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Optimization Techniques in
SCSL

Overview
– Ten-Step Tuning Process

– Let the Compiler Do the Work
• Software Pipelining

• Loop-level Optimizations

– Tune Cache Performance
• Cache-blocking Examples in BLAS, LAPACK,

FFTs

• Copying to Reduce TLB Misses

– Summary



Ten-Step Tuning Process

Single-Processor Optimization
– Get the Right Answers

– Use Existing Tuned Code
•  ----llllmmmm,  ----llllffffaaaassssttttmmmm,  ----llllssssccccssss[[[[____mmmmpppp]]]] (SCSL)

– Find Out Where to Tune
• Perfex, SpeedShop

– Let the Compiler Do the Work

– Tune Cache Performance



Ten-Step Tuning Process

Multi-processor Optimization
– Tune Single-Processor Performance

– Parallelize Code

– Identify and Solve Bottlenecks

– Fix False Sharing

– Tune for Data Placement

Reference:  Origin 2000 and Onyx Performance
and Optimization Tuning Guide

     http://techpubs.sgi.com/



Let the Compiler Do the Work

Recommended Compiler Flags
– ----nnnn33332222||||----66664444    ––––mmmmiiiippppssss4444    ––––OOOO3333
– ----OOOOPPPPTTTT::::IIIIEEEEEEEEEEEE____aaaarrrriiiitttthhhhmmmmeeeettttiiiicccc====3333
– ----OOOOPPPPTTTT::::rrrroooouuuunnnnddddooooffffffff====3333
– ----OOOOPPPPTTTT::::aaaalllliiiiaaaassss====rrrreeeessssttttrrrriiiicccctttt

                    ffffoooorrrr    ((((iiii    ====    0000;;;;    iiii    <<<<    nnnn;;;;    iiii++++++++))))    {{{{
                                yyyy[[[[iiii]]]]    ++++====    aaaa    ****    xxxx[[[[iiii]]]];;;;
                    }}}}

– ccccddddiiiirrrr$$$$    iiiivvvvddddeeeepppp    or    ####pppprrrraaaaggggmmmmaaaa    iiiivvvvddddeeeepppp
                ####pppprrrraaaaggggmmmmaaaa    iiiivvvvddddeeeepppp
                ffffoooorrrr    ((((iiii    ====    0000;;;;    iiii    <<<<    nnnn;;;;    iiii++++++++))))    {{{{
                            yyyy[[[[iiiinnnnddddeeeexxxx[[[[iiii]]]]]]]]    ++++====    aaaa    ****    xxxx[[[[iiiinnnnddddeeeexxxx[[[[iiii]]]]]]]];;;;
                }}}}

– ----TTTTEEEENNNNVVVV::::XXXX====[[[[222233334444]]]]    (use with caution)



Let the Compiler Do the Work

– Loops have parallelism, e.g., BLAS
DAXPY:

                        ddddoooo    iiii    ====    1111,,,,    nnnn
                            yyyy((((iiii))))    ====    yyyy((((iiii))))    ++++    aaaa    ****    xxxx((((iiii))))
                eeeennnnddddddddoooo

•       Loop parallelism 4 superscalar slots/cycle
•      --------------------------------- ----------------------------------------
•       2 loads, 1 store 1 load or store, and/or
•       1 multiply 1 ALU1 instruction, and/or
•       1 add 1 ALU2 instruction, and/or
•       2 address increments 1 floating point add, and/or
•       1 loop-end test 1 floating point multiply
•       1 branch

– Software Pipelining fills up the slots



Let the Compiler Do the Work

        1111            2222            3333            4444            5555            6666            7777            8888                            CCCCyyyycccclllleeee
    LLLLXXXX                                                                                                                                                    0000
    LLLLYYYY                                                                                                                                                    1111
                                                                                                                                                                2222
                    LLLLXXXX                                                                                                                                    3333
    MMMMAAAA        LLLLYYYY                                                                                                                                    4444
    SSSSYYYY                                                                                                                                                    5555
    IIII                            LLLLXXXX                                                                                                                    6666
    BBBB            MMMMAAAA        LLLLYYYY                                                                                                                    7777
                    SSSSYYYY                                                                                                                                    8888
                    IIII                            LLLLXXXX                                                                                                    9999
                    BBBB            MMMMAAAA        LLLLYYYY                                                                                                11110000
                                    SSSSYYYY                                                                                                                11111111
                                    IIII                            LLLLXXXX                                                                                11112222
                                    BBBB            MMMMAAAA        LLLLYYYY                                                                                11113333
                                                    SSSSYYYY                                                                                                11114444
                                                    IIII                            LLLLXXXX                                                                11115555
                                                    BBBB            MMMMAAAA        LLLLYYYY                                                                11116666
                                                                    SSSSYYYY                                                                                11117777
                                                                    IIII                            LLLLXXXX                                                11118888
                                                                    BBBB            MMMMAAAA        LLLLYYYY                                                11119999
                                                                                    SSSSYYYY                                                                22220000
                                                                                    IIII                            LLLLXXXX                                22221111
                                                                                    BBBB            MMMMAAAA        LLLLYYYY                                22222222
                                                                                                    SSSSYYYY                                                22223333
                                                                                                    IIII                                                    22224444
                                                                                                    BBBB            MMMMAAAA                                22225555
                                                                                                                    SSSSYYYY                                22226666
                                                                                                                    IIII                                    22227777
                                                                                                                    BBBB                                    22228888

PPPPrrrroooolllloooogggg

KKKKeeeerrrrnnnneeeellll

EEEEppppiiiilllloooogggg

LLLLoooooooopppp    IIIItttteeeerrrraaaattttiiiioooonnnn



Let the Compiler Do the Work

Software Pipelining
– No default SWP: use ––––OOOO3333
– Vectorizable loops well-suited to SWP
– SWP may be slower for small trip counts
– SWP cannot be done if:

• Function calls in loop: use ––––IIIIPPPPAAAA or ––––IIIINNNNLLLLIIIINNNNEEEE
• Complicated conditions or branching

– SWP impeded by:
• Loop body too large, register overflow: try

splitting loop
• Recurrences between iterations: use IIIIVVVVDDDDEEEEPPPP

directive



Let the Compiler Do the Work

Reading the “Love Notes”
    ffff77777777    ––––OOOO3333    ––––LLLLNNNNOOOO::::pppprrrreeeeffffeeeettttcccchhhh====0000    ––––SSSS    ddddaaaaxxxxppppyyyy....ffff
 #<loop> Loop body line 1, nesting depth: 1, estimated iterations: 17
 #<loop> Unrolled 2 times
 #<swps>
 #<swps> Pipelined loop line 1 steady state
 #<swps>
 #<swps>    50 estimated iterations before pipelining
 #<swps>     2 unrollings before pipelining
 #<swps>     6 cycles per 2 iterations
 #<swps>     4 flops        ( 33% of peak) (madds count as 2)
 #<swps>     2 flops        ( 16% of peak) (madds count as 1)
 #<swps>     2 madds        ( 33% of peak)
 #<swps>     6 mem refs     (100% of peak)
 #<swps>     3 integer ops  ( 25% of peak)
 #<swps>    11 instructions ( 45% of peak)
 #<swps>     1 short trip threshold
 #<swps>     5 integer registers used.
 #<swps>     9 float registers used.
 #<swps>



Let the Compiler Do the Work
Loop-level Optimizations

– Inner Loop Unrolling
• More useful work per iteration
• Enabled automatically at ––––OOOO2222 and higher (e.g., DDDDAAAAXXXXPPPPYYYY

unrolled twice)
• Controlled by ––––OOOOPPPPTTTT::::………… flags (mmmmaaaannnn    oooopppptttt)

– Outer Loop Unrolling
• Exposes more computations
• Can increase ratio of floating point operations to

memory operations
• Controlled by ––––LLLLNNNNOOOO::::………… flags (mmmmaaaannnn    llllnnnnoooo)

– Examine compiler intermediate representation with
 ––––fffflllliiiisssstttt or ––––cccclllliiiisssstttt flag



Let the Compiler Do the Work

Matrix-matrix Multiplication
– C = A B A: M x K, B: K x N, C: M x N

                    ddddoooo    jjjj    ====    1111,,,,    NNNN
                ddddoooo    iiii    ====    1111,,,,    MMMM
                        ttttmmmmpppp    ====    0000....0000
                        ddddoooo    kkkk    ====    1111,,,,    PPPP
                                ttttmmmmpppp    ====    ttttmmmmpppp    ++++    aaaa((((iiii,,,,kkkk))))    ****    bbbb((((kkkk,,,,jjjj))))
                        eeeennnndddd    ddddoooo
                        cccc((((iiii,,,,jjjj))))    ====    cccc((((iiii,,,,jjjj))))    ++++    ttttmmmmpppp
                eeeennnndddd    ddddoooo
        eeeennnndddd    ddddoooo
– Inner loop:  2 loads, 1 multiply-add

(assuming ttttmmmmpppp in register)



Let the Compiler Do the Work
                ddddoooo    jjjj    ====    1111,,,,    NNNN,,,,    2222

                ddddoooo    iiii    ====    1111,,,,    MMMM,,,,    2222
                        ttttmmmmpppp11111111    ====    ttttmmmmpppp11112222    ====    ttttmmmmpppp22221111    ====    ttttmmmmpppp22222222    ====    0000....0000
                        ddddoooo    kkkk    ====    1111,,,,    PPPP
                                ttttmmmmpppp11111111    ====    ttttmmmmpppp11111111    ++++    aaaa((((iiii,,,,kkkk))))            ****    bbbb((((kkkk,,,,jjjj))))
                                ttttmmmmpppp11112222    ====    ttttmmmmpppp11112222    ++++    aaaa((((iiii++++1111,,,,kkkk))))    ****    bbbb((((kkkk,,,,jjjj))))
                                ttttmmmmpppp22221111    ====    ttttmmmmpppp22221111    ++++    aaaa((((iiii,,,,kkkk))))            ****    bbbb((((kkkk,,,,jjjj++++1111))))
                                ttttmmmmpppp22222222    ====    ttttmmmmpppp22222222    ++++    aaaa((((iiii++++1111,,,,kkkk))))    ****    bbbb((((kkkk,,,,jjjj++++1111))))
                        eeeennnndddd    ddddoooo
                        cccc((((iiii,,,,jjjj))))                    ====    cccc((((iiii,,,,jjjj))))                    ++++    ttttmmmmpppp11111111
                        cccc((((iiii++++1111,,,,jjjj))))            ====    cccc((((iiii++++1111,,,,jjjj))))            ++++    ttttmmmmpppp11112222
                        cccc((((iiii,,,,jjjj++++1111))))            ====    cccc((((iiii,,,,jjjj++++1111))))            ++++    ttttmmmmpppp22221111
                        cccc((((iiii++++1111,,,,jjjj++++1111))))    ====    cccc((((iiii++++1111,,,,jjjj++++1111))))    ++++    ttttmmmmpppp22222222
                eeeennnndddd    ddddoooo
        eeeennnndddd    ddddoooo
– Inner loop:  4 loads, 4 multiply-adds
– Limited by number of available floating point registers



Tune Cache Performance

– R10000‰‰‰‰/R12000‰‰‰‰/R14000‰‰‰‰ cache organization
• 2 level

– 32 KB L1
– Up to 8 MB L2

• 2-way set associative
• Accessed by “lines”

– 32 B L1 cache lines
– 128 B L2 cache lines

• Lowest level fastest
– L1 access 2 or 3 cycles (integer or f.p.)
– L2 access ~12 cycles
– Memory 90+ cycles (220+ ns)

CCCCaaaacccchhhheeee    lllliiiinnnneeee

0000    KKKK

11116666    KKKK

33332222KKKK

44448888    KKKK

66664444    KKKK



Tune Cache Performance

General Cache Principles
– Stride-1 accesses for cache line reuse

                ddddoooo    iiii    ====    1111,,,,    nnnn         ddddoooo    jjjj    ====    1111,,,,    mmmm
        ddddoooo    jjjj    ====    1111,,,,    mmmm                                                 ddddoooo    iiii    ====    1111,,,,    nnnn
                    aaaa((((iiii,,,,jjjj))))    ====    bbbb((((iiii,,,,jjjj))))                                                             aaaa((((iiii,,,,jjjj))))    ====    bbbb((((iiii,,,,jjjj))))
        eeeennnnddddddddoooo                     eeeennnnddddddddoooo

            eeeennnnddddddddoooo         eeeennnnddddddddoooo

– Group together data used at the same time
xxxx((((nnnn)))),,,,yyyy((((nnnn)))),,,,zzzz((((nnnn)))),,,,tttt((((nnnn))))         qqqq((((4444,,,,nnnn))))

– Avoid power-of-2 sizes arrays, or pad
ppppaaaarrrraaaammmmeeeetttteeeerrrr    ((((mmmmaaaaxxxx    ====    1111000022224444****1111000022224444))))
ddddiiiimmmmeeeennnnssssiiiioooonnnn    aaaa((((mmmmaaaaxxxx)))),,,,    bbbb((((mmmmaaaaxxxx)))),,,,    cccc((((mmmmaaaaxxxx)))),,,,    dddd((((mmmmaaaaxxxx))))

RRRReeee----ddddiiiimmmmeeeennnnssssiiiioooonnnn

PPPPaaaadddd



Tune Cache Performance

CCCC ==== AAAA xxxx BBBB
MMMMaaaattttrrrriiiixxxx----mmmmaaaattttrrrriiiixxxx    MMMMuuuullllttttiiiipppplllliiiiccccaaaattttiiiioooonnnn    EEEExxxxaaaammmmpppplllleeee

CCCCooooppppyyyy    ttttoooo    ssssccccrrrraaaattttcccchhhh    ssssppppaaaacccceeee
ooooffff    ccccoooonnnnttttiiiigggguuuuoooouuuussss    mmmmeeeemmmmoooorrrryyyy



Tune Cache Performance

  Performance Comparison:  2000 x 2000 DGEMM

                                                                       Typical
         Event Counter Name                      Counter Value   Time (sec)

=================================================================
=

        0 Cycles...............................  79271934272   158.543869
       26 Secondary data cache misses..........    438427696    78.916985
       25 Primary data cache misses............   2025750544    44.566512
       23 TLB misses...........................      2098400     0.222430

        0 Cycles...............................  27354302592    54.708605
       23 TLB misses...........................    244545472    25.921820
       25 Primary data cache misses............   1095659040    24.10449
       26 Secondary data cache misses..........      4140592     0.745307

        0 Cycles...............................   9125033760    18.250068
      25 Primary data cache misses............    944214416    20.77271
      26 Secondary data cache misses..........      3788656     0.681958
      23 TLB misses...........................       196768     0.020857

NNNNoooo    
BBBBlllloooocccckkkkiiiinnnngggg

BBBBlllloooocccckkkkiiiinnnngggg,,,,
NNNNoooo    CCCCooooppppyyyy

BBBBlllloooocccckkkkiiiinnnngggg,,,,
WWWWiiiitttthhhh    CCCCooooppppyyyy



Tune Cache Performance

LAPACK Example
– Solution of Dense System of Linear Equations:

– Gaussian Elimination (no pivoting)
                        ddddoooo    iiii    ====    1111,,,,    NNNN----1111

                    ddddoooo    jjjj    ====    iiii++++1111,,,,    NNNN
                            AAAA((((jjjj,,,,iiii))))    ====    AAAA((((jjjj,,,,iiii))))    ////    AAAA((((iiii,,,,iiii))))
                    eeeennnndddd    ddddoooo
                    ddddoooo    kkkk    ====    iiii++++1111,,,,    NNNN
                            ddddoooo    jjjj    ====    iiii++++1111,,,,    NNNN
                                    AAAA((((jjjj,,,,kkkk))))    ====    AAAA((((jjjj,,,,kkkk))))    ––––    AAAA((((jjjj,,,,iiii))))    ****    AAAA((((iiii,,,,kkkk))))
                            eeeennnndddd    ddddoooo
                    eeeennnndddd    ddddoooo
            eeeennnndddd    ddddoooo

yyyyUUUUxxxxbbbbLLLLyyyybbbbLLLLyyyyLLLLUUUUxxxxAAAAxxxx 11 , -- ==fi===

BBBBLLLLAAAASSSS1111    ((((DDDDSSSSCCCCAAAALLLL))))

BBBBLLLLAAAASSSS1111    ((((DDDDAAAAXXXXPPPPYYYY))))



Tune Cache Performance

CCCCoooommmmpppplllleeeetttteeeedddd    PPPPoooorrrrttttiiiioooonnnn    ooooffff    UUUU

CCCC oooo
mmmm

pppp llll
eeee tttt

eeee dddd
    PPPP

oooo rrrr
tttt iiii oooo

nnnn     
oooo ffff

    LLLL
AAAA((((iiii,,,,iiii)))) AAAA((((iiii,,,,kkkk))))

AAAA((((jjjj,,,,iiii)))) AAAA((((jjjj,,,,kkkk))))

PPPPoooorrrrttttiiiioooonnnn    ttttoooo    bbbbeeee
UUUUppppddddaaaatttteeeedddd

RRRRaaaannnnkkkk----1111
UUUUppppddddaaaatttteeee
((((BBBBLLLLAAAASSSS2222))))



Tune Cache Performance

De-vectorize the Code
– Process matrix in blocks of size NNNNBBBB

• “Delayed updating”, a.k.a. blocking

– Rank-1 update becomes matrix-matrix
multiplication

– Block size constraints:
• Small enough for NNNNBBBB columns fit in cache

• Large enough for fast matrix-matrix multiplication
performance



Tune Cache Performance

CCCCoooommmmpppplllleeeetttteeeedddd    PPPPoooorrrrttttiiiioooonnnn    ooooffff    UUUU

CCCC oooo
mmmm

pppp llll
eeee tttt

eeee dddd
    PPPP

oooo rrrr
tttt iiii o

ooo nnnn
    oooo

ffff     
LLLL

MMMMaaaattttrrrriiiixxxx----mmmmaaaattttrrrriiiixxxx
MMMMuuuullllttttiiiipppplllliiiiccccaaaattttiiiioooonnnn
((((BBBBLLLLAAAASSSS3333))))

TTTTrrrriiiiaaaannnngggguuuullllaaaarrrr    SSSSoooollllvvvveeee
((((BBBBLLLLAAAASSSS3333))))

NNNNBBBB

NNNNBBBB
LLLL’’’’

UUUU’’’’

PPPPoooorrrrttttiiiioooonnnn    ttttoooo    bbbbeeee
UUUUppppddddaaaatttteeeedddd

CCCCuuuurrrrrrrreeeennnntttt    UUUU
FFFFaaaaccccttttoooorrrriiiizzzzaaaattttiiiioooonnnn

CCCC uuuu
rrrr rrrr

eeee nnnn
tttt     

LLLL
FFFF aaaa

cccc tttt
oooo rrrr

iiii zzzz
aaaa tttt

iiii oooo
nnnn

RRRRaaaannnnkkkk----1111    UUUUppppddddaaaatttteeee    ((((BBBBLLLLAAAASSSS2222))))



Tune Cache Performance
LLLLUUUU    FFFFaaaaccccttttoooorrrriiiizzzzaaaattttiiiioooonnnn    PPPPeeeerrrrffffoooorrrrmmmmaaaann

666600000000    MMMMHHHHzzzz    OOOOrrrriiiiggggiiiinnnn    3333000000000000,,,,    8888    MMMMBBBB    LLLL

0000

222200000000

444400000000

666600000000

888800000000

1111000000000000

1111222200000000

111100000000 222200000000 444400000000 888800000000 1111000000000000 1111666600000000 2222000000000000 3333222200000000 4444000000000000SSSSiiiizzzzeeee

MMMM
ffff llll

oooo pppp
ssss

LLLLIIIINNNNPPPPAAAACCCCKKKK    lllliiiibbbbrrrraaaarrrryyyy    ((((DDDDAAAAXXXXPPPPYYYY----bbbbaaaasssseeeedddd))))LLLLAAAAPPPPAAAACCCCKKKK    lllliiiibbbbrrrraaaarrrryyyy    ((((DDDDGGGGEEEEMMMMMMMM----bbbbaaaa



Tune Cache Performance

Signal Processing Example
– Discrete Fourier Transform:

–Matrix-vector multiplication has O(N2)
operations

– Can exploit symmetry and periodicity of
WN

kn = ei2ppppnk/N to obtain dramatic
performance improvements

xxxxWWWWXXXX ‡=€‡=Â
-

=
N

N

n

Nnki
nk exX

1

0

/2p



Tune Cache Performance

Fast Fourier Transform

– Can exploit symmetry and periodicity of
WN

kn = ei2ppppnk/N to obtain dramatic
performance improvements

– O(N log2(N)) operations

– Log2(N) passes through the data



Tune Cache Performance

“Fast” Fourier Transform
– If N = L M, can reshape x as a 2-D matrix of

dimensions (L,M):

• Perform L transforms of length M

• Weight with “twiddle” matrix WN

• Transpose matrix

• Perform M transforms of length L

• More cache-efficient approach

( ) ( )( )MLMNLNN ¥‡== xxxxWWWWxxxxXXXX FTFTFT



xxxx0000
…………
xxxxLLLL----1111

xxxxLLLL
…………
xxxx2222LLLL----1111

xxxxLLLL((((MMMM----1111))))
…………
xxxxNNNN----1111

…………
…………
…………LLLL

MMMM

FFFFTTTTMMMM

Tune Cache Performance

lm
NW¥

MMMM

LLLL
TTTT rrrr

aaaa nnnn
ssss pppp

oooo ssss
eeee

FFFFTTTTLLLL

XXXX 0000
            

    XXXX
MMMM

(((( LLLL
---- 1111

))))

…………
            

            
…………

XXXX MMMM
---- 1111

            
XXXX NNNN

---- 1111



LLLL

MMMM

Tune Cache Performance

xxxx0000
…………
xxxxLLLL----1111

xxxxLLLL
…………
xxxx2222LLLL----1111

xxxxLLLL((((MMMM----1111))))
…………
xxxxNNNN----1111

…………
…………
…………LLLL

MMMM

lm
NW¥FFFFTTTTMMMM

FFFFTTTTLLLLTTTTrrrraaaannnnssssppppoooosssseeee

XXXX 0000
            

    XXXX
MMMM

(((( LLLL
---- 1111

))))

…………
            

            
…………

XXXX MMMM
---- 1111

            
XXXX NNNN

---- 1111

““““ FFFF
aaaa ssss

tttt eeee
rrrr ””””

    FFFF
oooo uuuu

rrrr iiii eeee
rrrr     

TTTT rrrr
aaaa nnnn

ssss ffff
oooo rrrr

mmmm
!!!!



Tune Cache Performance

LLLL1111 LLLL2222

SSSSCCCCSSSSLLLL    1111----DDDD    CCCCoooommmmpppplllleeeexxxx    FFFFFFFFTTTT    PPPPeeeerrrrffffoooorrrr
555500000000    MMMMHHHHzzzz    OOOOrrrriiiiggggiiiinnnn    333300000000,,,,    2222    MMMMBBBB    LLLL

0000
111100000000
222200000000
333300000000
444400000000
555500000000
666600000000
777700000000
888800000000
999900000000

1111000000000000

33332222 66664444
111122228888
222255556666
555511112222

1111000022224444
2222000044448888
4444000099996666
8888111199992222

11116666333388884444
33332222777766668888
66665555555533336666

111133331111000077772222
222266662222111144444444
555522224444222288888888

1111000044448888555577776666

SSSSiiiizzzzeeee

MMMM
ffff llll

oooo pppp
ssss

SSSSiiiinnnngggglllleeee    PPPPrrrreeeecccciiiissssiiiioooonnnn DDDDoooouuuubbbblllleeee    PPPPrrrreeeecccciiiissss



Optimization Techniques in
SCSL

Summary
– Rely on the Compiler
• Use ––––OOOO3333 whenever possible
• Check quality of software pipelining in love

notes
• File bugs on performance divots

– Cache is King
•LLLLNNNNOOOO is your friend
• Make use of BLAS3 routines (de-vectorize code)
• Restructure algorithms, if necessary




