61 18.41 18.42 18.42 0.00 18.61 18.52 18.52 18.52 0.00
rawcaudio 17.46 15.47 15.47 15.47 15.47 0.00 15.47 15.47 15.47 15.47 0.00 15.97 15.97 15.97 15.97 0.00
rawdaudio 12.91 12.91 12.90 12.90 12.90 0.00 12.91 12.90 12.90 12.90 0.00 12.91 12.90 12.90 12.90 0.00
Average 23.90 22.82 21.64 21.68 21.75 0.20 22.82 21.64 21.68 21.75 0.20 22.94 22.12 22.17 22.20 0.15

(a) 4-wide  machine

Benchmark SLbals SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err SLdpals SLppals_s SLppals_c SLppals_d %err
cjpeg 38.06 38.06 37.60 37.60 37.60 0.00 38.06 37.60 37.60 37.60 0.00 38.06 37.60 37.60 37.60 0.00
djpeg 11.47 11.41 11.29 11.31 11.29 -0.18 11.41 11.32 11.34 11.32 -0.18 11.41 11.35 11.36 11.35 -0.09
epic 12.61 12.61 12.59 12.59 12.59 0.00 12.61 12.53 12.53 12.53 0.00 12.61 12.59 12.59 12.59 0.00
unepic 19.76 19.76 19.76 19.76 19.76 0.00 19.76 19.76 19.76 19.76 0.00 19.76 19.76 19.76 19.76 0.00
g721encode 23.60 22.82 22.68 22.68 22.68 0.00 22.75 22.68 22.68 22.68 0.00 23.10 22.68 22.68 22.82 0.61
g721decode 23.16 22.09 21.96 22.02 22.04 0.09 22.03 22.03 22.09 22.09 0.00 22.36 22.36 22.43 22.44 0.04
ghostscript 12.42 11.91 11.87 11.88 11.96 0.67 11.92 11.87 11.88 11.95 0.59 11.93 11.89 11.90 11.98 0.67
gsmdecode 22.04 22.04 21.17 21.17 21.17 0.00 22.04 21.20 21.20 21.20 0.00 22.04 22.04 22.04 22.04 0.00
gsmencode 25.10 25.08 24.82 24.82 24.82 0.00 25.08 24.82 24.82 24.82 0.00 25.08 25.06 25.06 25.06 0.00
mesamipmap 40.44 39.47 38.48 38.48 38.51 0.08 40.40 40.35 40.35 40.37 0.05 40.40 40.36 40.36 40.36 0.00
mpeg2dec 13.37 13.03 12.96 12.96 13.08 0.92 13.03 13.00 13.00 13.00 0.00 13.07 12.97 12.97 12.97 0.00
mpeg2enc 34.45 34.35 34.26 34.28 34.26 -0.06 34.35 34.35 34.35 34.37 0.06 34.40 34.35 34.37 34.39 0.06
pegwitdec 18.07 18.07 18.04 18.04 18.04 0.00 18.06 18.03 18.03 18.03 0.00 18.06 18.03 18.03 18.03 0.00
pegwitenc 14.92 14.84 14.83 14.83 14.83 0.00 14.84 14.84 14.84 14.84 0.00 14.92 14.91 14.91 14.91 0.00
rasta 15.71 15.68 15.60 15.68 15.66 -0.13 15.71 15.60 15.66 15.63 -0.19 15.71 15.60 15.65 15.60 -0.32
rawcaudio 12.98 12.98 12.98 12.98 12.98 0.00 12.98 12.98 12.98 12.98 0.00 12.98 12.98 12.98 12.98 0.00
rawdaudio 11.91 11.91 11.91 11.91 11.91 0.00 11.91 11.91 11.91 11.91 0.00 11.91 11.91 11.91 11.91 0.00
Average 20.59 20.36 20.16 20.18 20.19 0.12 20.41 20.29 20.30 20.30 0.06 20.46 20.38 20.39 20.40 0.11

(b) 6-wide  machine

cmppcombth1 cmppcombth2 cmppcombth3

cmppcombth1 cmppcombth2 cmppcombth3
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Benchmark BRec BRes BII Besc Brr DRec DRes DII Desc Drr PRec PRes PIIs PIIc PIId %error Pesc Prr
cjpeg 1.31 6.49 6.49 2.00 10.74 1.93 5.89 6.35 2.44 13.57 1.93 4.69 5.71 5.71 5.72 0.18 3.74 14.91
djpeg 1.00 58.64 58.64 1.00 28.38 1.00 53.17 53.66 1.01 29.89 1.00 42.69 46.71 48.66 49.07 0.84 2.50 49.25
epic 2.16 21.02 21.41 1.77 12.78 2.93 19.10 19.48 2.00 13.86 2.93 16.38 16.48 16.94 16.89 0.30 5.00 14.77
unepic 1.00 13.27 13.27 1.85 19.31 1.00 12.84 12.84 2.70 21.70 1.00 10.52 10.74 10.91 11.42 4.67 3.14 27.23
g721encode 1.00 30.00 30.00 1.00 12.00 1.00 21.00 23.50 3.00 21.50 1.00 20.24 21.50 21.53 21.51 0.09 4.00 22.50
g721decode 1.00 30.00 30.00 1.00 12.00 1.00 21.00 23.00 4.00 24.00 1.00 20.26 22.00 22.01 22.00 0.05 5.00 30.00
ghostscript 7.88 43.13 44.10 1.02 20.85 7.20 33.35 34.33 2.02 23.79 7.88 31.35 31.41 31.42 31.42 0.00 1.06 26.82
gsmdecode 7.93 27.73 27.92 1.10 13.86 10.40 24.95 25.73 1.96 18.13 11.44 21.46 22.49 23.08 23.06 0.09 5.10 35.56
gsmencode 7.87 74.39 74.85 1.00 16.56 7.25 46.76 54.87 1.92 17.68 8.93 45.61 53.36 53.40 53.40 0.00 4.31 21.13
mesamipmap 1.00 22.00 22.00 1.67 20.67 1.00 16.33 16.33 2.67 27.00 1.00 15.92 16.33 16.33 16.33 0.00 2.00 22.00
mpeg2dec 1.00 28.35 28.35 1.51 17.11 1.00 25.85 25.85 1.85 15.96 1.00 18.70 20.96 23.21 23.78 2.46 2.96 31.10
mpeg2enc 2.97 20.27 20.27 1.00 8.21 4.93 17.31 17.31 1.98 10.19 4.93 12.36 14.32 14.58 14.56 0.14 9.86 44.81
pegwitdec 1.97 20.67 20.67 0.05 13.97 1.45 18.70 18.70 1.05 14.03 1.97 12.46 12.86 15.58 15.95 2.37 4.95 29.59
pegwitenc 1.61 19.33 19.33 0.96 13.36 1.57 18.26 18.26 1.61 16.18 1.61 12.67 13.39 13.79 14.57 5.66 4.94 26.81
rasta 3.02 6.80 6.81 1.25 7.42 4.14 6.53 6.68 1.84 7.86 4.14 4.85 5.99 6.02 5.99 0.50 3.39 12.79
rawcaudio 20.00 24.00 26.00 1.00 12.00 30.00 22.00 32.00 3.00 20.00 30.00 17.13 30.00 30.00 30.00 0.00 1.00 17.00
rawdaudio 6.00 20.00 20.00 1.00 13.00 10.00 18.00 18.00 3.00 18.00 10.00 14.21 17.00 17.00 17.00 0.00 2.00 15.00
Average 4.04 27.42 27.65 1.19 14.84 5.16 22.41 23.94 2.24 18.43 5.40 18.91 21.25 21.78 21.92 1.02 3.82 25.96

(a) 4-wide machine

Benchmark BRec BRes BII Besc Brr DRec DRes DII Desc Drr PRec PRes PIIs PIIc PIId %error Pesc Prr
cjpeg 1.31 3.24 3.40 3.49 14.77 1.93 3.05 3.82 4.58 18.74 1.93 2.64 3.82 3.82 3.82 0.00 4.58 18.74
djpeg 1.00 29.32 29.32 1.01 33.87 1.00 26.84 27.34 1.51 46.79 1.00 25.18 25.85 26.76 27.11 1.31 2.01 44.31
epic 2.16 10.70 11.09 2.77 15.40 2.93 10.55 10.55 4.00 16.78 2.93 8.71 9.39 9.60 9.39 2.19 6.31 16.01
unepic 1.00 7.34 7.34 2.29 23.07 1.00 7.34 7.34 2.72 23.84 1.00 6.57 6.93 6.95 6.93 0.29 3.14 25.08
g721encode 1.00 15.00 15.00 2.00 16.50 1.00 12.00 13.00 3.50 23.50 1.00 11.14 12.50 12.50 12.50 0.00 4.50 25.50
g721decode 1.00 15.00 15.00 2.00 16.50 1.00 12.00 13.00 4.50 26.00 1.00 11.15 12.50 12.56 12.51 0.40 5.00 28.50
ghostscript 7.88 21.58 22.55 1.04 21.84 7.20 19.63 19.65 1.06 20.95 7.88 18.95 19.64 19.64 19.64 0.00 1.07 22.01
gsmdecode 7.93 13.87 14.75 2.76 20.96 10.40 12.94 14.30 4.52 26.93 11.44 10.76 12.64 12.86 12.83 0.23 7.80 46.89
gsmencode 7.87 37.65 38.66 2.01 18.22 7.25 30.36 32.92 3.14 37.16 8.93 29.32 32.88 32.89 32.89 0.00 3.82 30.90
mesamipmap 1.00 12.33 12.33 2.33 23.33 1.00 10.67 10.67 4.33 34.00 1.00 10.39 10.67 10.67 10.67 0.00 3.67 28.67
mpeg2dec 1.00 14.19 14.19 2.88 22.75 1.00 13.04 13.04 3.75 29.86 1.00 12.10 12.82 12.89 12.92 0.23 4.38 36.14
mpeg2enc 2.97 10.14 11.12 2.00 13.32 4.93 9.15 9.15 6.91 17.28 4.93 7.33 8.16 8.17 8.16 0.12 8.92 27.33
pegwitdec 1.97 10.84 10.84 1.05 15.03 1.45 9.84 9.84 1.22 19.30 1.97 7.73 7.89 8.09 8.11 0.25 6.03 29.86
pegwitenc 1.61 10.01 10.01 2.59 23.94 1.57 9.62 9.62 3.30 22.20 1.61 8.10 8.41 8.48 8.61 1.53 5.08 28.79
rasta 3.02 3.56 3.57 3.26 11.63 4.14 3.56 4.69 2.88 10.99 4.14 3.06 4.69 4.69 4.69 0.00 2.88 10.71
rawcaudio 20.00 12.00 20.00 1.00 13.00 30.00 11.00 30.00 1.00 12.00 30.00 8.83 30.00 30.00 30.00 0.00 1.00 12.00
rawdaudio 6.00 10.00 10.00 2.00 16.00 10.00 9.00 11.00 3.00 17.00 10.00 7.33 10.00 10.00 10.00 0.00 3.00 15.00
Average 4.04 13.93 14.66 2.15 18.83 5.16 12.39 14.11 3.29 23.73 5.40 11.14 13.46 13.56 13.57 0.39 4.30 26.26

(b) 6-wide machine
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Benchmark FETCH DISPATCH DECODE REGISTER EXECUTE EXECUTE EXECUTE EXECUTE WRITE
READ INT FP MEMORY BRANCH BACK

cjpeg 100 100 100 100 68.1 0 26.29 5.61 33.52
djpeg 100 100 100 100 71.98 0 25.64 2.38 82.75
epic 100 100 100 100 63.21 14.44 11.89 10.46 96.19
unepic 100 100 100 100 58.26 6.97 28.82 5.96 62.01
g721encode 100 100 100 100 79.71 0 17.31 2.98 66.34
g721decode 100 100 100 100 80.53 0 16.77 2.69 70.95
ghostscript 100 100 100 100 64.59 0.7 26.48 8.22 64.53
gsmdecode 100 100 100 100 87.68 0 9.94 2.37 78.09
gsmencode 100 100 100 100 84.87 0 14.37 0.76 50.14
mesamipmap 100 100 100 100 43.33 15.21 35.97 5.5 81.96
mpeg2dec 100 100 100 100 66.23 0 27.24 6.53 68.25
mpeg2enc 100 100 100 100 90.2 0.43 6.14 3.23 64.16
pegwitdec 100 100 100 100 81.65 0 15.36 2.99 76.91
pegwitenc 100 100 100 100 77.29 0 19.91 2.8 52.92
rasta 100 100 100 100 58.84 9.93 21.62 9.6 89.56
rawcaudio 100 100 100 100 90.53 0 7.56 1.9 73.13
rawdaudio 100 100 100 100 88.59 0 9.11 2.3 74.88
Average 100 100 100 100 73.86 2.8 18.85 4.49 69.78

Benchmark FETCH DECODE PRED. READ REGISTER EXECUTE EXECUTE EXECUTE EXECUTE WRITE
& DISPATCH READ INT FP MEMORY BRANCH BACK

cjpeg 100 100 100 53.93 39.81 0 11.71 2.41 33.52
djpeg 100 100 100 83.12 59.01 0 21.78 2.33 82.75
epic 100 100 100 98.39 62.41 14.18 11.49 10.31 96.19
unepic 100 100 100 68.78 43.01 2.55 17.68 5.54 62.01
g721encode 100 100 100 74.46 58.07 0 13.63 2.75 66.34
g721decode 100 100 100 77.68 61.55 0 13.56 2.56 70.95
ghostscript 100 100 100 77.98 51.25 0.4 20.45 5.87 64.53
gsmdecode 100 100 100 78.66 69.5 0 6.9 2.26 78.09
gsmencode 100 100 100 50.56 43.46 0 6.41 0.69 50.14
mesamipmap 100 100 100 83.11 34.77 13.51 29.35 5.47 81.96
mpeg2dec 100 100 100 77.45 49.76 0 23.1 4.59 68.25
mpeg2enc 100 100 100 65.21 56.2 0.43 5.84 2.75 64.16
pegwitdec 100 100 100 78.26 61.28 0 14.21 2.77 76.91
pegwitenc 100 100 100 53.87 40.59 0 10.59 2.7 52.92
rasta 100 100 100 93.16 55.04 9.45 19.75 8.92 89.56
rawcaudio 100 100 100 73.15 64.64 0 6.62 1.89 73.13
rawdaudio 100 100 100 74.88 64.61 0 7.97 2.3 74.88
Average 100 100 100 74.27 53.82 2.38 14.18 3.89 69.78

(a) Resource requirements for the baseline processor, P base (4)

(b) Resource requirements for the probabilistic predicate-aware processor, P ppas (4,3,1)
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iadd r1, r1, #4

fload f2, 0(r1)

fadd f6, f6, f2

iadd r1, r1, #4

fload f2, 0(r1)

fadd f6, f6, f2

iadd r1, r1, #4

fload f2, 0(r1)

fadd f6, f6, f2
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fadd f6, f6, f2

iadd r1, r1, #4

fload f2, 0(r1)

iadd r1, r1, #4

fload f2, 0(r1)

fadd f6, f6, f2

Iteration A Iteration DIteration B Iteration C Iteration E

rq-con 0,f2,0

rq-con q1,f2,1

rq-con q1,f2,0

fload  f2, 0(r1)
iadd   r1, r1, #4
fload  f2, 0(r1)

iadd   r1, r1, #4
rq-connect  q1, f2, 1

fadd   f6, f6, f2

fadd   f6, f6, f2
rq-connect  q1, f2, 0

rq-connect  0, f2, 0

fadd   f6, f6, f2
iadd   r1, r1, #4
fload  f2, 0(r1)
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fload f2, 0(r1)

fadd f6, f6, f2

fload f2, 0(r1)

fload f2, 0(r1)

fadd f6, f6, f2

fload f2, 0(r1)

fadd f6, f6, f2

fload f2, 0(r1)

fadd f6, f6, f2

fadd f6, f6, f2

(c) Reads and writes of register (f2) in sample execution

CycLine Assembly Code

(a) Scheduled Code                       (b) SP execution of 5 original loop iterations

��� ��� � � 
����,� �,��� � � �����  #"� $�&%'"'(�� 4�L92��&;�I�%�� �����[��2��B4M��-6 #%�� L+�,;�� X 4F�N�	� "�8?I�����
O]�I�4�"	(�8�� ��4

¤
"

�



" A-��1@%U1!���!���!���‹1!� I$�#�@��� 1�7R"$���C�!��( ��"SQ:t5�!���9��� % A-/48#*��‹"-z �3•Z–-ž � V �E�����‹���2��1��H/-(†" �N�!�B���#�

�!� ����"�¤$…C�!*2Q��!� uv*2���:� 1!��/-(���"-z ���¢%U�#8�821!�B��1��#� A-�¢�!���¢��"$�:��� �:���'"4z ���U1!��I-�#���!��1eJ �3•Z–-ž �

�

¤ P	,�"v(

uv*2��*��S�!� ���4V � ���ª1���,�/-�#������I �������!1!*��B����"$���D���•�����ª7�1�"$8#"-I$*��+8�":/-(Š�!���?Ž01����‹��%q" ,���,�"$1@t

A-/48#*�� �e/4��()������1���,����:� ���2��7R"$���C�!��1�Jˆ1�¤ Pq��%U�����-V

�����@��1�*�� �!�#"$��� ¨ = " �#�D‘w�#I$*21!� § V��9JL/$P 1!� 7�1!� �!���:�ƒ���2� 8#"v"$7 �-� 1!��� 8ZV � �2�¢1��H/-(Dzˆ1�"$, 1���I$�����!��1

������� �������!1!*��B���#"-� ¨ 1!�B��*�1����E���2�h�!� ��"$�2( ,�"$�@�E1!� ��� �C��%U1����!�“��"����ªJŸ�ZV �-V‹J �3•Z–-ž �

�

¤˜Pe,�"v(

uv*2��*��9�!� ���HPBV � ���DA4/-1!�#/-Q�8#�“�#� z ¨ ��/-��"$��8‡t "$�2�D8#�‡A$�D��������/-�����9/>�o/-�:t �!�#,��h/-�2( (2"T� ����"-�

1!��uC*���1!�9/?uC*�� *��-V��������!1!*��B����"$� 2 �#��� 1!� ,�� �C�!�E�����h7N"$���:����1‹JŸ1�¤˜PBVo�������!1!*��B����"$� " %U1!�‡�����e�����

���BŒv�E8�":/-(ªA4/-8#*2���#�:��"�1!� I$�#�@����1 ���:…0(�� ��1���,����:��� �3••–-ž �Czˆ"$1U1!� I$�#�@����1UuC*�� *������-…’/-�2()7�*T���U�����

8#":/-(2��()A4/-8�*����#�:��"������“1!��I-�#���!��1¢7N"-�#�:��� ()��"�Q:t.�!���h�2� % �3•Z–-ž � V�� �2�#�•8�"T"-7 �4��1!�2��8w�‡��� 1�/4�!���

*��:���#8N�����o8 /4��� 8�":/-(ª"$7R��1!/4����"$�ª�#� 7R��1@zˆ"$1!,���(s…28#�H/HAv�#�2I‹*��!� �¢"4z �!���EŽ0�0/-8s��%q"�,�� ,�"$1@t+(�/4�;/

zˆ"$1 �����o��72�#8#"-I$*��-V

�����@��1�*�� �!�#"$��� � =;¤ �ezˆ"$1�, �!��� ��72�#8#"-I$*��'"4zN�!���¢O2K<8�"T"-7D�!�;��� (�*�8��-Vr�����@��1!*2� ����"$� �E*��!� �r�����

�!��� "$��(ª��"h8 /-�@�3,���,�"$1�t‹A4/-8�*��•���+�����•��/-,��•,�/-����� 13/-�q�����E8�"T"-7��4��1!�2��8m/-� ��������V#'e"˜%q� A-��1�…

�����¢8 /-�@�rA4/-8#*�� 8�":/-(�� (‹%U�#8#821!��,�/-���‹�#�‹����� ��/-�#8�"4zN�!���Uuv*2��*��e�!�#�2���U��"ozˆ*�1��!����1r%U1!�‡��� �ƒ�!"������

uv*2��*���/-1��h7R��1�zˆ"-1!,���(sV��{"?*����D�������eA4/-8�*��-…R%'�D�2����( �!"?1!� ,+/-7 ���D��"?1�� zˆ��1������ �D�����h" � ��� �

¦?7N"$�����!�#"$�)�#� ���-V � �����E�#�e7N� 1�zˆ"$1�,�� (5%U�����5/-��"-�!����1D™ � �!›; >¡0¡ ”;›B•{�#���@��1�*�� �!�#"$�•Jˆ�#���@��1�*�� �!�#"$�

¤˜¦:PBVª���2����1�*�� �!�#"$�&¤$¤+��/-�<�!�����Š1!�H/4(<zˆ1!"-, ���?/-��(Š/-��� �����h������Ž0�0/-8ƒ8�":/-(†A-/48#*��‹zˆ1!"-, �����

�3••–-ž �s7R"$��������"$�sVª‘ �#�0/-8�8�t-…m/-1!�;���‡��� � ��� (Š1���I$������� 1 ���+�#��1!��,�/-7�7R��( ��")/.zˆ1����+1���I$�����!��1��#�†�����

7��:tT���#��/-8m1!��I-�#���!��13Ž08��-…0� "$,�728#� �!�#��I“�����“O2K ���;����(2*�8#�4V

‘w�#I$*21!�
§

V�� JˆQ’P �!��"˜%U�•�2" % �����“O2K6���;����(�*28#�h���:����1�8#��/˜A-���¢�#���@��1�*�� �!�#"$��� zˆ1�"$, (�� � � 1!���:�

8#"v"$7l����� 1�/4�!�#"$�2��V � ���Š7�1�"$8#"-I$*�� �#�2����1�*�� �!�#"$�2�)/41!� �#�!��*���(•"$� � tv��8����xJ•����,��HP ¤ =@‰ �o���2���!�

�#���@��1!*2� ����"$���“�#��� 8#*�(�������� ™�� �!›; >¡0¡ ”;›B•�/-�2( žŸ–������D/-��( �¢ �–����hzˆ"-1��!���+Ž01����D��%q" ���!��1�/>���#"-���

"-zE���2�)"$1��#I$���0/-8oJˆ*������;����(�*28#��(0P�8#"v"$7 Jˆ%q�)%U��8#831�� zˆ��19��" �����."$1��#I$���0/-838�"T"$7•�‡����1!/4����"$���9Q:t

*�7�7R��1!��/-�!��8#�B�!��� 1!�

�

Mc/-�2( � �#�†�������o�H/-���˜PBV�� ��� �4��1�����8ƒ"-zq������8#"v"$7†�#�����0/-(�� (x/-��( �#�

¤ �-¦



�������h�BŒ2/-,�7�8����FŒ2� ��*2�!���h�!��1!� �+����,�� ��JŸ� tv� 8#��� ¨ = 2 … " = �2…q¤H¦>=;¤$¤˜P �w�!����Ž01����h����� 1�/4�!�#"$�†"-z'�����

O2K 8#"v"$7$�4��1�����8m�BŒT� ��*2�!���U����� � –����E�#�2����1�*�� �!�#"$�?zˆ1�"$, �!����"$1��#I$���0/-8R8#"v"$7?���!��1!/4����"$�?M /-8�"$��I

%U�����<�����5žŸ–�����/-��( �U �–���zˆ1!"$, �‡����1!/4����"$�Š„•V � ���+�!��� "$��(x����,��9���21!"$*�I-�Š�������-� 1!��� 8'%U�#8�8

�BŒT��� *2���.�#���@��1�*�� �!�#"$���“zˆ1!"$, "$1!��I$�#�0/48�8�"T"-7•���!��1�/>���#"-��� � /-�2( 0 /4�D� tv��8���� " = � ���!���?������1!(

���#,��“�!��1!"-*�I$� �������4��1�����8r�FŒ2� ��*2�!���o�#�2����1�*�� �!�#"$�2�•zˆ1!"$, ���!��1!/4����"$����„ /-��(†‚•/4���BtT� 8#� �‹¤˜¦>=

¤$¤$Vr‘w���0/-8�8�t$…>�����U� 7��#8�"$I$*�� "-zR���2�•OTK•�!�;��� (�*�8#�¢�#�r�FŒT����*T����(?/4�ƒ���#,���� ¤ � =;¤ ‰•7R��1@zˆ"$1!,��#�2IE�����

1!��,�/-�����#��I � –������#�2����1�*�� �!�#"$�2��Jˆzˆ"$1 �‡����1!/4����"$����0 /-��()‚�PBV

‘w�#I-*�1!� § V ��Jˆ�˜P“����"˜%U����"˜% (0/4��/†���‹/-� �������!� ( �#�x1���I$�����!��1DuC*�� *�� ���+zˆ"$1“�����ª�!/-,�728#�

��"v(��-V 'E*���*2��1��H/-(2��(2".�2"-�o�;�0/-��I-�9�!���9����/4���9"-z������‹1���I$�����!��1ouC*���*�� � �U �–��9�������!1!*��B����"$���

/4�e�!�#,������2… ‰T…
2

… ��/-��(<¤$¤D/41!���!��"˜%U� �!"+(�� ��1!� ,�� �:�•���2���3•Z–-ž �0/-��(.%U1!�‡���������“��� % (�/4�;/9�#�

�����ªuC*�� *��-V•M3�D� tv��8��?���#,��
¨

…	�����?Ž01����SžŸ–����?�#�2����1�*�� �!�#"$�Š1!�H/4(��D�����?Ž�1!���‹A4/-8�*��+%U1����!�!���

��" ���-VS�•�D1�� �!1!�#�BA$� �h������A4/-8#*����&� �EQ:t•/-(2(��#��I.��������*�1�1!� �C� �3••–-ž ��J��$PE��")�!���+1��H/-(Š" � ��� �

Jˆ%U�����;�.%'/-� �!�B�U��"ª¤oQ:t+���2���#���‡��� /48{™ � �!›; >¡0¡ ”;›B•N�#���@��1!*2� ����"$�’PF…�/-��(./-� ��� �!�!� � ����/4� 7R"$��������"$�

�†Jˆ���2�‹1!�#I-�C�!,�"-���H…N�!�0/4(���(†7R"$�!�‡���#"-� �#� ���h���†‘w�#I-*�1!�
§

V �5JŸ�˜P�PBV � ���‹1!� ,+/4�#������I+1��H/-(��E/-1!�

/-�•����"˜%U�5�#�)‘w�#I-*�1!�
§

V�� Jˆ�˜PU/-��()"$7N� 1�/4�!�“���#,��#8#/-1!8‡t$V��U���H/48#8y���0/>�¢�!����™�� �!›; >¡0¡ ”;›B•m/>�•�BtT� 8#�

¤ �)�0/4���;��/-��I$� (Š������1!��/-(Š" � ��� ����")¦ ��*��@�hQR� zˆ"-1!�9�����9Ž0�0/-8r1��H/-(Š/4��� tv��8��)¤
§

…w/4��(<�!�0/4�

�������3��"$�2�����B�e�������!1!*��B����"$�+%'/-� ����� �����!����/4��� ()Q:t�������8#/-����"4zw/D�@��"$1��E��"D�!����uC*���*���QR� ��%q��� �

�����E1��H/-(?/4�E¤ ��/-��(+�!���E1��H/-(ª/>�E¤
§

V �e"-�!�e����/4� /h(2*�,�,“t‹%U1!���!�e�!"h�����euC*���*���� "$*�8�(+�0/HA$�

QN� ���Š*2�!��(•/4�o� tv��8��)¤ �.�������!�H/-( "-z'�!���S™ � �!›; >¡0¡ ”;›B•	�#���@��1�*�� �!�#"$�s…{/-������%q"$*�8�(Š/4�;���#�BA$�9�����

(������#1!� ( � � � � �¢Q:tS�#��� 1!�H/4�!�#�2ID����� �3•Z–-ž � …01�/4�!����13�!�0/-�S�����o" �N�!�B�HV

���ª���2�#�3�FŒ�/4,�7�8��-…T"$��8�t?/D�!����I$8#�¢A4/-1!�#/-Q�8#�e�#� /48#8#"v�H/>����(���"9/‹uC*���*���/-�2(.�‡�3� "$�:�;/-�����3��%'"

8#��A-�E�#�2���;/4����� ��Vr���SI$���2��1�/48Z…C����� 1!��,�/˜t�QR��,+/4�Ct9A4/-1�� /-Q�8�����%U�����+,D*�8��!�#7�8��e���#,D*28��;/4����"$*2�!8�t

8#��A-�3�#�2���;/4����� ��V �E��� �!��,�728#�'� "$����� � �����!1�/4�!��I-th��,�7�8#"˜tv�r/��!����I$8��'*�����uC*�� 1!� I$�#�@����1ruC*�� *�� zˆ"$1

�H/-�;� ��*��;�5A4/-1!�#/-Q�8#���!"+��"$8�(5/-8�8m8#��A-�“��������/-��� ���•"4z	���0/>�•A4/-1!�#/-Q�8��-V�� �����•,����;�0/4���#��, %q"$1 �v�

%'� 8#8m�#�.1!� (�*�������I9�����“/-1!�;�2����� � �!��( 1���I$�����!��1U7�1!� �!��*�1!�D"4zƒO2K6���;����(�*28#��� …NQ2*2�•,�/Htª1!� uC*��#1��h/

¤ �T¤



8 /-1�I$�e�C*�,hQN� 13"-zy1���I$������� 1'uC*�� *�����Jˆ"$���•zˆ"$1��H/4�;�?A-/41!� /4Q�8#�U��"-�C��/-�#�2�#��I“,D*�8��!�#7�8��U�#���@�;/-��� ����PBV

‘’*21����2��1!,�"$1��-…$%U���!��ŽTŒ2� (�8�����I4���9uC*���*�� ��…T,+/-�:th"-zN�!���U1!� I$�#�@����1��ƒ�#�‹�����UuC*�� *��e,�/HtD��"4�ƒQN�

1!��uC*���1!� ( Jˆ��z	�!����1��‹/-1��hzˆ� %q��1�8���A$�“�#���@�;/-�2�����•"-z�/+A4/-1!�#/-Q�8#���!�0/-� 1!� I$�#�@��� 1!�E��� /+70/-1@������*�8#/-1

uv*2��*��HPB…’%U����1��H/-�U�!"-,���A4/-1!�#/-Q�8����'%U�‡���S,+/4�Ct+8#�‡A$���#�2���;/4����� �¢,�/Htª��"-�UQR��/-��� "$,�,�"v(0/4�!��(

QCt./‹���#��I$8���uC*���*��4V

‘0"$1@��*��0/>����8‡t$…:���#��� �¢�!���U1!�H/4(+" �N�!�B��A4/-8�*����ƒ,�/Ht9QN�U�;�0/-�2I$��(s…C���2� � 'E��/-� �������'��/-70/-Q���8#�¥=

���#� �rzˆ"$1�/����#��I$8��3uC*���*2�E/-1��/���BŒT�#Q�8��U����"$*2I$���!"“�2"$8#(9�#�2���;/4����� �q"-zN,�"$1!� ����/-��"-��� A-/41!� /4Q�8#�4V

� �v*2��…s%q�D�H/-�5/-�!���#I$� /48#8m�#���@�;/-�2�����e"-zƒ�!�BA$� 1�/-8wA4/-1�� /-Q28#��� �!"+�����“��/-,��huC*�� *��-… ��"$���2��� �!�#��I

1!�H/4(�" � ��� ����/-� ��"$1�(��#�2I$8�t-V<�•�‹���‹"$��8‡tŠ��� ��� �!��/41�tx��" (2� ��� 1!,��#���������ª1��H/-(•" �N�!�B�‹zˆ"$1‹�H/-�;�

*��!�4…NI$�‡A$� �.�!���“����uC*�� �����D"4zw%U1!�‡��� �Uzˆ"-1e/48#8 �!����A4/-1�� /-Q28#�E��������/-����� �e,�/-7�7R��(S��"9���2�“uC*�� *��-V

� ���#�3���q���#,�7�8#� %U��� �?%U1!�‡�����qzˆ"$1q��/-�;�?A4/-1!�#/-Q�8��e/41!�•*2����"$�2(����!�#"$�0/48#8�th7N� 1�zˆ"$1�,�� (��2�‡���#�q�!�����

�!�#,�7�8‡tx/†,+/4����� 1�"4z•� "$*��:������I �!���.(�� Ž0�2������"$���‹����/4��"T� ��*�19QR� ��%q�����&�����.(�� Ž������!�#"$��/-��(

*��!�‹"-zq/?70/41�������*�8#/-1¢�#���@�;/-��� �-Vo�•��QR��� "$,�� �E,�"$1!�D�;��/-8#8�����I$����I�%U�2��� %U1!�‡�����e��"S/�A4/-1�� /-Q�8��

/-1!�S��"-��(����!�#"$��/-8#8‡t†�BŒT��� *2��� ( JŸ�4V I�V‡…��#���@��1!*2� ����"$���D����/-�lž ����•��0”B¡ �!” � �˜”“����/4��� ,�� �:�FPBVx���•���2�#�

�H/-���-…T%q�•,h*����q�H/-1�� zˆ*�8�8�t‹(2� ��� 1!,��#���U���2�e7R"$�!���#Q�8��U1!�H/4(+" �N�!�B���'"-1q/4�!�!��I$���!���¢��"$��(2������"$�0/-8�8�t

(�� Ž0�2��(•A4/-1!�#/-Q�8��D��")/)uC*���*2������/4���#����"-���!�0/41!��( VªM•8��!��1��0/4��� 8�t-…w/S(�*�,�,ht %U1!�‡���9"$� �����

/-8��!��1!��/4���?7�/4���•�H/4��QR�ª�#�2�!��1@��� (•�!" �#����*�1!�?�!�0/4��/ A4/-8�*��+%U�#8�8qQR�?%U1!�‡�!�!���x��"5�!���ªuC*���*��

1!��I$/-1!(�8������¢"4z �!���o�BŒT��� *2����"$� 70/>���sV

Mc�!� ��"$��(Šuv*2��*��?1���I$�����!��1“/-8#8�"T��/4����"$�5�#���!*��+/-1!���!� ��%U��� �Š���2��A4/-1!�#/-Q�8�����/-�!���#I$�2��(<�!"5/

70/-1��!�#� *�8 /-1yuC*�� *��'� "$�:�;/-���h,�"$1!�r8���A-����������/-��� ��� �!�0/-�o�������C*�,DQR��1{"-z�1���I$�����!��1!�{�#�o���2�quC*�� *��-V

���?�������q��/-�!�4…2%'�•�H/-�?� ���!����1q�#��� 1!�H/4�!�e�!���E�������!� /4�!�#"$�‹���C�!��1@A-/48N"-z �����oOTK•���;����(2*�8#��Jˆ�!"‹/-����"

1!��(2*����o�������C*�,hQN� 1 "-z{�#���@�;/-��� ����PB…0"$1'%q�o�H/-�S� "$���H/>������/4���E��%q"�"-13,�"-1!�E7��:tv�!���H/-8 uv*2��*�� �

�#�:��")/)8#/-1!I$� 1�8#"$I-�#�H/48wuC*���*2�+Q:t ��"$7:tv�#��IS���2������/-(Š"4z'���2��Ž01����“uC*���*�����".�����9�;/-��8	"-zq�����

�!��� "$��(�uC*���*��4V•‚ƒ/-�;�•��"$7:tx� "$���!��"-���ª�BŒv��1!/ �#���@��1!*2� ����"$�•���•�����ª8�"T"$7xQR"v(2t<�!" 7N� 1�zˆ"$1�,

�����“��"$7:t$…N/-��()"$���“/-(�(��‡����"$�0/-8y/41!�;���‡�����B��� (51!� I$�#�@����1U��"�1!��/-()�!����"$8#(�� ���¢A4/-8#*��o���)���2��Ž01����

¤ �)�



uv*2��*��5JŸ" �N�!�B� �:P�/-���!������"$*�1����9Ž0��8�(Š"-z���������"-7Ct†�������!1!*��B����"$�6JŸ/-�:t†1!� I$�#�@����1o,�/-7�7R��(†��"

�����Uzˆ"$8#8�"˜%U�#��I�uC*�� *��e��/-�+QR�U*��!� (?/-�ƒ���2�¢(2�����!�#�0/>���#"-��"4z ���2�e� "$7:t9�!�#�2���¢/-8#8�%U1����!����/-7�7R����(

��"+�!���DuC*���*2�h�;/-��8m1!��I$/-1!(�8������E"-z	�!���D1!��/-(5" �N�!�B�FPFV � �����•,����;�0/-�2�#�!, �#�¢(����!��*2�!�!� ( zˆ*�1��!����1

�#�)OT���B����"$� § V �2V �TV

‘w���0/-8�8�t$…m�‡�h���h7R"$�!���#Q�8����!"51!*��Š"$*2�D"4zU/-1!�;�2����� � �!��(x1!� I$�#�@��� 1!��…w� A$� �x%U�����x*����#��I � 'E��V

��� �!���#�ª��/-�!�4…e%q�<��/-� /˜A-"$�#(l��7��#8�8#�#�2I<A4/-8#*2���?��"•,���,�"$1�t&Q:t 1!� ��"$�2�����B���#�2I /-1��;�����!���B����(

1!��I-�#���!��1��r�#�����#(�������� 8�"T"$7hQN"v(2t$V ����(�� ��(s…C���w�#�	7R"$���!�#Q28#�q�!"�*��!�U/E���#��I-8#�3/41!�;���‡�����B��� (�1���I$�����!��1

����1�"$*�I$��"-*2�y�����qO2K.�!�;��� (�*�8��qQ:t�1�����"-�������B������IU7�1!��"$1 ��"U��/-�;�“(2� Ž0���‡����"$��"$1y*�����"4z2/3A4/-1�� /-Q�8��

���0/4�E�#�E/48#8#"v�H/>����(S��"?/+1!� I$�#�@����1euC*���*��4V � ���#�E�@��1!/4��� I-t)%q"$*�8�(58#��/-( �!"ª/+8 /41!I$���C*�,DQR��1E"-z

��"$���2��� ���#�2����1�*�� �!�#"$�2�D�#�•�!���S8#"v"$7•QR"T(2t JŸ"$�2�?zˆ"$1D�H/4�;�&1��H/-(�/-��(x%U1������HPB…ƒQ�*2���‡�h%q"$*�8#(

��"$1�1!���B��8‡tl�#,�7�8#� ,�� �C������� 1!� I$�#�@��� 1ª1!��uC*���1!� ,�� �C�!�)"4z‹/x�!"-z•��%'/-1��<7���7N� 8#������( 8�"T"$7 V � ���#�

,�� �;�0/-�����!, ��� (��#����*����!��()zˆ*�1��!����1U�#�.Ov��� �!�#"$�
§

V��2V��2V

�
XZWUX�� � ]

p

]

�'n@p�� � dEa{dEa����'a����og `

�•z2/UA4/-1�� /-Q28#�r/-���!��I$����(��!"•/ 70/-1@������*�8#/-1suC*���*2�q�0/4�{,�"$1��r8#��A-�r�#���@�;/-�2�����y�!�0/-�o�����ƒ�C*�,DQR��1

"-z’1!� I$�#�@����1��	�#�������'uv*2��*�� ��…:%'�'�H/-�D� "$����/4��� �0/4���q��%'"�"$1 ,�"-1!�'uC*�� *����rQ:t“��"$7:tv�#�2I•�����'���H/-(

"-z3���2��Ž01����DuC*�� *��+�!")���2���;/4�#8r"-z3�!���+����� "$��(xuC*���*2�?QN�Bzˆ"$1!�����“�#��"˜A$� 1�%U1!�‡�!�!���•Q:t</)���B%

(0/4�;/‹��������/-�����4VqOT*�7�7R"$�!�4…0zˆ"$1 �BŒ2/-,�7�8#�4…2����/4� �����o8�":/-(ª8 />�����2� t?"4z �!���o,+/-�;�2�#�����FŒ2� ��*2�!�#��I

�����‹8�"T"$7)zˆ1�/-I$,����:����� ‘w��I$*�1!�
§

V�¤‹���E�#�2��1!��/-�!� ( ��" ¤$¤‹�BtT� 8#� ��V �{"ª,�/-�#�:�;/4�#�5/4� �#���‡��� />���#"-�

�#�:��� 1�A4/-8m"-z#�T…’���2���!�#,���QR� ��%q��� �†/�(��BŽ0���‡���#"-�•J �¢ �–��˜PU/-��()�����¢*����ªJ � –����˜P3%q"$*�8#()�!70/4� �!�¥Œ

����� 1�/4�!�#"$�2�‹"-z•�!���5OTK �-��1�����8L…31!� �!*�8‡������I†�#�
¨

Jˆ1�/4�!����19���0/4� ��*��@� �-P‹���#,D*28��;/4����"$*2�!8�tŠ8#�‡A$�

�#���@�;/-��� ���¢"-z{������A4/-1!�#/-Q�8��-…T%U�2�#�;�.�BŒT��� ��(��¢�����ouC*���*2�“��������J
§

� 8#� ,�� �C�!�;PFV

���ª���;����(�*28#�#�2ID�������'8#"v"$7s…C���2�E7�1!"-8#"$I$*2�•��"v(��•%q"$*�8�(?�BŒT70/4��(ª��"?¤
§

�#���@��1!*2� ����"$���oJG¤ =;¤
§

P

�!70/-�2���#��I
¨

����� 1�/4�!�#"$�2�D"-z•�!���S"$1!��I$�#��/-8q8�"T"-7 JˆM¢=�‘rPB…r/4������"˜%U� ���&‘ �#I$*�1��
§

V
§

JŸ/:PBV � ���

Ž01!�@�o��"$���2��� �o�������!1!*��B����"$�•JL/>�E7R"$�!�‡���#"-�•£ M“…�¤
©

�#�)�����hŽ�I$*�1!�HPe��1��H/4�!���o/?,�/-7�7�����I+QR� ��%q��� �

¤ � �



1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

iadd r1, r1, #4

fload f2, 0(r1)

iadd r1, r1, #4

fload f2, 0(r1)

iadd r1, r1, #4

fload f2, 0(r1)

iadd r1, r1, #4

fload f2, 0(r1)

iadd r1, r1, #4

fload f2, 0(r1)

iadd r1, r1, #4

fload f2, 0(r1)

fload f2, 0(r1)

4

6

8

10

11

12

13

14

Cyc Instruction

fload f2, 0(r1)

fload f2, 0(r1)

fload f2, 0(r1)

fload f2, 0(r1)

fload f2, 0(r1)

fload f2, 0(r1)

fmove  f2, f4

fmove  f2, f4

f23

f24

f22

f22

f23

f23

f24

f24

f24
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f24

queue 1 after instruction queue 2 after instruction

f2

f2

f2

f2

f2

f2

f2
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f2

f2

f2

f2

f2

f2

f2

1

1

1

1

2

2

2

2

3

3

3 f2

f2

f2

f2

f2

f2

1

1

1

2

2

3

2

1

0

0

3

3
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0
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0
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3

2
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56 1

Cyc Iteration A Iteration DIteration B Iteration C Iteration E Iteration F Iteration G
rq�con q1,f2,3

iadd r1, r1, #4

rq�con q2,f4,1

fadd f6, f6, f4

fmove f2, f4

fmove f2, f4

fmove f2, f4

fadd f6, f6, f4

fadd f6, f6, f4

fadd f6, f6, f2

fadd f6, f6, f2

fadd f6, f6, f2

fadd f6, f6, f2

rq�con q2,f4,0

rq�con q2,f2,2

rq�con q1,f2,1

rq�con q1,f2,0

(a) SP schedule

(b) contents of queue1 and queue 2
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Cyc

iadd r1, r1, #4

fload f2, 0(r1)

iadd r1, r1, #4

fload f2, 0(r1)

Iteration A Iteration DIteration B Iteration C
1

3
4
5
6
7

Line Assembly Code

iadd r1, r1, #4

fload f2, 0(r1)

fadd f6, f6, f2

rq-con q1,f2,2

rq-con q1,f2,1
fadd f6, f6, f2

iadd r1, r1, #4

fload f2, 0(r1)

rqcon q1,f2,2
fadd f8, f6, f2

rq-con q1,f2,1
fadd f6, f6, f2

fadd f8, f6, f2

fadd f6, f6, f2

fadd f8, f6, f2

rq-con q1,f2,0

iadd   r1, r1, #4

fload  f2, 0(r1)

fadd   f6, f6, f2

fadd   f8, f6, f2

Original loop body
before SP scheduling

3

5

6

7

8

Value readCyc Instruction

fload f2, 0(r1)

fadd f6, f6, f2

fload f2, 0(r1)

fload f2, 0(r1)

queue 1 before instruction queue 1 after instruction

   

  

 

 

 

0

3

2

1

1

0     

   

  

  

 

 

3

2

1

1

 

f24

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

1

1

1

1

1

12

2

2

2

2

3

3

3

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

f2

1

1

1

1

1

1

12

2

2

2

2

2

3

3

3

3
rq-con q1,f2,2
fadd f8, f6, f2

 1

2

2

12

13

14

2

9b

rq-con q1,f2,19a

 

 

f21

 

f21

8

9

10

11

rq-con q1,f2,1

(c)

fadd f6, f6, f2

fload f2, 0(r1)

f22

 

fadd f8, f6, f2

(a) (b) SP schedule

Contents of queue 1

1

2

3

4

-- -

- -

- -

--

-

-

-

- -

- -

- -

-

-

-

-

-

-

-

-

-
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