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Abstract

This paper proposes a code scheduling algorithm which gives a software solution to the pipeline
interlock. This algorithm provides a heuristic solution by recordering the instructions, instead of
using hardware interlock mechanism when pipeline interlock prevents the execution of a machine
instruction in a pipelined architecture.

Program code size and overall execution time can be reduced due to the increased flexibility
in the selection of instructions, which is possible from the alleviated ordering restriction on the use
of conflict resources.
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Machine code
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6 st R2,0[R10]
7 mov #20,R3

8 add R3,R2

9 st R2,-80[fp]

Corresponding DAG
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Fig. 2. An example of DAG.
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F 4% dA2HE 22 dR2H BE oL (YR2 @ ©
ool chgh b A% wrx ¥t mlx ziwjE|ojo} 3
= E
]j' :M]ﬁ e @ a]:}*a E{]/\E‘J_Lﬂomcalﬂ @ @ ® R2
LHE Re A% xEE ol 4EHE 228 T
7t vhEol A" slofo} Fhrl
(AleF2) 7|2 Bale]l 2% wigojql 27| wiwdo] a4, vz R A= Aol oAk =AY Al
 oaEels sl AW s Ao ol ate] 1o Fig. 4. The scheduhr.lg constraint by memory
access ordering,
2 lojo} gk
(Mek3) FAdgh 719 A4 HES Fol w4
71 wEeldl dal dw wloA] flele F4E F
2 5l5=% gk ol F YAl AAFHA 2 = 2349 DAGOIA == 49 78 Fald} owg
o} whetd 2§& Foted W] j € EXG(n) 7} load Hx g Azl wedofo] s} wiol v Bz &
v} store d 7ol sz odMlAe] Hd £A AE AYsHA 72141717 8 xEq4E k=78
£ A gqldch o ofwldt Al WA LAlFEYsjojo} Ak o
ez xR Qg veiE I Hd 2= A xx6-¢ 2AF s AdolA o] rxo o
2AFH S F9L o gaelFe w13 < g A3 A¢E +skd JOINT (6,r2) = {6,7,8t ©| 5|
As-1 04 AloF3 ¢ s Fo el me AP i, owjee] Az FAe Aok: we wWiels T
29 £9 A9 U7 AAs A v F st gla, o] = vlAEvol4 destf)=r2 +
oo} et whetd b 2L wEe] 43 £HE A% xoolrl vl daels A 425 H&3)
A 7)o} ge}, of sz A2 4 THE AL kE4E =
1. load =29l sl =¥ Q)% A4 (memory reading Erig eee gz 4 £ &7 “H—"r°ﬂ A3
location) &} store WElojel wlrn gl 7]9) A4 (me- 49 RE 5o AFS 5l SUCCHU= {3
mory writing location) 7} 32 73 %ol defel = o] 21 dest(3)=r2=dest(f)o] 2 *xxr ./';94]
Hol 438 £4F {FAdrh 42 4 oA "t
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Machine code Mcchine code
11d  —4[fplR1 11d  —4[fp)R1
2 add #1,R1,R2 2 add #1,R1,R2
31d  FR2 31d  FR2

4 st R2,-4[fp] 4 st R2,-4[fp]
5 sub  #1,R2,R1 S sub #1,R2,R3

Corresponding DAG
R2:=R1+1 st R2,—4[fp] R3:=R2-1

Corresponding DAG
R2:=R1+1 st R2,—4[fp] R1:=R2-1

@ ® @ ©
G ©)
g —4[fplR1 4 F.R2 Id —4[fp}R1 Id F,R2
a5, 2AFH g sz s ofdt J86. #Eg ofda FAE s aHEE
Fig. 5. The effect of memory access for Fig. 6. Scheduling considering the effect of memory
scheduling. access order.
agl50l4 k1 4 FUG 7|FE AlAAE RE eHAEE AL 57 Mol load WEiofol 2fsl
(base register) &} %] (offset) & Zt7] wlF-o Fl & =] ~E ol load 5 ojoF st oz o WE-L store
g ez HAE d2se dejojSolng xE] 2 wedolo] i ut WHE 4 Uk MIPS+& A=
T 48t ol ulA] #) 8] slojo} ok o] DAGe g & o]x 5 AR-shed 3719 WajelE FAlol &
el 2AFHE $38 & o x=13 3L 27 A sl 5-2dlolx] slo]Zajol & ALEFe}, 2872
Ae 23 glx genz Aud Fust E 4 Qlef, dolzE]le 7 Ado)A 9 7)5E vepdy, 2
>E3-¢ 9 2AFHsA s AE A o, 2 8-& wlolZejelel Hadol 3 A2 epdch
of g w7 A wl-Fol z 4,57} w87
Az A FHE e Hur Ay 2AF IF 1D oD SX| OF
ool H & gl zelrz sAFUE A4 F_1D] 00 sX o
M= 1ol km3uch weA wx Aldsofo} Bk
<5

99} wlabrlx 2 %] é; | P & 6,
13 301 =}, oF !

e 3 —% ] =] _/;;ﬂ_g_a] %}r,} o Waiting for | Latch LOAD
h v LOAD #rom | Data Into
A2 2wy A o] Wi k= 45 k= ] momory | ragister
Mo} ol 2AlFH s Frlak sl ®=Hoh F, =
00: SX:
= /l}—?_‘]_/_k_ 3-4‘5— 1_2 %—?_ 3_5_4_ 1_ 9“ /—k‘;ﬂgao]-\o: Base Register| Address from ALU u ¢
2wl ek and offset to| ALU to MAR Jources | ALU result to
e . ALY to ALY destination
ok al 24 IF: ID:
V. B8 ol % Ed= Program wait for Latch Instr. | Decoded
Counter to Instruction to Into Instruction| Instruction %o
1. ;H/B‘- I}]K‘_ mermory from memory Decode Control Bus
F =FollA Alctgt ~AFeY AEFAE Bl
A st=do] ele] & o] gl MIPS (microprocessor (IF~0D-0F) (Ib-S%)
without interlock pipe stages)oll =83k} M R] a2l 7. welo] 48 A~
SC =g 4ql MIPS & load/store °o}7)dl &2 4 Fig. 7. Instruction execution sequence.
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[Cecoce A1,A2] instruction Al 1
inst_A2]

(1) (i,2y  (i.3) (i,4) (i.5)

Decode B1,B21 instruction B* 1
irst 82

(i+1,1) (i+1.2) (i+1,3) (i+1.4) (i+1,5)

[Decode C1,C2 ] Instruction Cl 3

(+2.1) (i+2.2) (i+2.3) (i+2.4) (i-2.5)

a2ls. sholzefalel Walel i

Fig. 8. Pipelined execution of instructions.
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E 1. ol ol i e S Az
Table 1. Pipelined execution of instructions.

Instruction Pair Interlock Comment

(Inst. 1-Inst. 2) | Length

Load-Compute 2

Load-Address J load ¥ 7+ address & A&

Load-Data 1 load%l %% data store &
A8 AR

Compute- Compute 0

Compute-Address 0 A AL S address & A&

Compute-Data 0 A A AHE data store &
Al AHg

Data-Compute 1 data store & A4 AH}EF 2
Az 2 E ol 719

Sample instruction sequence

1 1id

21d

3 add
st

© 0N O s
173
[=4
o

A.R2
B,R3
R3,R2,R4
R4,X[R3]
C.R5
R2,R5,R3
~1[fplR4
#2.R4
R4,Y[R3]

Corresponding DAG

Id B,R3

Id AR2

Id C,RS Id —1[fp)R4

a9, Z= AFA I olo] tg DAG
Fig. 9. Code sequence and resulting DAG.

w}aw ] °k1J+ A ek3 e
ok, 226 9 DAGoIA
Ci=1{ } o}ch °| DAG
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o gl eyl gl ke 12,570 w A F2v oy 2z dig 2AFy 5 A0
4ol AAe Zed k=18 by miA A4 5 ovlmd Aelrk o] 3 2AFAS ofx s
83 sz, olRe 3 AdAFeg &7 9 uf N3 nopol WILE W dinejFe 53 AR
g ofzjAlel 2760 g wHE & Lot ¢A g 2755 nop ol MEES ¥alrh Har me o
o} ke le] AHAFH] fHwl C— {1 o] 5 &b o2 o33 B8 benchmark Z & 1888 AREslodv)
A1,20014 NODE = {2,5,7 o] 1 whA| 304 7+ e Sieve . prime number & 3l 28 18l
ko o3l wlelr &S ¢33l EXGER2)= {2,3,4) * Bsearch : binary search 22 1)

EXG(5)= {5}, EXG(7)={7,8} o] =¥ K A3 43¢ » Fibinacci 1: fibonacci &9~ Alitele= A3 4
F5led JOINT(2)= {2,3,4}, JOINT(5)= {5}, JOINT BNt
(7)=EXG(T+EXG(8)={5,6,7,8,9 7} =c} wlAl6 » Fibonacci 2 : fibonacci 595 Al4kele vl 34
o4 kot 29} 78 AF kEolm Zolr} % 2] EX-aE )

B3, MARGIN(2)=NODE—JOINT(2)=42.5,7t — {2, + Bubble : bubble sort ¥ g 1ed

3.4} ={5, 7t, MARGIN(7)=NODE — JOINT(7)= {2,5,7} « Shell © shell sort 5.2 -2

—1{5,6,7,8,9} = {2} °l=& MARGIN®| & xx=27} 4 e Median | 20132 AlAlslis £A 2z e

Wrlo] Ao Aws ol A3 Ci=4{1,2} 7} s}
k271 Addo] 57] wFoll A 7ol =72
e 2o ofaf wEE slo] gJoermg NODE oA A

- o 9} )
_?,]E]o{ NODE {5} 7}’ E]Ji )Lfi? e rxE2 7}' LLX\j I 2. oe}j’,ﬂ!%' :T:—;s(l)] & /;} 2l 5} nop o) i
8 7ol wizhzl A" 5 A "ok Table 2. The comparison of nops inserted after
ohA] whA 1ol 4] =2 38 k2 139 glE]Eo} of executing algorithm.
A wlsle] F¥ 2 x oot & 4 g{eng NODE
= {51 7} fch wlalwk wbA g oA k27 AuE LT HE nop (%)
al Ct:{1v215} 7]’ E\lD} li_}?_llegng ugeoioi_?_ iﬂliﬁ“;ii}_ GI‘OSS”OL'ﬁ zﬂallkd 1101\{}
D-C=NULL °| & 72| olejd wloz A b
& ¢gsyel s oF AAERAY S 2 | 00 D] B[ T
searc « . . .
2lg 9 3 1 5 el #HE A=
499 e AlPzol Hgh aAFY HE A Fibonacci_1| 60 10.4 3.2 3.2
218 10(b) oF Zo] Hrot, 8] 10(a) v 2AEH} Fibonacci_2| 83 17.8 2.4 2.4
A g Mg el APaE vebdieh Bubble 2% 277.8 25.7 2.5
Shell 38 20.8 17.4 15.6
Median 147 2.1 17.7 4.5
11d AR2 11d  AR2
21id  B,R3 21d BR3
3 nop 3!1d CRS
4 nop 4 nop 3. daese &3
5 add R3,R2,R4 5 add R3,R2,R4 2 dnglg S ARl gule] AEAE ATAH
6st R4XR3]  6st R&XR3) shedl etslE A7 BAEE Cogt ol chge
71d GRS 71d  —1[fplR4 ]
7lo)l T & E 4 9]
8 nop 8 sub R2,R5,R3 wol dd® & Ut
9 nop 9 nop Ci=C,+CatCntCe
10 sub R2,R5,R3 10 add #2,R4
111d  —1[fp)R4 11 st R4,Y[R3] of 7] 4
12 nop o WA v R 28 2 (DAG) & TA s H
o nep & A7 A=
14 add #2,R4 . . -
155t R4Y[R3] ot 7 kEo FEZHE Fo|E Urtslr] 9
(a) (b) g A7y Bats
Cot 2AlFeE £82 & g NODEE
-0, @) £AFY A e o] e e e -
b) FelF 4 A T, .
. A o ° 5 3
Fig.10. (a) Legal instructions without scheduling. Co 7t k=l Wi 252 Fai7l 1% A1z
(b} The result of scheduling execution. 4=
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