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Abstract: Software pipelining is a loop scheduling technique that extracts instruction level paralelism by
overlapping the execution of several consecutive iterations. One of its drawbacks is the high register requirements,
which may lead to software pipelining failure due to insufficient static general registers in Itanium. This paper
evaluates the register requirements of software-pipelined loops and presents three new methods for software
pipelining loops that require more static general registers than those available in Itanium processor. They reduce
register pressure by either reducing instructions in the loop body or alocating stacked non-rotating registers or
rotating register in register stack to serve as static registers. These methods are better than the existing techniquesin
that they further improve performance gain from software pipelining by increasing software-pipelined loops. These
methods have been implemented in open research compiler (ORC) targeted for Itanium processor, and they perform
well on loops of the programs in NAS Benchmarks. For some benchmarks, the performance is improved by more
than 21%.

Key words:  software pipelining; static variant; static register; Itanium; loop unrolling; register allocation

, . Itanium NAS SPEC2000

* Supported by the National Natural Science Foundation of China under Grant No.60573100 ( )

(977 ), , , , , , ; (1981 ),
: (1978 ),

(1946 ),

© DEEREBAAAIFUN bt/ www. jos. org. cn



1823
, , 3
: (register sensitive unrolling, RSU) (stacked register
allocation, SRA) (variable type conversion, VTC).RSU
, ;SRA VTC
, . Itanium ORC(open research compiler)
3 , NAS 3 ,
; ; ltanium; ;
: TP302 DA
(explicitly paralel instruction computing, EPIC) Itanium ,
1 ,
1 [2] ]
, 3 20 80 ,
34
[5].
(1) , :(2) spill
refill , ,spill/refill
, memory , , ,
HE) , , ,
EPIC Itanium , NAS SPEC2000
3 , ORC , 3 (
)s
2 NAS  SPEC2000
] ( ) ,
. 3 , 3
4 3 )
1
11
, (initiation interval, ). 11
(2 (stage),

© PEEREBEAD

http:/ www. jos. org. cn



1824 Journal of Software 2005,16(10)

, Cydrome Cydra-5 el IPF [tanium .
1.2
, [51
, , (modulo variable expansion,
MVE). 671
13
NAS SPEC CPU2000 Benchmark
, . |F-conversion
ORC(open research compiler)!® .ORC Intel
IPF(Itanium processor family) ,
SGI Pro64 .ORC (region based) .ORC
(-00~-03), -03 . ,ORC , Huff
Lifetime-Sensitive Modulo Schedulin @ Rau best-fit B3l
ORC EPIC Itanium i JItanium 1 EPIC
, 6 , (predication).ltanium 128 128
64 8 , . (32 )
96 ) . , 8
:32 96 .
HP workstation i2000 , :
1 Itanium @ 733 MHz
16K L1 DCache
16K L1 ICache
64K L2 Cache
2M L3 Cache (off die)
1G SDRAM
133 MHz
2
2.1
Itanium 128 , 32 , 96 ,
8 . ltanium , 3 ,
( ). . ltanium gp(global

© PEBREBALTU bt/ www. jos. org. cn



3 : 1825

pointer) sp(stack pointer) fp(franme pointer)
2( ).
3( )-
Itanium o
1d4 r1=[r2],4,
r2 4 12 4, r2 r2
, 2
1 2 NAS  SPEC2000 ( (xy)
X ). , .
NAS 372 , 5 1 ] , 6
, 98% 2 )
,NAS 10% 20 [tanium 32
, 45 ) , 27~28 NAS 6.2%
27 . ;
SPEC2000 ,99.87% 24 , 0.13% 27
, ,SPEC2000 1%.
y /e
60 / B
| / |
40 N
1/
20 /
0 o
Fig.1 Cumulative distribution of variants Fig.2 Cumulative distribution of variants
requiring static general registersin NAS requiring static general registersin SPEC2000
1 NAS 2 SPEC2000
Itanium 96 , 8 . 3 4 NAS
SPEC2000
L <100 e e
//—/ s“\:u’ e —
o g | o
- g’%
| //
220
o
2 oo
¢ [¢]

Fig.3 Cumulative distribution of
general registersin NAS
3 NAS

8 6 nu%ofreg%erszmy 48 56
Number of registers

Fig.4 Cumulative distribution of general
registers in SPEC2000
4 SPEC2000

© PEEREBEAD

http:/ www. jos. org. cn



1826

Journal of Software

2005,16(10)

[tanium ,NAS ( 64 ),90%
32 , NAS
.SPEC2000 ,98% 32 , SPEC2000
56 , SPEC2000 ,
22
Itanium ,128 32 96
5 6 NAS  SPEC2000
g 1469 - e = =
/’,, P G % ®0 [/
" E won| s Staictfoeptapgister
/ S %80 —=— Ruteitig dboatgisgister
8 —— Fllaziir egigister
g @ |-
é 280 |-
g o ‘ ‘ ‘ ‘ ‘ ‘ ‘
1
% % % %ﬁ §3 sN%?mber%%regégrs
Fig.5 Cumulative distribution of floating Fig.6 Cumulative distribution of floating
point registersin NAS point registers in SPEC2000
5 NAS 6 SPEC2000
NAS 28 , (32 ), 99.7% 24
. 68, (96 ),97.4%
52 . SPEC2000 24 , 99.6% 16
68,97.2% 44
23
Itanium , )
3
31
NAS  SPEC2000 " ,
311
130 , ,
) ) ) 130
312
, 6.2% NAS .
1 , , (76.7%).
2 23 , , 4 4

© PEEREBEAD

http:/ www. jos. org. cn



3 : 1827

Tablel Statistic of SWPfailurein NAS benchmarks
1 NASBenchmarks

Cause of SWPfailure Number of loops with SWP failure Percentage in SWPfailure (%) Percentagein all loops (%)
Loop too big 7 233 1.9
Insufficient general static register 23 76.7 6.2

Table2 Statistic of loopsin NAS due to insufficient general static register

2 NAS
Required general static ~ Available general static Difference between Number of OPin loop
Benchmarks ) . . ]
register register reguired and available body
BT 32 28 4 123
BT 32 28 4 123
CG 48 28 20 63
FT 32 28 4 39
LU 34 28 6 76
MG 41 28 il 58
MG 52 27 25 127
MG 60 27 33 121
MG 46 27 19 105
MG 32 27 5 95
MG 32 27 5 104
MG 32 28 4 43
MG 41 28 13 59
SP 35 28 7 48
SP 32 28 4 75
SP 34 28 6 77
SP 34 28 6 77
SP 32 27 5 81
SP 32 27 5 81
SP 32 27 5 81
SP 32 27 5 81
SP 32 27 5 81
SP 32 27 5 81
) 3
3.2 ——RSU(register sensitive unrolling)
Na Ng N; sNp
Kold ,
+00 if N,=0
K e = K : 1
max ) tod otherwise @
mln(Kold ! Kmax)
K ifK_.=0
K o = ?Id max. (2)
min(K,q.K.) otherwise
Kmax
(2) ’ Kmax 01

© kR

http:/ www. jos. org. cn



1828

Journal of Software 2005,16(10)
) ) ; ) Kold Kmax
3.3 ——SRA(stacked register allocation)
Itanium GR32-GR127 ,
) 8
, 96
7 SRA )
.SRA ,
( ) /SRA
«Register stack frame—
<«Input & local—
\ Stacked .
Static rotating input & local Output Staked unused
(a) Before SRA
«—— Register stack frame——
«—Input & locdl ——
) Stacked Stacked
Static rotating non-rotating Input & local | Output Stacked unused
(b) After SRA
Fig.7 Register stack usage model before and after SRA
7 SRA
SRA 8

Perform_L oop_Optimizations() {
CG_LOOP_Optimize() {
Perform_SWP() {
Modulo_Schedule();
Allocate Loop_Variants();
/Iset MAX rotating reg number

REGISTER_Reserve Rotating_Registers(); SWP_Emit() {
SWP_Rename_TNs() {

Get_Non_Rotating_Register _TN();
}

}

SWP_Fixup() {

SWP_Fixup_Rotating_Registers();
/Irename stacked non-rotating reg
SWP_Fixup_Non_Rotating_Registers();

REGISTER_Request_Stacked Rotating_Register();
REGISTER_Request_Stacked_Non_Rotating_Register();
}

Fig.8 Outline of SRA algorithm
8 SRA
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Perform_SWP() {
/I calculate the number of base post-increment variants need to be converted
Num_Convert = Get_Converted_Number ();
/I calculate the number of OPin loop body
Op_Count = Op_Num(loop);
/I Judge whether the loop becomes too big after conversion
IF (Op_Count+Num_Convert>OPS LIMIT) THEN Return;
/I convert Num_Convert base post-increment variants to loop variants
Convert_Variable(Num_Convert);
Modulo_Schedule();
Allocate_Loop_Variants();

REGISTER_Reserve_Rotating_Registers(); //set MAX rotating reg number
SWP_Emit()
SWP_Rename_TNs()

}

}

SWP_Fixup();

REGISTER_Request_Stacked_Rotating_Register();
}

Fig.9 Outline of VTC agorithm
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3
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Fig.10 Performance of RSU, SRA and VTC agorithms
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Table4 Number of loops with SWP failure solved by combination of RSU, SRA and VTC algorithms
4
Benchmarks Default RSU+VTC RSU+SRA VTC+SRA SRA+VTC
BT 2 2 2 2 2
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MG 8 8 8 8 8
SP 10 10 10 10 10
13
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Fig.11 Performance of combination of RSU, SRA and VTC algorithms
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