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Abstract: Software pipelining can speedup the loop execution. Modulo scheduling is a widely used heuristic for
software pipelining. Cache hierarchies can improve memory systems, but probably all processor implementations
introduce additional delays (cache penalty). This paper demonstrates possible cache penalty due to modulo
scheduling, and presents an algorithm named Prevent Cache Penalty in Modulo Scheduling (PCPMS), which can
prevent cache penalty due to modulo scheduling. Experimental results show that PCPM S can prevent cache penalty
and improve the performance of programs.
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(341 , bank , , cache
, cache (cache penalty, ).
2 , PCPM S(prevent cache
penalty in modulo scheduling) | PF(Itanium processor family)!>® 2 IPF
1 IPF 2 m. 2 .3
, 3 PCPMS . 4
1
11
S (scheduling length,
SL). (MI11) ] (data dependence graph,
DDG) A B, B A, A-B, A B
(parent), A A—B.
1.2 IPF
, IPF , ,
IPF , .
IPF cache 3 :L1L2 L3.L1 cache cache(L1D),
L1D cache 64, L2 16 16 bank,
256 L2 bank
1.3 2
) cache .cache
cache (penalty
size,Sp). (cycleinterval,lc)
1 2 ! cache

Tablel The conditions of cache penalty on Itanium2

1 2
Cache penalty kind Penalty size Conditions on cache Condition on issue cycle interval
(Bytes) (Cycles)

L1D load/store 64 Access the same L1D line and miss L1D 0

L1D store/load 64 Access the same L1Dline and hit L1D 0~3

L1D store/store 64 Access the same L1D line 0
L2 bank |oad/load 16 Access the same L2 bank 0
L2 bank store/store 16 Access the same L2 bank 0
L2 bank store/load 16 Access the same L 2 bank 3

1 , L1D load/store ,load store

o , ) )
L1D store/load L1D load/store .L1D store/load
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load store , 2, CPU .
Table2 L1D store/load penalty depends on how many cycles store precedes |oad by
2 L1D store/load load,store
Store precedes load by (cycles) Penalty (cycles)
0 17
1 3~5
2 3
3 1~3
2
1(b) ,  1(a) 4 ( ), op2 op4 load store
, L 1, 1(c) . 1(d) 5
, opl op2 cache,a[0] 0, opl op2 5
0,16,32,48,64. op_x X op, opd 0 op22 , 0p4 0 , 0
32 LiD L1D store/load 1 ,0p4 1 op23 , opd 3 op25
, 32 64 L1Dy . , 4 2 0
L1D store/load ,
OoP | |
opl: r1=r1+16; ssueCyce
. : ) 4 opl 0
for (i=0; i<10000; i=i+2) op2: r2=[r1];
b op2 1
afi]++; 0p3: r2=r2+1;
op3 2
op4: [r1]=r2;
op4 3
(a) Source code of loop (b) Loop body (c) Issue cycles of instructions after modulo scheduling
€Y (b) ©
0:0 1: 16 2:32 3:48 4: 64 0:0 1.16 2:32 3:48 4. 64
opl opl
op2 opl =1
op2 opl =1 op3 op2 opl
op3 op2 opl op3 op2 opl
: op4 op3 op2 opl kernel op3 op2 opl
- 4 e 5 5 ; 1 op4 op3 op2
oP op op op op4 op3
. op4 .- op3 op2
AT Plo P P L.
conflict ", op4 op3
<A p P
conflict op4
(d) L1D store/load penalty after modulo scheduling (e) No L1D conflict after increasing the issue-cycle interval
between op2 and op4
(d) L1D  store/load (e) op2 op4 L1D
opl store/load
op2 11=6
op3 op3 op2 opl op4
op4
op3 op2 /S opl op4
opl
op2 4 >
op3 penalty
op4
(f) No cache penalty after increasing |1 (g) L1D store/load penalty after adjusting execution order
between op2 and op4 which issue at the same time
® (©)] . L1D store/load
Fig.1 Theimplicit store/load penalty in modulo scheduling and how to prevent it
1 store/load
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1( , )- , ,
2( ,Static cycleinterval,l ).
3( ,dynamic cycleinterval,lpc).
4( Jpenalty iteration interval,l p). , x1
, X2 , X1-x2
5( ,Static address interval,lsp).
6( ,dynamic addressinterval,l pa). 5
1(d),op2 op4 L1D store/load , op4, op2, -2,
0, 0, 32, 2.
3 PCPMS
6 PCPMS 3.1 , 3.2
, 83.3 cache , 34
, 35 3 , 3.6 PCPMS
3.1
7( ). (address increment, | »).
8( ). (regular memory instruction).
9( ). (irregular memory instruction).
) ,opl , 8,0p2 op4
opl: ldr2 =[rl];
op2: 1dr3 =1[r2];
0p3: r4=r2+8;
op4: |d r5=[r4];
op5: rl=ri+8;
, el cache PCPMS
cache, ,PCPMS cache
3.2
3 , cache .3
Table3 Implicit cache penalty kind according to pair of memory instructions
3
Pair of memory instructions Characters of two memory instructions Penalty kind
Load, load Integer and regular No penalty
Load, load Float or irregular L2 bank load/load
Load, store Integer and regular L1D store/load
Load, store Integer and irregular L1D load/store or L2 bank store/load
Load, store Float L2 bank store/load
Store, store Integer L1D store/store
Store, store Float L2 bank store/store
|oad , , L1D, ; , L1D ,
L2, L2 bank. load store , , L2,
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L1D store/load, L1D load/store L2 bank store/load. L1ID ,
L2 bank. , ,
33
3.3 cache
cache
331
, PCPMS
0,
. , 0, op3 op4:
opl: Id r3=[r1];
op2: Id r4=[r2];
op3: st [r3]=1;
op4: |d r5=[r4].
. s 00,
[ 0,
. 1
L1D 0, , 0
. , , L2 bank
, [10] , ,
0,
. , L2 bank. ,
8 16, 1 L2 bank, 32
L2 bank, 1/32. :
Fo _[ bank _size —‘X||A1—|Az| :
- Max(l o, 1 a2) 256
[a1 Ia2 )
L2 bank \ 0.
° - 0.
© , 3
332
00 0, )
311 op2 op4, , op4
op2 , ,PCPMS 0.
0, 0
IPI:’—_IS/”-‘ (€
lPI:_LIS/”J 2
loa=la+1axlp 3
L2 bank , 1pa%256<16  1p5%256>240, L2 bank. L1D
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, L2 bank
I'pa%256<241,
I op =1 5 %256 ;
1'pa%256>240,
I o = | 0, %256 — 256,
I'oa ©)
34
341
3 , |oad store ;
0, , 0,
load store L1D load/store, L2 bank store/load.
L2 bank store/load 3, , ,
3 J 3. )
,L2 bank store/load 0.
3.4.2
lpe =le +11x1p,
) 0, )
loe =l (4)
: 0, [CO N
loe =lee + 1 x[=1c /1] (5)
, @ .
loc =lec =1 x| 1 /11 ] (6)
3.4.3
13 , 0, L1D store/load L1D load/store
35
351
: e
: 0, - o @ .
, ] , )
, (no penalty cycle increment,lypc).
, 0; ) )
1,>0,
I'npc :(’—(SP+ISA)/IA-‘+IP)X|I )
1a<0,
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hee = (=(So = 1)/ 1A [+ 1p) %11 .
1,>0,
hee = (S = 1)/ 1o - 1p) %11,
1A<0,
hee = (=(So +1)/ 1 [-1p) %11 .
1(e) , op4d op2 , opd op2 , 1 . ,
I, , (21, A
, 1 , }
, 3.54
35.2
(4)~(6) ,
) , Il )
Al , =1 0, , l=n [0,n—-1],
1] 1(f) 4 , 6 , L1D load/store
) I ,
3.5.3
0, L1D load/store  L1D store/load ,
, L1D store/load , 1(g) , opd op2 ,
, I , L1D store/load 0,
, . , 1(d) opd op2 1, 4 L1D
store/load load store 0, L1D load/store
354
) Y 1 ,
) I )
I Y PCPMS
10( I1(Safell), Sl). Nl
Sl Sl
’ y w
Sli, L1D store/load,
Sl =n;
Sl =n+3.
Sl MII, , ; )
, Sl MII.
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. , A B a b A B

,a—b, A B , (penalty subgroup dependence graph).
, ) , opl,o0p2,0p3,0p4 4 ,
opl—op3,0p2—0p4, {op1,0p4} ,{op2,0p3}.
o a b , a—b, a b .
. . , load store

’ ’ 3 )

, (implication dependence

graph), (cycle increament),
.
. ) A , A
( ,max parent cycle increment,lypc,
) 0), A Ivpc. , A ,
' ( ’ 0), IMNPC ’
A [ MnpC. A . A ImicH mnpe
3.6
) Has cache_penalty2
.Has cache_penalty?2 2 . ,
) .Has _cache_penalty2 6 ,

Has cache_penalty2 ,

Has_cache penaltyl .Has cache _penaltyl 2 4 ,
memop2 , ,  memopl ’ memopl memop2
( ), Has_cache_penalty2.
PCPMS 2 . ,
.PCPMS 4 5 , 354 ,
, PCPMS ,
4
ORCM 2.1 PCPMS ,ORC :
Huff (i, NAS kernel benchmarks ~ SPECfp2000 , PCPMS ,
(base) -03. 2 .ORC2.1 1S
, 4.2 IS.

4.1

4 NAS kernel benchmarks PCPMS , I SL,

© DEEREBAAAIFUN bt/ www. jos. org. cn



1850

Journal of Software 2005,16(10)

, . ,PCPMS ,

,PCPMS
bool Has_cache_penaltyl (memopl) {

bool Has_cache_penalty2 (memop1, memop2){

For (every memory instruction, specified as memop2) { 1 Determine the penalty kind of the two memops;
1 If (memopl == memop2) 2 So=penalty size;
continue: 3 Ipa =dynamic address interval between the two memops;
2 If (memop2 has not issued) 4 If (Ipa >= Sp) return false;
continue; 5 Ipc =dynamic cycle interval between the two memops;
3 If (memoplisregular && 6 If (penalty isL1D store/load or load/store & & Ipc == 0) {
two memops are not in same penalty subgroup) 6.1 if (adjusting execution order will obey dependence)
continue; returntrue;
4 1= static addressinterval between thetwo memops; 62 adjusting execution order;
5 If(lsa==0) 6.3 if (penalty isstore/load && 11 <3 && Ipa+1a< S)
continue; return true;
6 If (Has_cache penalty2 (memopl, memop2)) 6.4  return false;
return true; } .
7 If (penalty isL1D store/load & & Ipc <= 3) return true;
return false; 8 If (Ipc == 0) return true;
} 9 returnfalse;
}
void PCPMS (loop body) {
1 Analyzethe address of every memory instruction in loop body;
2 Divide regular memory instructions into penalty groups and divide penalty group into subgroups;
3 Modulo scheduling;
4 Construct implication-dependence-graph, mark all nodes in implication-dependence-graph as unadjusted;
5  For (every node in implication-dependence-graph, in the topological order) {
Specify current node asA;
Iwpc = max-parent-cycle-increment of A;
If (Impc>0)  Increase theissue cycles of all instructionsin A by Iypc;
Iunpc = the max of no-penalty-cycle-increment of all memory instructionsinA;
If (Imnec > 0)  Increase the issue cycles of all instructionsin A by lunpc;
Mark A as adjusted;
Fig.2 Algorithm of PCPMS
2 PCPMS
Table4 Results of modulo scheduling on average
4
Benchmark kind 1 SL Benchmark Kind 1 SL
BT Base 11.14 39.16 cG Base 6.88 16.28
PCPMS 11.26 39.42 PCPMS 7.25 16.59
Ep Base 11.33 57.33 T Base 9.06 21.88
PCPMS 11.33 57.45 PCPMS 9.24 23.82
IS Base 7.4 11.6 LU Base 11.35 45.04
PCPMS 7.4 12.2 PCPMS 11.67 46.16
MG Base 9.86 24.77 sp Base 12.40 35.33
PCPMS 9.86 25.12 PCPMS 13.38 38.14
4.2
5  NASKkernel benchmarks PCPMS ,L2 bank , ,PCPMS
. L2 bank , PCPMS
6 PCPMS NAS kernel benchmarks , CG FT
, , 5 4 87%. 7
PCPMS SPECfp2000 , 2.7%.Sixtract ,
, PCPMS ,
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Table5 Theratio of number of L2 bank conflicts dueto PCPMS
compared to basic number of L2 bank conflicts

5 PCPMS ,L2bank
Benchmark BT LU CG MG EP SP FT
Ratio 0.642 0.956 0.201 0.951 0.879 0.587 0.130
Table6 Speedup of NAS kernel benchmarks due to PCPM S
6 PCPMS NAS
Benchmark BT LU CG MG EP SP FT AV
Speedup 1.039 1.032 1.246 1.037 1.009 1.021 1.228 1.087
Table7 speedup of SPECfp2000 due to PCPMS
7 PCPMS ,SPECfp2000
Benchmark Speedup Benchmark Speedup Benchmark Speedup Benchmark Speedup
Wupwise 1.012 Swim 1.063 Mgrid 1.050 Applu 1.023
Mesa 1.010 Galgel 1.043 Art 1.087 Equake 1.020
Facerec 1.011 Ammp 1.028 Lucas 1.022 Fma3d 1.006
Sixtrack 0.990 Apsi 1.013 AV 1.027
5
:cache
( ) [13] cache , [14] [15] load
,JFLMS [8] load , cache
cache : (7] 2 ;
cache , 2 , ;
, , SL 1 , )
. [N , PCPMS
,PCPMS
.
° 3 )
i ’
4 ’
o ’
,PCPMS ,
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