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B Simplicity
e incremental development of parallel programs
e directive-based programming paradigm

B Portability

e independence from architecture
e independence from OS

B De facto standard for
e SMP, ccNUMA, software DSM

B Performance frequently inferior to message-passing:
sensitivity to page placement




I nteger, paraneter :: n=10002

real *8, paraneter :: tol=1.0d-10
real *8 . X(n,n), Y(n,n), err
read *, ((X(i,]), i=1,n), j=1,n)
do iter=1,20000 .:firsttouch
Il $onmp parallel do private(i)
do j=2,n-1
do i=2,n-1
Y(i,]) = (X(i-21,j) + X(i+1,j) + X(i,j-1) + X(i,j+1)) / 4.0
end do
end do
err = 0.0dO
| $onp parallel do private(i), reduction(+:err)
do j=2,n-1
do i=2,n-1

X(i,j) = (Y(i-1,7) + Y(i+1,5) + Y(i,j-2) + Y(i,j+1)) / 4.0
err =err + (X(i,j)-Y(i,}j))**2
end do
end do
If (err <tol) exit
end do
end
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OS dYNAmiC fas

B First-touch page placement

e the processor that experiences the first TLB miss on a
page maps it locally

e reasonable amounts of locality for several programs,
simple and easy to implement

e cannot handle dynamic reference patterns, thread
migrations, thread preemptions

B Dynamic page migration based on page reference

counters

e count the references issued by each node to a page in
memory

e migrate the page based on a criterion of
competitiveness
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B User-directed data layout:
e !dec$ omp distribute var_name(block)
e data placement: page or element granularity

e !dec$ omp numa: to control computation placement

real :: a(n,n)
l dec$ distribute (*,cyclic) :: a(n,n)

do k=1,n-1
do m= k+1, n
a(mk) = a(mk) / a(k,k)
end do
l dec$ onp nunm
l $onp parallel do private(i)
do j = k+1, n

do i = k+1, n
a(i,j) =a(i,j) - a(i,k) *a(k,])
end do
end do
end do

Jonathan Harris, Extending OpenMP for NUMA Systems, EWOMP’2000



Surmmanysand movauon:

B Explicit data distribution and redistribution

e Effective: accurate, customisable to the semantics of
the application

e Compromises simplicity
e Hard to standardize: not supported by OpenMP

B OS support for NUMA-aware memory management
e Locality-aware page placement
e Dynamic page migration and replication
e Transparent to the programmer
e Questionable performance: inflexible, inaccurate, poor

responsiveness
4
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Adifferent approach

B Try to mimic data mapping directives by using
compiler-driven dynamic page migration
e transparency
e no source code and OpenMP API modifications

B What do we need?

e track hardware counters attached to memory pages
e dynamically optimize data placement at runtime
e compiler-inserted migrations

B Detect thread migrations in a multiprogrammed
environment (not covered in this paper) .‘g
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B User-level implementation on IRIX 6.5
H SGI Origin2000

B OpenMP implementations of the NAS benchmarks

e first-touch page placement
e customized to the O2000 memory hierarchy

B Emulation of alternative page placement schemes:

e round-robin
e worst-case (single node)




OpenMP Compiler ‘

Hot areas identification = Instrumentation

reference UPMIib core | scheduling
counters Migration algorithms | info

/proc interface IRIX mmci Kernel Scheduler




H [dentification of hot memory areas from the compiler

B Where to insert migration actions? early identification

of the optimal home node for each page:

e |terative codes: at the end of each iteration

e non-iterative codes: periodic sampling of hardware
counters

B Orthogonal to the initial page placement scheme




do step = 1, niter

cal |
cal |
cal |
cal |
cal |

enddo

conpute_rhs ()
Xx_sol ve ()

y solve ()

z solve ()

add

subrouti ne x_sol ve

I $onp parall el do
do k=1,grid points(3)-2
do j=1,grid points(2)-2
do 1 =0,isize
enddo
enddo




call upmib_init()
call upmib_nmenrefcnt(u,size)
call upmib_nmenrefcnt(rhs, size)

call upm ib_nenrefcnt(forcing,size)

do step = 1, niter

cal |
cal |
cal |
cal |
cal |
cal |
enddo

conpute_rhs ()

Xx_sol ve ()

y solve ()

z solve ()

add

upm i b _mgrate nenory ()
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B Accuracy

e Page migration based on accurate snapshots of the
complete memory reference pattern

B Timeliness
e Places all pages early in the optimal home node

B Effective substitute to an initial data distribution
scheme

B Transparent to the programmer

B Orthogonal to the OS page placement scheme




B I[nvoked periodically

B Selection of sampling frequency
e adapts to the duration of phase changes

B Selection of sampling rate
e Limits the overhead of sampling to a small fraction of
the sampling period
B Effectiveness depends of

e Duration of phases
e Computational granularity




ApproXifieting da

B |[dentify phase transition points

e Sequence of !$omp parallel do/sections constructs with
similar data access patterns

B Recording phase

e snapshots of hardware counters at phase transition
points in distinct software buffers

e pair-wise comparisons of consecutive snapshots

e identify optimal home node for each page for each
phase in isolation

B Replay phase
e move pages at phase transitions




Approximeating detairedistribution

cal |
cal |
cal |
cal |
cal |

enddo

do step = 1, niter

conpute _rhs ()
Xx_sol ve ()

y solve ()

z solve ()

add

subrouti ne x_sol ve

I $onp parall el do
do k=1,grid points(3)-2
do j=1,grid points(2)-2
do i =1,isize
enddo
enddo




Approximeating detairedistribution

cal |
cal |
cal |
cal |
cal |

enddo

do step = 1, niter

conpute _rhs ()
Xx_sol ve ()

y solve ()

z solve ()

add

subrouti ne x_sol ve

-/ subroutine y solve

I $onp parall el do
do k=1,grid _points(3)-2
do i=1,grid points(1)-2
do j =0, | si ze
enddo
enddo




Approximeting data reds

cal |
cal |
cal |
cal |
cal |

enddo

do step = 1, niter

conpute _rhs ()
Xx_sol ve ()

y solve ()

z solve ()

add

subrouti ne x_sol ve

-/ subroutine y solve
|

-/ subroutine z_solve
19
| $onp parall el do
do j=1,grid points(2)-2
do i=1,grid points(1)-2
do k=0, ksi ze

enddo
enddo




do step = 1, niter

call conpute rhs ()

call x_solve ()

call y solve ()

If (step .eq. 1) then
call upmlib record ()

el se
call upmib reply ()

endi f

call z solve ()

If (step .eq. 1) then
call upmlib record ()

el se

call upmib _undo ()
endi f
call add

enddo




Datadistribitioniand

StibuUen

do step = 1, niter
call conpute rhs ()
call x_solve ()
call y solve ()
I f (step .eq. 10) then
call upmlib record ()
else if (step .gt. 10) then
call upmib reply ()
endi f
call z solve ()
I f (step .It. 10) then
call upm mgrate nenory ()
else if (step .eqg. 10) then
call upmlib record ()

el se
call upmib _undo ()
endi f
call add
enddo

distribution

o

redistribution

—
4
par®®




PErformance ofrecord/ieply
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Conclusions |

B User-level page migration engine: substitute for data

distribution/redistribution in OpenMP

e [ransparency
e No modification of source code and OpenMP API

B Highly effective in place of static data distribution

B Sensitive to the granularity of phases when used in
place of data redistribution

B I[mplementation status:

e UPMIib already implemented

e compiler in progress within the OpenMP
NanosCompiler (multilevel parallelism with thread

groups extension) 4
par®”
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