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SX-6 Processor con’t

• Scalar
– 1 Gflop/s performance

– 4 way superscalar issue

– 2 integer units

– 2 floating point units

– 128 64-bit general purpose registers

– 64KB I-cache

– 64KB O-cache
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SX-6 Processor con’t

• Vector
– 8 Gflop/s performance

– 4 Vector pipeset

– 8 Vector arithmetic registers

– 64 Vector data registers

– 1 Floating add

– 1 Floating multiply

– 1 Floating divide (full)

– Preissue of memory loads

– 32 GB/S memory interface (4x64 bit words / clock)
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CCM/CAM on Vector Systems

• Compile
– Port CCM/CAM to host architecture

• Profile

• Vectorization
– Compiler assisted
– Manual

• Discussion/examples focused on Fortran 90



6



7

Porting

• Usually quite trivial
– 32 bit integers

– 64 bit floats

– Some modification of memory
management interface



8

Profiling Tools

• Flow trace
– Compiler instrumentation for single and

parallel (-ftrace)

– Statistical sampling of P-register (-p)
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Vectorization Catagories

• Trivial
– Vestigial

• Compiler directives

– Automatic function inlining

– Loop exchange

• Moderate
– Manual inlining

– Loop fusion

– Repartitioning day/night time elements vectors
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Categories con’t

• Advanced
– Blocking for vector data registers (SX

specific)
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Vectorization - Trivial

• Vestigial
– Find remnants of previous vector code

• Typically change $CDIR IVDEP to !CDIR NODEP
• Example (CCM3.6.6 – GRCALC.F):

408: +------>         do n=1,pmax
409: |                  ne = n - 1
410: |          cdir$ ivdep
411: |          !cdir nodep
412: |V----->           do m=1,nm(n)
413: ||                   mnc = 2*(m+nalp(n))
414: ||                   mn = m + nalp(n)
415: ||                   alp2(mnc-1) = alp(mn,irow)
416: ||                   alp2(mnc  ) = alp(mn,irow)
417: ||                   dalp2(mnc-1) = dalp(mn,irow)*ra
418: ||                   dalp2(mnc  ) = dalp(mn,irow)*ra
419: ||                   alpn2(mnc-1) = alp(mn,irow)*(rsq(m+ne)*ra)*xm(m)
420: ||                   alpn2(mnc  ) = alp(mn,irow)*(rsq(m+ne)*ra)*xm(m)
421: ||                   dalpn2(mnc-1) = dalp(mn,irow)*(rsq(m+ne)*ra)
422: ||                   dalpn2(mnc  ) = dalp(mn,irow)*(rsq(m+ne)*ra)
423: |V-----            end do
424: +------          end do



12

Gather/scatter Lists

• Guarded Operations
• Example (CCM3 – soih2o.F)

• Find mask vector of valid points to process
181:            * do soil water calculation for points with soil

182:

183:                  ncal = 0

184: V------>         do k = 1, npt

185: |                   qdrai(k) = 0.

186: |                   if (ist(k) .eq. 1) then

187: |                      ncal = ncal+1

188: |                      ind(ncal) = k

189: |                   endif

190: V------          end do

191:                  if (ncal .eq. 0) then

192:                     return

193:                  end if



13

Gather/scatter Lists – con’t
• Without no dependency directive
327  vec  (   3): Unvectorized loop.
327  vec  (  13): Overhead of loop division is too large.
327  vec  (  14): Work vector area overflow.
329  opt  (1036): Potential feedback - use directive if OK.
329  opt  (1036): Potential feedback - use directive if OK.
330  opt  (1036): Potential feedback - use directive if OK.
330  vec  (  22): Dependency unknown. Unvectorizable dependency is assumed.:xs

327: ||S---->               do l = 1, ncal
328: |||                       k = ind(l)
329: |||                       newwat(k) = h2osoi(j,k) + dwat(j,l)
330: |||                       xs(k) = xs(k) + max(newwat(k)-watsat(k),0.) *
331: |||             &                 1000.*dzsoi(j,k)
332: ||S----                end do

• With no dependency directive
328  vec  (   1): Vectorized loop.
328  vec  (  24): Iteration count is assumed. Iteration count=1000000
330  opt  (1036): Potential feedback - use directive if OK.

327: ||         !cdir nodep
328: ||V---->               do l = 1, ncal
329: |||                       k = ind(l)
330: |||                       newwat(k) = h2osoi(j,k) + dwat(j,l)
331: |||                       xs(k) = xs(k) + max(newwat(k)-watsat(k),0.) *
332: |||             &                 1000.*dzsoi(j,k)
333: ||V----                end do
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Gather/Scatter con’t

• Depending on truth density, linear
operations using mask register may be
more efficient.

DO i = 1, m

  IF ( a(i) > 0.0 ) THEN
     b(i) = c(i)
  END IF
END DO

327: ||V---->               do k = 1, npt

328: |||                       if (ist(k) .eq. 1) then

329: |||                         newwat(k) = h2osoi(j,k) + dwat(j,l)

330: |||                         xs(k) = xs(k) + max(newwat(k)-watsat(k),0.) *

331: |||             &                   1000.*dzsoi(j,k)

332: |||                       end if

333: ||V----                end do
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Vectorization – Trivial con’t

• Using instrumentation tools, find high
frequency routines (functions) and use
compiler’s automatic inlining
capabilities -pi

• Example (CAM 2.0_dev14 radae.F90):
2722  vec  (   3): Unvectorized loop.

2731  opt  (1025): Reference to this function inhibits optimization.

2731  vec  (  10): Vectorization obstructive procedure reference.:phi

2732  vec  (  10): Vectorization obstructive procedure reference.:phi

2738  vec  (  10): Vectorization obstructive procedure reference.:psi

2739 vec  (  10): Vectorization obstructive procedure reference.:psi

2744 vec  (  10): Vectorization obstructive procedure reference.:fh2oself
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radabs
2721: +------>      do k=ntoplw,pver
2722: |+----->         do i=1,ncol
2723: ||                  dpnm       = pnm(i,k+1) - pnm(i,k)
2724: ||                  dpnmsq     = pnm(i,k+1)**2 - pnm(i,k)**2
2725: ||                  dw         = rga*qnm(i,k)*dpnm
2726: ||                  kp1        = k+1
2727: ||                  w(i,kp1)   = w(i,k) + dw
2728: ||         !
2729: ||         ! Hulst-Curtis-Godson scaling for H2O path
2730: ||         !
2731: ||                  wb(1,i,kp1) = wb(1,i,k) + dw * phi(tnm(i,k),1)
2732: ||                  wb(2,i,kp1) = wb(2,i,k) + dw * phi(tnm(i,k),2)
2733: ||         !
2734: ||         ! Hulst-Curtis-Godson scaling for effective pressure along H2O path
2735: ||         !
2736: ||                  dplh2o = plh2o(i,kp1) - plh2o(i,k)
2737: ||
2738: ||                  plh2ob(1,i,kp1) = plh2ob(1,i,k) + dplh2o * psi(tnm(i,k),1)
2739: ||                  plh2ob(2,i,kp1) = plh2ob(2,i,k) + dplh2o * psi(tnm(i,k),2)
2740: ||         !
2741: ||         ! Changed effective path temperature to std. Curtis-Godson form
2742: ||         !
2743: ||                  tcg(i,kp1) = tcg(i,k) + dw*tnm(i,k)
2744: ||                  s2c(i,kp1) = s2c(i,k) + rgsslp*dpnmsq*qnm(i,k)* &
2745: ||                               fh2oself(tnm(i,k))*qnm(i,k)*repsil
2746: |+-----          end do
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radabs – before & after
Before inlining:
PROG.UNIT  FREQUENCY  EXCLUSIVE       AVER.TIME   MOPS MFLOPS V.OP  AVER. I-CACHE O-CACHE    BANK
                      TIME[sec](  % )    [msec]               RATIO V.LEN  MISS    MISS      CONF
radae.radabs
                 408   708.093( 11.1)  1735.521  377.8  146.3 50.85 255.6 149.1546 92.2636  0.1776
radae.fh2oself
           109781568   102.014(  1.6)     0.001  190.0   65.6  0.00   0.0 13.8080  3.0374  0.0000
radae.psi  219563136    91.942(  1.4)     0.000   86.0   14.3  0.00   0.0 16.3706  6.1812  0.0000

radae.phi  219563136    76.107(  1.2)     0.000  103.9   17.3  0.00   0.0  0.0293  1.1841  0.0000

After inlining:
radae.radabs

                 408    46.681(  1.2)   114.414 6520.8 2357.6 99.66 255.5  0.0125  0.0190  1.5042

Improvement:

15X
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Trivial – con’t

• Loop exchange – change order of inner
and outer loops.

• Example (CCM3.6.6 linemsbc.F)
– Original (inner length = 18):

1433: +------>           do i=1,plon

1434: |V----->              do k=1,plev

1435: ||                       hr(i,k) = (qrs(i,k)+ qrl(i,k))*(1.e5/pmid(i,k))**cappa

1436: |V-----               end do

1437: +------            end do

– Optimized (inner length = 128, 256, …)
1433: +------>           do k=1,plev

1434: |V----->              do i=1,plon

1435: ||                       hr(i,k) = (qrs(i,k)+ qrl(i,k))*(1.e5/pmid(i,k))**cappa

1436: |V-----               end do

1437: +------            end do
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What Compilers Can’t Do
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Moderate

• Manual inlining (where compiler cannot
inline for a variety of reasons).

• Example (CAM2.0_dev14 cldwat.F90):

623  vec  (   3): Unvectorized loop.

627  opt  (1025): Reference to this function inhibits optimization.

627 vec  (  10): Vectorization obstructive procedure reference.:estblf

41:               use wv_saturation, only: estblf, hlatv, tmin, hlatf, rgasv, pcf, &

623: ||+---->          do i = 1,ncol

624: |||                  qtmp = qn(i,k)-(cme(i,k)-evapr(i,k))*deltat

625: |||                  ttmp = tn(i,k)+(rmelt(i,k)+hlocp*(cme(i,k)-evapr(i,k)) )  &

626: |||                              *deltat

627: |||                  esn = estblf(ttmp)

628: |||                  qsn = min(epsqs*esn/(p(i,k) - omeps*esn),1._r8)
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Manual inlining – con’t

• Source to real function estblf in
wv_saturation.F90:

52:               real(r8) function estblf( td )
53:            !
54:            ! Saturation vapor pressure table lookup
55:            !
56:               real(r8), intent(in) :: td         ! Temperature for saturation lookup
57:            !
58:               real(r8) e       ! intermediate variable for es look-up
59:            ! partial pressure statement function
60:               e(td) = max(min(td,tmax),tmin)
61:            !
62:               estblf = (tmin+int(e(td)-tmin)-e(td)+1.)* &
63:                        estbl(int(e(td)-tmin)+1)-(tmin+int(e(td)-tmin)-e(td))* &
64:                        estbl(int(e(td)-tmin)+2)
65:               end function estblf

• estblf cannot be automatically inlined
because estbl and tmin are private to
module wv_saturation
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Manual inlining – con’t
• Make estbl and tmax visible in module
wv_saturation

• Change external function reference to inline
statement function (cldwat.F90):

41:               use wv_saturation, only: estbl, hlatv, tmax, tmin, hlatf, rgasv, pcf, &

335:            !------------------------------------------------------------
336:            !     Statement functions
337:            !------------------------------------------------------------
338:              real :: td, e, estblf
339:              e(td) = max(min(td,tmax),tmin)
340:              estblf(td) = (tmin+int(e(td)-tmin)-e(td)+1.)* &
341:                       estbl(int(e(td)-tmin)+1)-(tmin+int(e(td)-tmin)-e(td))* &
342:                       estbl(int(e(td)-tmin)+2)

632: ||V---->          do i = 1,ncol
633: |||                  qtmp = qn(i,k)-(cme(i,k)-evapr(i,k))*deltat
634: |||                  ttmp = tn(i,k)+(rmelt(i,k)+hlocp*(cme(i,k)-evapr(i,k)) )  &
635: |||                              *deltat
636: |||                  esn = estblf(ttmp)
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Loop Fusion

• Join one or more loops to increase
computational intensity (Flops/Memory
references).

• Example (ccm3.6.6 radabs.F):
530: ||V---->             do i=1,plon
531: |||                    dplh2o(i) = plh2o(i,k1) - plh2o(i,k
532: |||                    u(i)      = abs(dplh2o(i))
533: |||                    sqrtu(i)  = sqrt(u(i))
534: |||                    ds2c      = abs(s2c(i,k1) - s2c(i,k2))
535: |||                    dw(i)     = abs(w(i,k1) - w(i,k2))
536: |||                    uc1(i)    = (ds2c + 1.7e-3*u(i))*(1. +  2.*ds2c)/
537: |||             $                                       (1. + 15.*ds2c)
538: |||                    uc(i)     = ds2c + 2.e-3*u(i)
539: ||V----              end do
540: ||V---->             do i=1,plon
541: |||                    pnew(i)   = u(i)/dw(i)
542: |||                    tpatha(i) = (s2t(i,k1) - s2t(i,k2))/dplh2o(i)
543: |||                    dtx(i)      = tplnka(i,k2) - 250.
544: |||                    dty(i)      = tpatha(i)    - 250.
545: |||                    dtyp15(i)   = dty(i) + 15.
546: |||                    dtyp15sq(i) = dtyp15(i)**2
547: |||                    dtz(i)      = dtx(i) - 50.
548: |||                    dtp(i)      = dty(i) - 50.
549: ||V----              end do
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Loop Fusion – con’t

• Radabs - optimized:
530: ||V---->             do i=1,plon

531: |||                    dplh2o(i) = plh2o(i,k1) - plh2o(i,k)

532: |||                    u(i)      = abs(dplh2o(i))

533: |||                    sqrtu(i)  = sqrt(u(i))

534: |||                    ds2c      = abs(s2c(i,k1) - s2c(i,k2))

535: |||                    dw(i)     = abs(w(i,k1) - w(i,k2))

536: |||                    uc1(i)    = (ds2c + 1.7e-3*u(i))*(1. +  2.*ds2c)/

537: |||             $                                       (1. + 15.*ds2c)

538: |||                    uc(i)     = ds2c + 2.e-3*u(i)

539: |||         !fuse         end do

540: |||         !fuse         do i=1,plon

541: |||                    pnew(i)   = u(i)/dw(i)

542: |||                    tpatha(i) = (s2t(i,k1) - s2t(i,k2))/dplh2o(i)

543: |||                    dtx(i)      = tplnka(i,k2) - 250.

544: |||                    dty(i)      = tpatha(i)    - 250.

545: |||                    dtyp15(i)   = dty(i) + 15.

546: |||                    dtyp15sq(i) = dtyp15(i)**2

547: |||                    dtz(i)      = dtx(i) - 50.

548: |||                    dtp(i)      = dty(i) - 50.

549: ||V----              end do
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Combine split partitions

• When routines exclude day or night time
points and there are 3 partitions
(day,night,day), it is sometimes
beneficial to swap elements so that all
day points are grouped together

• Example (CCM3.10.16 radcswmx.F90)
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Combine split partitions

• Swap day/night elements



27

Combine split partitions
845:               lcmp = nloop == 2

846:               if (lcmp) then

847:            !

848:            !     Compress input arrays to form one continuous vector.

849:            !     Setup source and destination offsets along with copy length.

850:            !

851:                    ilen = ie(2) - is(2) + 1

852:                    isrc = is(2)

853:                    idst = ie(1) + 1

854:            !       print*, 'compress: isrc,idst,ilen = ', isrc,idst,ilen

855:            !       print*, 'is = ', is, ', ie = ', ie

856:

857:            !

858:            !  Intent in.

859:            !

860:                    call Rswapelmnt(pmid    ,plond ,plev  ,isrc ,idst ,ilen)

861:                    call Rswapelmnt(pint    ,plond ,plevp ,isrc ,idst ,ilen)

862:                    call Rswapelmnt(h2ommr  ,plond ,plev  ,isrc ,idst ,ilen)
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Using Vector Data Registers

• Manually ‘block’ vectors to map to
vector data registers.

• 64 vector data registers, 256x64bit each

• No memory traffic to/from vector data
registers

• User assignable using
!cdir vreg(array_name)

• Example (CCM3.6.6 grcalc.F)
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General Idea
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Vector Data Registers – con’t
DO j = 1, m

   DO i = 1, (m-j+1)

    s(i) = s(i) + a(i,j)*b(i,j)

   END DO

END DO

Given M=6

S(1:6) = s(1:6) + a(1:6,1)*b(1:6,1)

S(1:5) = s(1:5) + a(1:5,2)*b(1:5,2)

S(1:4) = s(1:4) + a(1:4,3)*b(1:4,3)

S(1:3) = s(1:3) + a(1:3,4)*b(1:3,4)

S(1:2) = s(1:2) + a(1:2,5)*b(1:2,5)

S(1:1) = s(1:1) + a(1:1,6)*b(1:1,6)

Computational intensity = 2*21/(3*21_loads+21_stores) = 0.5 Flops/MemRef
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Vector Data Registers – con’t
REAL vdr_s(256)

!cdir vreg(vdr_s)

DO j = 1, m

  vdr_s(j) = 0.0

END DO

DO j = 1, m

   DO i = 1, (m-j+1)

    vdr_s(i) = vdr_s(i) + a(i,j)*b(i,j)

   END DO

END DO

DO j = 1, m

  s(j) = vdr_s(j)

END DO

Computational intensity = 2*21/(2*21_loads+6_stores) = 0.875 Flops/MemRef
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Vector Data Registers – con’t
• Using CCM3.6.6 Eulerian dynamical

core
• Grcalc original innermost loop

– 12 output sums (12 loads + 12 stores)
– 8 input arrays (8 loads)
– 27 Floating point operations
– Computational intensity: 27/32 = 0.84

• Using VDRs
– 8 input

– 27 Floating point operations

– Computational intensity: 27/8 = 3.37
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Summary

• Go searching for vestigial vector code

• Use compiler/runtime tools to identify
poorly vectorized regions (subroutines,
functions, loops)

• Whenever possible use compiler
capabilities to vectorize scalar loops
(inlining, compiler directives, …)
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Summary – con’t

• Consider using mask register instead of
gather/scatter operations

• Try using vector data registers to block
routines with low computational intensity

• Reduce, reduce, reduce, memory traffic

• Increase, increase, increase, computational
intensity



 END END


