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suitable
architecture

best numerical
approach and algorithm

engineering
problem to
be solved

It often pays out to
use a more “expensive”
approach (e.g. MRT vs.
BGK, better boundary
conditions, local grid
refinement, ...) even if
they are computationally
less efficient and/or more
expensive!

There is no free
lunch.

Implementation of
efficient codes
requires under-
standing the
hardware.

efficient

See other lectures for details. . :
implementation

Here, we usually stick with
simple LB cases; but of course
many _(bu_t unfo.rtu[lately not a!l) optimization
optimization principles apply in llelizati

a similar way to more complex parallelization

scenarios, too. sustainable development
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Architectural developments

Why we still have to worry about performance.




Currently available compute platforms
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Vector computers
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Vector computers are (unfortu-
nately) a dieing species; but
other architectures get more
and more vector-like feature.

GPUs and accelerators are not
yet mature enough for general
application (at least in my opinion).
- focus on commodity CPUs
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Ever growing processor speed & Moore’'s Law ==
1965 G. Moore (co-founder of Intel) claimed
#transistors on processor chip doubles every 12-24 months
transistors
Intel Corp., 2008 10; 000
Du3ldgne Intel* Itanlsm’ 2Processor
1,000,000.000
MOORE'S LAW It any 2 Broesior
nmnlnmw‘::xum 160:000.000
B Attention:
Intel® mum'umwm’r/ 10,000,000 X
Intel* Pentium* Progesser, Moore’s law is about
InEl486" Prosesser " .
| —e 1,000,000 number of transistors
lmﬂm;umr L and not about speed
o 100,000 or performance, but ...
WN},/
— 10000 (R T e oo
W“‘,- el
4005
1,000

1970 1975 1980 1985 1990 1995 2000 2005 2010

Processor speed grew roughly at the same rate l&
My computer: 350 MHz (1998) — 3.000 MHz (2004) ‘ e
Growth rate:  43% p.y. = doubles every 24 months (R WV S

Why worry about performance?
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Why worry about performance: memory gap

Memory (DRAM) Gap

Memory bandwidth grows
only at a speed of 7% a year.

Memory latency
remains constant / increases
in terms of processor speed.

Loading a single data item from
main memory can cost 100s of
cycles on a 3 GHz CPU.

On-chip memory controllers recently
gave boost (especially for multi-
socket nodes); but still, memory
bandwidth remains an issue.

Processor Limit: DRAM Gap
1000 ¥ WProc
60%iyr.

100 : ProcessorMemory

3 Performance Gap:

(grows 50% / year)
_ #DRAM
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= Alpha 21264 full '.ache miss [ instruc thl‘l‘.': executed
180 ns/1.7 ns =108 clks x 4 or 432 instructions
* Caches in Pentium Pro: 64% area, 88% transistors
*Taken from Patterson-Keeton Talk to SigMod

‘ Optimization of main memory access is mandatory

for most applications.
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Why worry about performance: multi-core
Multi-Core Processors — The game is over...

Problem: Moore’s law is still valid but increasing clock speed hits a
technical wall (power consumption / heat).

Solution: Reduce clock speed of processor but put 2 (or more)
processors (cores) on a single silicon die.

We will have to use many but less powerful processors in the future.

‘ Parallelization is mandatory for most applications.
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reduction oficlock speed

Making use of all the transistors available

-> more cores
-> more/larger caches
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Top500 trends and cores on the desktop

Number of Processors Share Over Time
1993-2009

Number of processors is

rapidly “exploding” a
due to more nodes but also B 32k-64k

H H 16k-32k
due to multi-core chips . -

B 1 4k-8k
more and more systems g Wi
become “hybrid” g 0 1025-2048

® B 513-1024

E f257-512

Rank | Site System Cores T B 129-256

a l 65-128

1 LANL IBM Roadrunner 129 600 B 33-64
Opteron+Cell - ;IZZ
2 Oak Cray XT5 150 152 iss
Ridge =
3 FZJ, DE | IBM BlueGene/P 294 912 §
4 NASA | SGI Altix ICE 51200 °
sl Harp'e’r‘mwn) TOP500 Releases
8 TAC Sun Ranger (Opteron) 62 976
15 SSC, | @c AMD Opteron, 30720 And on the desktop?
CN Windows HPC ]
- » Earth Simulator 2, 280 single/dual/quad/... core CPUs
NEC SX-9/E or 960 cores with 4 GPUs
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Caches and memory hierarchies of
modern processors

Programming basics

Be aware of different memory mapping for FORTRAN & C:

real*8 a(0:3,0:3) ! FORTRAN: column-major
EEIRDIEOE - - - [EIREIERER o o - o

double a(4,4) // C/C++: row-major

row i column j

Different ordering of nested loops required for
“stride 1 access” (i.e. consecutive memory access)!

do j=0,3 for (i=0; i<4; i++) {
do i=0,3 for (j3=0; j<4;j++) {
a(i,j)= . a(i,j)= ..;
enddo }
enddo }
July 2009
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Memory hierarchies T a'= Memory hierarchies of recent (dual-core) CPUs |l =
: : DC Intel DC AMD DC Intel QC Intel
_ i i "SSE2 Xeon5160 | Opteron2362| Itanium2 Nehalem
Peak Performance 12.0 GFlop/s 5.2 GFlop/s 6.4 GFlop/s | 10.64 GFlop/s
Main ! ! Core frequency 3.0 GHz 2.6 GHz 1.6 GHz 2.66 GHz
Memory #Registers 16 /32" 16 /32" 128 16/ 32"
Size 32 kB 64 kB 16 KB 32 kB
L1(D) 96 GB/s 41.6 GB/s 51.2 GB/s 2
! Vo Latency 2 cycles 3 cycles 1 cycle 4 cycles
! 1 L3 cache \
o - P Size 256 KB 256 kB
3 R D L2 51.2 GB/s 2
Lo19 LT Lo
! o ‘Emhe ! Latency 5-6 cycles ~10 cycles
vector register ' \ g \ i Size
' | ; floating point Do \4 L3 Raw BW
- register Lo Tt
P 1o ' | | manipulation/ atency
P ' i | computation Raw BW 10.6 GB/s 6.4 GB/s 8.5 GB/s 32 GBI/s
: . . Memory —
P mmmmmmmmmmsmsmemmmoe Latency ~200 ns <100 ns ~200 ns ~75 ns
. . == High Perf , , == High Perf
“JCL#\L{AEZSQ(%%MHE‘ thomas.zeiser@rrze.uni-erlangen.de I-lFIL C:i;mpu?int;rmanoe 13 ;Jctiﬂlk’/éqgggmma‘ thomas.zeiser@rrze.uni-erlangen.de I-lFIL C:i;mpu?int;rmanoe 14
Vector TRIAD test: sustained memory bandwidth Memory hierarchies: cache structure T a'=

double precision ::

do j=1, repeatCount
'DEC$ VECTOR NONTEMPORAL

a (maxLen) , b(maxLen), c(maxLen), d(maxLen)

do i=1, N
a(i) = b(i) + c(i) * d(i)
end do
! obscure statement to prevent loop optimization
end do
l_'450_— mesystem(ﬁcms):
ém'_ +—= Intel Nehalem 2.66GHz || Nehalem
= DDR3-1333 memrory Core i7"
= 350 = 7
- 8 MB
ﬁmf for 4 1 S NELErELE [ AL L ;
< 250 cores; i |P||P P P||P P|
=
Ezml ] L2 | rom | mom | mom HINN i
L3, { Lo f i
5 50 R ) = —)
L |
g sof 32kB 256 kB|| 2 MB
& B ffecti \-—.—o—o—o—o—_
T I | ¥ " .I.‘.I. o nrvardl_ | sl | | Bl |
100 w0 10 1w W w1
vector Jength N
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caches are organized in cache lines that are fetched/stored as a

whole (e.g. 64 bytes = 8 double words)
if one item is needed, the cache line it belongs to is fetched (miss)
cache line fetch/load has large latency penalty
“neighboring”“ items can then be used from cache

Iteration t

1 | LD | Cache miss : Latency),| Use data |

2 | LD | Use data |

3 / | LD | Use data |

4 |LD| Usedata |

5 | LD | Cache miss : Latency |
6

7

8
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enddo

do i=1,n
s = s + a(i)*a(i)

Use data

D] useoma_

LD | Use ...
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Memory hierarchies: cache structure (cont.) - Memory hierarchies: cache mapping =

Cache line data is always consecutive “Cache mapping”:

cache use is optimal for contiguous access (stride 1) pairing of memory locations with cache line

non-consecutive access reduces performance e.g. mapping 1 GB of main memory to 512 KB of cache

(worst case: = cache line size)

ensure spatial locality by blocking or optimizing data layout Directly mapped cache:

= see lattice Boltzmann part later on . .

every memory location can be mapped to exactly one cache location

Modifying/writing data (usually) requires loading the data first if cache size=n, i-th memory location is mapped to cache location mod(i,n)

“read for ownership” (RFO) memory access with stride=cache size will not allow caching of more than

one line of data, i.e. effective cache size is one line!

unless “non temporal stores” can be used (requires e.g. vectorizable code and proper alignment) .
no penalty for stride-one access

Caches (~MB) must be mapped to memory locations (~GB)

Set-associative cache:

m-way associative cache of size m x n: each memory location i can be
mapped to the m cache locations j*n+mod(i,n), j=0..m-1

if all m locations are taken, one has to be overwritten on next cache load;
different strategies (least recently used (LRU), random, not recently used (NRU)

\JCL;l\/lI%\/AEZSq(())QgTutoHa\ thomas.zeiser@rrze.uni-erlangen.de I-lFIE g:__?;;ﬁ:;rmanoe 17 ;Jcliﬂlk’/éqgggmma‘ thomas.zeiser@rrze.uni-erlangen.de I-lFIE g:__?;;ﬁ:;rmanoe 18
Memory hierarchies: associative caches - Memory hierarchies: cache thrashing

If many memory locations are used that are mapped to the same m
cache slots, cache reuse can be very limited even with m-way
N N+1 N+2 2N-1 associative caches.

AR\
\\ Effective cache size is usually less than m x n for real-world

A/ } ) applications.

(\ / Warning: Using powers of 2 in the leading array dimensions of
N \\ multi-dimensional arrays should be avoided!
\‘ - “Padding” may help.

See example on the following slides.

Example: 2-way associative cache. Each memory location can be
mapped to two cache locations.

e.g. size of main memory= 1 GByte; Cache Size= 256 KB
- 8192 memory locations are mapped to two cache locations

July 2009 . . I_lrl— High Performance July 2009 . . I_lrl— High Performance
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Memory hierarchies: cache thrashing example

Example: 2D — square lattice
At each lattice point the 4 velocities for each of
the 4 directions are stored.

A

N=16
real*8 vel(1l:N , 1:N, 4)

Memory hierarchies: Cache thrashing example

memory-to-cache mapping forvel (1:16, 1:16, 4)
Hypothetic cache: 256 byte (=32 doubles) / 2-way associative / Cache line size=32 byte

[114]214]314]4].. | 112 212 312 412 ...

1,14/ 214 314 414

/\/\

Vel(l:16,1:16,1)
Vel(l:16,1:16,2)
Vel(l:16,1:16,3)
Vel(l:16,1:16,4)

s=0.d0
do j=1,N ‘ Hypothetic cache:
do 1N 114 2,14 314 4,14 2 rows with 16
s=s+vel(i,j,1l)-vel(i,j,2)+vel(i,j,3)-vel(i,]j,h 4) P - - . double each
enddo
enddo Each cache line must be loaded 4 times from main memory to cache!
‘JCUR%EZSQg?MOHH‘ thomas.zeiser@rrze.uni-erlangen.de I.lF‘E g:__?:;ﬁ:;rmanw 21 “Jc‘ﬂk’]sg(?ggnwm thomas.zeiser@rrze.uni-erlangen.de I.lF‘E g:__?:;ﬁ:;rmanw 22
Memory hierarchies: cache thrashing solved [Ta'=

Memory-to-cache mapping for vel (1:18, 1:18, 4)
Hypothetic cache: 256 byte (=32 doubles) / 2-way associative / Cache line size=32 byte

1,14 214 314 414

|1,1,1|2,1,1|3,1,1|4,1,1|....| 112 212 31,2 412 ...

i=1, j=1 7
N

Hypothetic cache:

2 rows with 16
doubles each

112 212 312 412 512 612 314 414 .

(most) cache lines need only be loaded once from memory to cache!

- “padding” of the array solved the cache thrashing issue
July 2009 I_lFIE g:?nrl;e-t.ir:'c;rmance 23
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Performance modeling

expected performance vs. sustained performance

How close to the “optimum” am | ?




Lattice Boltzmann method: basic algorithm ==

The evolution of the particle distribution Computationally: (D3Q19)

functions f; at each lattice node is explicit Jacobi-like iteration

calculated in discrete time steps. scheme
19 double precision floating point
! values stored per node

Calculation of macroscopic flow quantities 19-point stencil; data exchange
and the equilibrium distribution with nearest neighbors
~ 200 Flops per node update
1 (for BGK or TRT collision model)

,Collision*: relaxation (redistribution) of the
particle distributions towards equilibrium

|

algorithmic balance:
456 bytes / 200 flops = 2.3 B/flop

computationally intensive,
however purely local

. . - system balance of a 2-socket
.Propagation” of the distribution functions Nehalem node (2.66 GHz, no SMT):

according to their direction to the next nodes 32 GBJs sustained stream bandwidth /
1 85.12 GFlop/s = 0.37 B/flop

.,Bounce back* at solid walls

memory operations only —

we will usually be memory bound

however, involves only
next-neighbor communication

July 2009 . . I_lrl_ High Performance
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Estimation of performance: in-cache case =

our performance metric for lattice Boltzmann codes:
million (fluid) lattice node updates per second — MLUP/s

performance estimation

general assumptions
D3Q19 lattice
200 floating point operations per fluid node update (reasonable for BGK/TRT)

Case 1: data transfer is infinite fast (all data fits into cache):
max. MLUP/s = PeakPerformance / (200 Flop/node update)
single 2.66 GHz Intel Core i7 core = 10,640 MFLOP/s > max. 53 MLUP/s

in reality even simple kernels do not achieve peak performance
and transfer speed is finite even for caches

thus, this upper limit is more hypothetical than real

in-cache performance depends on many small details and can vary e.g.
significantly from compiler release to compiler release

July 2009 ; . I_Irl_ High Performance
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Estimation of performance: memory-bound case | =

Crossover between cache and memory bound computations

Complete domain no longer fits into outermost cache (N=Nx=Ny=Nz)
2 *19 * N~3 * 8 Byte ~ L2/L3 cache size
- 1 MB cache: N ~ 14-15; 4 MB cache: N ~ 23-24

Cache 2: data must always be transferred from/to main memory
assumption: full use of each cache line loaded

data to be transferred for a single fluid node update: (including RFA)
(241) * 19 * 8 Byte > 456 Bytes/(node update)

max. number of lattice site updates per second MLUPs:
MaxMLUPs = MemoryBandwidth / (456 Bytes/node update)

(effective) MemoryBandwidth = 3-12 GByte/s > MaxMLUPs ~ 6-26 MLUPs

Verification of efficiency of data access using hardware perf counter

number of cache misses is a bad performance metric (at least on Intel Xeon
systems due to hardware prefetcher, etc.)

more reliable: memory bus (FSB) utilization and number of buss accesses
minimum number of bus accesses: N3 * timesteps * 456 / 64 size of a
cache line

July 2009 1 High Performance
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Implementation and optimization
of a 3-D lattice Boltzmann kernel

common sense optimizations
minimizing data access
effect of data layout




Basic optimizations: preliminaries (general) ==

General guidelines — some common sense optimizations

do less work
eliminate common sub-expressions
avoid branches; move if tests outside of inner loops furth
avoid expensive operations G. Hager and G. Wellein:
a division is much more expensive than a multiplication Part 1: Architectures and |
. . L. Performance Characteristics
does the compiler realize that x**2 .0 is just x*x of Modern High Performance
. . . Computers.
trigonometric expressions, etc. Part 2: Optimization
“strength reduction”; tabulating values; ... Techniques for Modern High
. R Performance Computers.
shrink worklng set In Fehske et al., Lecture Notes
use appropriate data types (e.g. float vs. double) Phys. 739, pp 681-730 and pp.
] i 731-767 (2008), ISBN: 978-3-
only calculate / store what is really required 540-74685-0. (Springer, Berlin)
use appropriate compilers and compiler flags
optimization; inlining; ...
tell the compiler if data references disjoint locations (i.e. no aliasing)
July 2009 T High Performance
e I'lFlL Computing 29
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Basic optimizations: preliminaries (LBM specific) | k=

1. analyze relaxation step (l)

many operations can be eliminated (common sub-expressions, zero-
velocity components, etc.) — do not rely on compiler!

# of floating point operations depends on compiler & optimization level

! Calculate ux velocity component ux=f(E ,x,y,z,t)+£(NE,x,y,z,t)+

ux=0.d0 f(SE,x,y,z,t)+£(TE,x,y,z,t)+
do i=0,18 f(BE,x,y,z,t)-f£(W ,x,y,z,t)-

ux=ux+ex (i) *f(i,x,y,z,t) f(NW,x,y,z,t)-£(SW,x,y,2z,t) -
enddo £f(TW,x,y,z,t)-£(BW,x,y,z,t)
! worst case: loop, 38 LD; 19 MultAdd ! 10 LD; 9 Add

even worse: (C++) function calls which are not inlined; e.g. getF(...)

2. analyze relaxation step (ll)
compare usg=ux**2 . 0+uy**2.0+uz**2 .0 €2 usg=ux*ux+uy*uy+uz*uz

3. combine collide & stream step in a single loop to minimize data
transfer! Otherwise data may have to be transferred twice.

4. e.g. for Intel compiler: -03 -xSSE4.2 -fno-alias
(-fno-alias of course only if no pointer aliasing is used)

July 2009
ICMMES-09 Tutorial

. . T High Performance
thomas.zeiser@rrze.uni-erlangen.de I-". L Cc?mputing 30

Basic optimizations: initial implementation &=

Starting point: straight forward [reai*s £(0:18,0:Nx+1,0:Ny+1,0:Nz+1,0:1)
“full matrix” approach with do z=1,Nz; do y=1,Ny; do x=1,Nx
. if( fluidcell(x,y,z) ) then
toggle index and LOAD £( 0.%,y.2,8)
marker-and-cell flag field LOAD £( 1.x.y.z.t)
separate storage for even/odd

time sFeps ( source/destlnatlon ) Relaxation (complex computations)
to avoid data dependencies SAVE £( 0,x ,y ,z ,t+l)

discrete velocity as additional SAVE f£( 1,x+l,y ,z ,t+l)

LOAD f(18,x,y,z,t)

H SAVE f( 2,x ,y+l,z ,t+l)
array index ] . SAVE £( 3,x-1,y+l,z ,t+l)
ghost layer (to avoid special
algorithm at domain boundaries) SAVE £(18,x ,y-1,z-1,t+l)

5-D array f(Q/ X, ¥Y,2, t) eni!;f:‘f enddo; enddo
In the following, it is assumed
that by increasing the first
index by one, you go to the
physically next location in

memory (FORTRAN, column-major).

#load operations:  19*Nx*Ny*Nz + 19*Nx*Ny*Nz
#store operations: 19*Nx*Ny*Nz

If cache line of store operation is not
in cache it must be loaded first (RFO) !

July 2009 1 High Performance
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Performance characteristics of initial code Ta'=

Intel Xeon 3.4 GHz (1 MB L2; 5.3 GByte/s) > max. 5-6 MLUP/s

T
Nx =Ny =Nz Nx * Ny * Nz = const

12+ flQ xyzt) -
'@ <—— data set fits into cache 1

- performance breakdowns? ]

MLUPS
o0
|
|

. 0----0-------- O 4
i 000000
0 11 I 1 1 1 1 111 1 I 1 1 1 1 11 1 1 I 1
10 100 1000
Nx
- i = High Perf
July 2009 thomas.zeiser@rrze.uni-erlangen.de I.lF‘L C:?mpu\?inc;rmance 32
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Explanation of the performance breakdowns

A single node is updated by

18 write accesses from
3 successive z-planes.

total amount of data for
3 successive z-planes:
Mem,~3*2*19 *8 *
(Nx+2)*(Ny+2) Bytes

cache lines must be

Optimization of data access: spatial blocking =

Increase spatial locality by spatial blocking

real(8) £(0:18,0:Nx+1,..,0:1)
do zz=1,Nz,blcksize
do yy=1,Ny,blcksize
do xx=1,Nx,blcksize

do z=zz,min(Nz,zz+blcksize-1)
do y=yy,min (Ny,yy+blcksize-1)
do x=xx,min (Nx,xx+blcksize-1)
if( fluidcell(x,y,z) ) then

reloaded if el Xeon 34 GH\z(1MBL2) endif
12+ 4
Mem, ~ L2/L3 cache 2 <— all datafits to cache Correct choice of blcksize? Snado
¢ “ 3 z-planes A i enddo
1 MB cache > Nx=Ny ~33 S S fitto cache .3y-lanes always from| * 2*19*blcksized Byte <L2/L3
= o fittecache main memory — blcksize ~8-10 enddo
- dd
next breakdown if only ! Toonio * 2*19*3*bcksize? Byte < L2/L3 enddo
3 y-lines fit into cache °-00.000- — blcksize ~25-30
045 i00 7000
Nx
‘JCL#\%EZSQS;)MOHH‘ thomas.zeiser@rrze.uni-erlangen.de I.lF‘E g:_?:;?:;rmanw 33 “Jcl:/!')\’]ég(?ggnwm thomas.zeiser@rrze.uni-erlangen.de I.lF‘E g:_?:;‘i:]‘;rma”w 34
Performance characteristics with 3-D blocking = Optimization of data access: data layout ==
Intel Xeon 3.4 GHz (1 MB L2; 5.3 GByte/s) > max. 5-6 MLUP/s Starting point: straight forward “full matrix” approach
with toggle index and marker-and-cell flag field
' Ill\Ix=Ny -~ ! o 'Nliﬁy'*Nucon'st separate storage for even/odd time steps (“source/destination”)
Ly 1 to avoid data dependencies
12 L\ Intel f(Q,xyzt) _ discrete velocity as additional array index
Lo\ With spatial blocking: i ghost layer (to avoid special algorithm at domain boundaries)
L performance remains -
| \\“ almost constant | 5-D array: |F(0:18, 0:xMax+1, 0:yMax+1, 0:zMax+1, 0:1)
S5 8r \ blcksize=8 N By increasing the first index by one, you go to the physically next
§ - “3;\ 7 location in memory (FORTRAN, column-major).
A+ \“\‘“%a-e;--——---—-- _____ — . In principle, any permutation of these indices can be used...
. ‘“079 fffffff o bl L B ...but which is the most efficient?
~o._ !
l_anIOCKed' ©--0-0-000---d F(Q, x,y,z, t) ,collision optimized (,,array of structures”)
| first performance drolp at Nx=xMax~35 | ]
0+ '10 B — '1'00 S — '1'000 : F(x,y,z, Q, t) ,propagation optimized“ (,structure of arrays”)
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Effect of different data layouts == Performance characteristics of 2nd data layout =
array-of-structures structure-of-arrays
d v Intel Xeon 3.4 GHz (1 MB L2; 5.3 GByte/s) > max. 5-6 MLUP/s
real*8 f(0:18,0:Nx+1,0:Ny+1,0:Nz+1,0:1): f£(0:Nx+1,0:Ny+1,0:Nz+1,0:18,0:1)
do z=1,Nz; do y=1,Ny; do x=1,Nx 1do z=1,Nz; do y=1,Ny; do x=1,Nx s T L e | T — T T T
if ( fluidcell (x,y,z) ) then | if( fluidcell(x,y,z) ) then Nx =Ny =Nz Nx * Ny * Nz = const
LOAD £( 0,x,y,z,t) | LOAD f(x,y,z, 0,t) ™ fxyz Q1)
stride-1 19 different
LOAD f( 1,x,y,z,t) memory : LOAD f(x,y,z, 1,t) cache lines: 12k \\ fQ, xy.z, )
ncollision® { access : but re-usable \
LOAD £(18,x,y,z,t) 1 LOAD f(x,y,z,18,t) O \\ i
1 i 1 i ! 1 i i LY . i
Relaxation (complex computations) | Relaxation (computations) “\\\ correct choice of data Iayout
SAVE f£( 0,x ,y ,z ,t+l) .Iarge : SAVE f(x ,y ,z , 0,t+l) 19 | N "y . i
SAVE £( 1,x+l,y ,z ,t+1)| dstances | SAVE £(x+1,y+1,z , 1,t+1)| cache % AR improves performance by 2x-3x
propa- SAVE £( 2,x ,y+l,z ,t+1)| "NV L SAVE £(x  ,y+l,z , 2,t+1)| lines; S 8 without the need for blocking .
e SAVE £( 3,x-1,y+l,z ,t+1)[ cachelines , SAVE £ (x-1,y+l,z , 3,t+l1)[ but 5 T TN ]
gation rarely 1 all are A
reusable ! 2 b — — = i\_ - l\_/Ia_XMl:U_P_S ____________________ —
SAVE £(18,x ,y-1,z-1,t+l) ! SAVE £(x ,y-1,z-1,18,t+1)] reusable - P 7 f(xy,z,Q.t)
. 4 . - % T Tyt TR A T structure-of-arrays;
endif loop blocking; ~ €ndif AL T - [ structure-of-arrays;
enddo; enddo; enddo mandatory 17 1 enddo; enddo; enddo 4+~ %a*-f' R - _ —  without any blocking
! I I R SR o- Rl ST
. | | 9 * f(Q,x,y,z,t)
Data layout has a significant effect on cache based systems: - , , o o 4 array-of-structures
. . . - alldatain I 3plansin | 3 lines in | 0-0-000---9 with/without
structure-of-arrays layout has high spatial data locality built-in [ L2cache | L2cache | L2 cache | )y spatial blocking
if 38 cache lines stay in the cache! (38 * 128 Byte ~ 5 kByte << L2/L3 caches) 0= '1'0 i 1(')0 e '1'0'00 :
but watch possibility of cache thrashing for structure-of-arrays layout Nx
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Optimization of data access: cache thrashin n'— Optimized data movement: splitting innermost loo n'—
== ==
Generally avoid powers of 2 in the leading dimension @ ||' temporary arrays to hold pre-calculated values
of (multidimensional) arrays. real (8) :: ux(Nx), uy(Nx), uz(Nx), dens(Nx)
[13 H 3
= use “array padding” if necessary do z=1,Nz; do y=1,Ny
do x=1,N
In case of the 61— —_— . —6 PY dens (x) = sum( f£(x,y,z,:,t) )
-of- | | o0 f(Q xyzt) | ux(x) = £(x,y,z,NE,t) + £(x,y,z,SE,t) + ..
structure-of-arrays Intel Xeon 3.4 GHz 1 .. fxy,2, Q1) (x) = . ; um(x) =
data layout: uy - iou
5k =+ . -5 end do
Use L . . " 1 .- 1: i | ! update (relax and advect) first fraction of directions
n o 1 —
F(0:128,0:128,..) AVAVANRFAVAVAN Vo do x=1,Nx -
. E4'i - L] . " T \ I 7 4& feq _com=.; t2x2=.; fac2=.; ! calc common coefficients
InStead Of 3 i |‘ I‘ 1 I'l : 3 e ui= ux (x) +uy (x) -

. . T oy sym = omega h(f(x,y,z,NE, t)+£f(x,y,z,SW,t)
F(0:127,0:127,..) = 3 _0000'00*1'.(;’0000‘00'0 1 o---o }o,l,‘ 0--0--0 | 3 = - facZ*ui*ui-t2x2*feq_com) )
The array-of-structures | -‘ 1 ‘.‘ ! asy = asyo_h*(f (x,y,_z ,NE, t)-f(x,y,z,SW,t)-3.d0*t2x2*%ui)

data lavout generall L f(x+1,y+1,z,NE,tl) = £(x,y,2,NE,t) - sym - asy

youtg y Hl 1 v 145 f(x-1,y-1,z,SW,tl) = £(x,y,z,SW,t) - sym + asy
does not suffer from W
cache thrashing as the - T ‘ . end do
Ieading dimension is 19. T T ' N T 6 ! update (relax and advect) 2nd/3rd fraction of directions

56 60 64 68 72 120 124 128 132 136 do x=1,Nx; similar calculations; end do
Nx+2 Nx+2 end do; end do
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Performance characteristics with loop splitting | =

Woodcrest: 20 | I‘l\lxlzNyzNZ i o Nx * 100 % 100
Intel Xeon 51 50 -i».“ @8 Woodcrest if(x,y,z,Qt) Split) o
16" .. O-Q Woodcrest (f(x,y,z,Q,t) NoSplit) —
2.67 GHz L Q Bl Opteron (f(xy,z,Q,t) Split)
4 MB L2 (2 cores) - RN O-0 Opteron (fixy,zQ.4 NoSplit)
L SR Y #—¥ ltanium2 (f(x,y,z,Q,t) Split)
FSB1333 wn 12F _\:‘.\ 33 ltanium2 (fixy,z,Q,t) NoSplit) —
(10.6 GB/s) 5 1 \
e [ T S
=
Opteron:
AMD Opteron 270 -
X!
2.0 GHz
1 MB L2 (per core)
6.4 GB/s olet — ] —
10 100
. Nx
Itanium2:

most significant performance gain
on Intel Xeon (Woodcrest) system

Intel Itanium2/Madison9M
1.6 GHz/6 MB L3 /8.5 GB/s
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ading

Reducing the memory footprint ., ¢ner 7€

Compressed grids

T. Pohl, M. Kowarschik, J. Wilke, K.
Igelberger, U. Rude: Optimization and
profiling of the cache performance of
parallel lattice Boltzmann codes.

Par. Proc. Lett., 13:4 (2003) 549-560.

Intelligent in-place swapping
K. Mattila, J. Hyvaluoma, T. Rossi, M.
Aspnas, J. Westerholm: An efficient swap -~
algorithm for the lattice Boltzmann method. M o ot
Comp. Phys. Comm 176 (2007) 200-210.

Multi-core aware wave socket
parallelization

G. Wellein, et al.; in preparation, 2009.
cf. my talk on Friday in the HPC session!

All three methods basically eliminate
the toggle index and thus reduce the
memory footprint by approx. 50%. B sk arte
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Summary of basic part on efficient LBM coding |l =

Efficient code implementation requires insight into memory
hierarchy of modern processors.

Data layout analysis and/or spatial blocking is mandatory to
optimize data transfer between main memory and processor.

Optimizing single processor performance and parallelization are
tightly connected to the use of multi-core processors.

Parallel computing does not supersede sequential optimization .

July 2009
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Parallelization

OpenMP and ccNUMA

MPI

how to decompose the domain

limits of scalability: strong/weak scaling; Amdahl’s/Gustafsson’s law




Two paradigms for parallel programming T =

Shared Memory

common address space for a
number of CPUs

access efficiency may vary
SMP, (cc)NUMA
many programming models (e.g.
pthreads, OpenMP)
potentially easier to handle
req. hardware and OS support!

Distributed Memory
data exchange between
processes: send/receive
messages via library (MPI =
“Message Passing Interface”)

explicit programming required

up to very large processor
numbers possible

High Performance

July 2009 : . T
\CM{AES—OQTuIOHa\ thomas.zeiser@rrze.uni-erlangen.de I-lFIL Computing 45

Shared memory parallelization with OpenMP T a'=

based on compiler directives (extending the C/Fortran standard)
requires shared memory (i.e. all threads can see the same data)
(in principle) allows gradual transformation from serial to parallel
Attention:

memory bandwidth often does not scale with number of processors

watch ccNUMA effects and avoid false sharing! ading
furthe” re

OpenMP Execution Model http:/lopenmp.org/wplopenmp-specifications/

1$OMP PARALLEL DO DEFAULT (NONE) &
! SOMP&SHARED (omega, £ ,0bs,Nx,Ny,Nz) &
! SOMP&PRIVATE (x,y, z,ux,uy,uz,dens)
do z=1,Nz ! outer loop parallelized
do y=1,Ny; do x=1,Nx
if( obs(x,y,z) ) then

Sequential Part

Parallel Region

Sequential Part

relaxation (computations)
Parallel Region

endif
enddo; enddo;
enddo

Sequential Part

e iy
e iy
By Rl

LA O
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Performance issues with OpenMP: ccNUMA and first-touch r r —_

First-touch page allocation leads to network contention if
initialization of data is done on a single CPU only.

Only correct parallel initialization and block-static scheduling can
achieve sufficient scalability.

Data access on ccNUMA system
__________________________ without correct data placement:

PP PP Uniform memory n n
: . § access through

chipset.

No placement issues,
but limited bandwidth.

Data access on ccNUMA system
imi Cache coherent non-
. (similar on Intel Nehalem) : uniform memory with correct data placement:

access on-chip

memory controller.

Placement issues,
better scalable

bandwidth in multi-

socket nodes.

rl— High Performance
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2-way AMD Opteron node
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Scalability examples of OpenMP parallel [HFCE=
LBM Is

B e e Highly optimized code
2-way Intel Core2 node version does not see
L lof : any performance
el P[P %‘ increase when using
el === = the second core of a

5 socket.
Memory
O hell OMP=2 OMP=2 OMP=4
I Socket 2 Suckets 2 Sockets
4-way AMD Opteron node & e e N z
ETT [o] 20 7 # Significant )
7 g g performance increase
15 g g § only if proper data
- y | .
=2 F placement is ensured
7 7
=10+ ? ﬁ g ? ] by NUM-aware
7 . R
initialization.

sericll - OMP=2 OM OMP=4  OM OMP=8
I Socket 2 Suckets 2 Sockets 4 Sockets 4 Sockets
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Schematic NUMA-aware implementation ==

! allocate memory
allocate( f£(Nx, Ny, Nz, 0:18, 0:1)

! ensure proper location of memory

!SOMP PARALLEL DO ! Iteration loop

! SOMP&SCHEDULE (STATIC) do iterat=1, tEnd
do z=1,Nz e
do y=1,Ny ! do relaxation and propagation
do x=1,Nx 1$OMP PARALLEL DO
f(x,y,z,:,:) = 0.d0 | ! $OMP&SHARED (Nx, Ny, Nz ,omega, £, ...)
enddo ' $OMP&PRIVATE (x,y, z,ux,uy,uz,..)
Euclile 1 SOMP&SCHEDULE (STATIC)
enddo
do z=1,Nz

'$SOMP END PARALLEL DO do y=1,Ny; do x=1,Nx
- r 4 = 4
Some complex calculations
enddo
enddo
enddo
!SOMP END PARALLEL DO

What about calloc !?
What about C++ new operator !?
Linux filesystem buffer cache !?

How to ensure that threads do not
migrate between cores !?

enddo
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Thread assignment: OpenMP vs. CUDA ==

OpenMP (on CPUs) CUDA (on GPUs)

ensure proper alignment
divide domain into small pieces
always many more threads in flight

divide domain into huge chunks
avoid false sharing
switching between threads rather

expensive than GPU cores available to hide
latency
Thread O“
p Thread 0 Block 1= Thread 1“
Thread 2[00 P2
Thread On
b Thread 1 Block 2= Thread 1 [ N
Thread 2[00
Thread 0“
P Thread 2 Block 3= Thread 1

J Thread 2

rl_ High Performance
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Parallelization for distributed memory systems | -

MPI parallelization
domain decomposition
ghost layers / halo cells
explicit data exchange (sending/receiving of messages)

can be used on any parallel computer (i.e. on shared and distributed
memory systems)
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Parallelization for distributed memory systems Ta'=

! initialize your parallel machine

call MPI_INIT (ierr)

call MPI_COMM RANK (MPI_COMM WORLD,myid,ierr)
call MPI_COMM SIZE (MPI_COMM WORLD,nprocs,ierr)

MPI distinguishes

point-to-point and
collective operations

call MPI_BCAST (var,cnt, type,root,comm,ierr) point-to-point involves

do iterat=1, steps exactly two partners;
! do relaxationé&propagation can be blocking or
! exchange data between partitions non—blocking
call MPI_ISEND (buf,cnt, type,to,tag,com,req,ierr)
call MPI_IRECV (buf,cnt,type,from,tag,com,req,ierr) (Send & recv)
call MPI_WAITALL (cnt,req,status,ierr)
enddo
call MPI_FINALIZE (ierr)

collective operations
always involve all

partners and are
blocking (e.g. bcast,
reduction, alltoall,
barrier, ...)

data types and
operations must
match

rl— High Performance
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How to decompose a simple domain? T =

Splitting in

w = width of halo
. . n3 = size of matrix
one dimension: p = number of processors
communication cyclic boundary
= n2*2*w *1 -> two neighbors
in each direction

two dimensions:

communication
= n2*2*w *2 [ p12

three dimensions:

communication
=nZ*2*w *3 [ p?3

optimal for p>11
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How to decompose a complex domain? T a'=

Patch approach

Patches are only allocated
for regions which contain
fluid nodes.

Multiple patches can be |

assigned to one processor. References: INTM/FHG, LSS/Uni-Erlangen, iRMB/TU-Braunschweig ...
Schematic sketches by courtesy of J. Gétz, LSS, Uni-Erlangen

—

Partitioned Domain

Graph-based
distribution _
e.g. using METIS on node or = :
patch level \IJ fiinttts :

ey part 2
i=l=4 4
'-h

Cutting of a space
filling curve
e.g. in combination with a
sparse approach using
explicit adjacency

=
Pl

o -
; -]
mmadmeedanad

information instead of index |-Dhyperspace mmomeaerit
Shlﬂ Operatlons Schematic sketches by ILBDC and ”:""””::::_u: .I.T.........'.'.":.I“'l} -
Aftosmis, et al. AIAA2000-0808 @ B e e f g hijpkinmop
July 2009 ; . T High Performance
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Performance model for communication T a'=

simplest model:

transfer time = latency + message length / bandwidth

latency: startup for message handling
bandwidth: transfer of bytes

n messages.:

transfer time = n * latency + total message length / bandwidth

send one big message instead of several small messages!
reduce the total amount of bytes!
bandwidth depends on protocol

July 2009
ICMMES-09 Tutorial

. . 1 High Performance
thomas.zeiser@rrze.uni-erlangen.de I-"lll_ Cc?mputing 55

Load balance or minimal communication? T a'=

Let’s assume
105 cells/processor (40 MB only)
10 MLUPs/processor (reasonably fast)
0.01s per timestep

1500 S0 N
— SL"-
6 communication partners E f:ﬁ
per partition each with % 1000f f P
2500 cells (6x 200kB) g | e P o 1
0.0002s/exchange for Infiniband = _ | " wessuze s (e E
= 5001 1.U—O GBil Ethernet
Communication makes up only a o - -
tiny fraction of the total time. 10" 100 100 100 10t 100 10° 10 10

N [bytes]

Characteristics of interconnects

-> optimize for load balance according to Ping-Pong benchmark
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‘B —
How to implement, if same data can be computed on several / all
processes

parallel equivalent computation } additional ’
computation
while other processes can do other work —

. i communication &

single computation + broadcast additional ’

single computation + broadcast
while other processes idle (worst solution!) synchronization

Recomputation versus communication

Normally replicate and recompute the values

Consider how many calculations you can execute while only sending
1 Bit from one process to another
(6 us, 1.0 GFlop/s = 6000 operations)

Sending 16 kByte (20x20x5) doubles
(with 300 MB/s bandwidth = 53.3 us = 53,300 operations)

very often blocks have to wait for their neighbors
but extra work limits parallel efficiency

Limits of parallel scalability [T ==

Ideal world:
. all work is perfectly parallelizable

serial serial

serial serial N . ..
Reality: purely serial parts limit
maximum speedup

LLTTTTTIT
seriell | serial

Even worse: Communication

HT processes hurt scalability even
further

High Performance
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Calculating speedup in a simple model | — Understanding parallelism: Amdahl’s Law =
—_ —_

T(1) = s+p = serial compute time |

parallelizable part: p =1-s purely serial
part s

fraction k for communication between

each two workers

parallel: T(N) = s+p/N+Nk
B 3

T 1
P T(N) s+

lim_ SY(N) = i— for k=0

General formula for speedup

special case k=0:
Amdahl's Law
"strong scaling”

SEV)

parallel efficiency £, (N)= v
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Amdahl's law poses a serious limit on the use of parallel resources!
in reality the situation gets even worse
load imbalance
communication overhead, task interdependencies
shared resources to be used sequentially (e.g. 10), etc.

1200 10
Example: - strong 9 | —#s=0.01 2|
1000 1024 K J g | s=01 e
workers scaling 5 | -5=0.1, k=0.05 /
o 800 (k=0) -
5 \ 6
> 600 Z5
2 7]
Y serial fraction = 1 % 4 1
v 400 - 3
\ /9 max. speedup = 100
2 4 o—o—0o—o
200 .-
A\ 4 1
0 T T T T f 0 : : " " ' : : : :
0% 1% 2% 3% 4% 5% 1 2 3 4 5 6 7 8 9 10
serial fraction s #CPUs
;Jcﬂ?\/lgzsqgggmmw thomas.zeiser@rrze.uni-erlangen.de I_lFIE g:?:;‘-:i’:;’ma“w 60




Shifting the limits of scalability

Communication is not necessarily purely serial
non-blocking networks can transfer many messages concurrently
— factor Nk in denominator becomes k (technical measure)
sometimes, communication can be overlapped with useful work
(depends on implementation, algorithm):
I

—

"superlinear speedups*

data size per CPU decreases with increasing CPU count
-> working set may fit into cache at large CPU counts

communication must be negligible to see this effect

the larger the problem, the larger is often the parallel fraction
i.e. the sequential part s gets smaller and the Amdahl limit is shifted
communication overhead may scale with a smaller power than problem size

July 2009 T High Performance
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Increasing parallel efficiency (“weak scaling”)

[T==

When scaling a problem to more workers, the “amount of work”
(i.e. usually the domain size) will often be scaled as well

perfect situation: runtime stays constant while N increases

often p scales with problem size while s stays constant

S
strong scall{ly weak scallng

“Performance Scale-up” =

s p,/N=p |

work/time for problem size N with N workers
work/time for problem size 1 with 1 worker

Gustafsson's Law | p (A7) =
("weak scaling") (V) s

s+ pN

=s+pN=N+({(-N)s=s+(-s)N
TP

linear in N — but closely observe the meaning of the word "work™"!

number of timesteps requi

red may increase if domain size is increased!

- runtime per iteration is constant but time-to-solution increases ®
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Some final remarks on parallelization (l) &=
strong scaling (speed-up) M

weak scaling (scale-up) DQDID

Domain size 256x129x128 for speed-up; 128*3 per processor for scale up

- - - ﬂ—
Some final remarks on parallelization (1l) =
N L T
Single core
performance

1000

still matters

200 T T T T T
| w—a Dual Opteron, Myrinet2000, speed-up 1
180 __H Dual Opteron, Myrinet2000, scale-up -]
160 | = -m Dual Xeon, GBit, speed-up et - -
| 4 -4 Dual Xeon, GBit, scale-up e - .
140 —=-= SGI Altix, speed-up Ea -
[ a—a SGI Altix, scale-up a7 1 The benchmarked
@ 1201~ NEC SX6,565 MHz | . - systems are outdated,
200~ (CPV : ] butthe message is
EI _.--+  stilltrue:
=T - cheap GBit-ethernet is
*  enough for weak
- scaling;
] strong scaling is the
| 1 only true challenge.

number of CPUs
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+ =« single node NEC S$X-9, 2593

+— =« single node NEC SX-8, 2593

&—a single node NEC SX-8, 10013

== Cray XT4 (ppn=2), 100"3

a#—= [BM BlueGene/L (VN, ppn=2)
single node SUN T5120, 1.4 GHz

1 |\|||||| 1 I\\\Illl |||\||\| \III\\||
h 10 100 1000 10000
number of MPI processes (or OpenMP threads in case of NEC SX)

fluid MLUPs

yes, but with a slope <1'!
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pretty linear scaling for all systems !?
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speedup

Some final remarks on parallelization (lll) ==

Fooling the masses by choosing the right metric ©

T ¥ T T L]
1 o—a slow implementation, slow interconnect |-
a =-m fast implementation, slow interconnect
10+ 1 5 08 24—a slow implementation, fast interconnect
P =il 4 - a fast implementation, fast interconnect
[
506" 1
5
5 304
=]
g
=02
1 1
0 T 0
# nodes # nodes
Looks like the “red triangles” ... but not in terms of time-to-solution.
performance best !? A slow code scales better — but as an
At least in terms of speedup ... engineer you are interested in quick
simulation results and not in speedup.
Thus, do not (only) publish speedups.
July 2009
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Tools

make
version control systems
MPI tracing

Automatic recompilation of changed files: make | ==
Rules say when and how to remake targets, which depend on certain
prerequisites, using given shell commands.

explicit and/or implicit rules
Variable definitions and expansions in a makefile work similar to shell
variables.
Directives tell make to do something special while reading a makefile,
like including other makefiles, deciding whether to use or ignore some
part of the makefile, . . .
Comments are started with a # character. The # and the rest of the line
are ignored. If you want a literal #, escape it with a backslash: \#.

Most important automatic variables
$@ name of the target, which caused the rule to be processed.
$< name of the first prerequisite.
$~ names of all prerequisites separated by spaces.
$? space-separated names list of all prerequisites newer than the target
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Example of a makefile
cc icc
FC ifort
LD = ${FC}
CFLAGS = -03
FFLAGS = -g
ifeq (${1LD}, icc)
LIBS += -L${IFORT BASE}/lib -lifcore
endif

c_objects
f objects

lbmain.f90 geometry.f90 collprop.£90

# the rules

.PHONY: clean

lbmSolver: ${c_objects} ${f_objects}
<TAB> ${LD} ${LDFLAGS} -o $@ $~ S${LIBS}
${f_objects}: %.0: %.£90

<TAB> ${FC} -c ${FFLAGS} $<
clean:
<TAB> -rm -f lbmSolver *.o *.mod

# explicit dependencies
lbmain.o: geometry.mod collprop.mod

July 2009
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define the compilers
and their flags.

conditionally append
additional settings

} special directive

} explicit rule

} rule for a class of files

} ignore errors for rm
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Version control systems [T ==

RCS - Revision Control System

a simple dinosaurian; suitable for keeping track of OS configuration files but
not for programming projects; history kept in a subdirectory

CVS - Current Version System
extensive free documentation: http://cvsbook.red-bean.com/

central
MS Windows GUI: http://www.tortoisecvs.org/ repository
SVN - Subversion basic support
] . for branching
extensive free documentation: http://svnbook.red-bean.com/ and merging

MS Windows GUI: http://tortoisesvn.tigris.org/

Distributed VCS
git http://git-scm.com/
mercurial/Hg http://www.selenic.com/mercurial/

each copy is a full
independent repository

full offline operation
advanced features for

bazaar http://bazaar-vcs.org/ merging, branching,
bisection, ...
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Intel Trace Collector/Analyzer (I) T a'=

File Styls Windows HealpFi1 =181x

Yiew Chame MNavigate Advanced Layout
I 3L jRgc e T » TR s T s T v
13,220 8 13,230 8 13,340 & 13,260 8 13 260 8

P

Flat Profile | Load Balance | Call Tree | Gail Grapn |

Group All_Processes -

Name [Tse [Tseit [TTetal #Calls TSelt Call

--Group All_Procosses
Usar_Coca s1zotae-d s [ s:0 701035 a na.
MPI_Boast 1oz.272¢-3 s M 102272035 183 SSB.BS4e S
MPI_lsand H837ed s 58937eds an GA4GTIReS 8
MPI_lracy 2716835 2710835 818 29580006
MPI_Whirne 25w 29a-6 s 1" PETINeG s
MPI_Waital 251 63103 < I 281 83183 5 174 1.6771803 &
MPI_Reduce Fhagte-ds| 590083 % G4 A06. 105 &

P11
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Intel Trace Collector/Analyzer (Il) T a'=

Eile Styls Windows Help P NEIE
Yiew Chats Navigats Acvanced Layout

I TIoE (o T s TSy TTEE Y TTHE s 3

13,570 3 13,490 3 13340 0 13,280 ¢ 13,260 1 =

Po 2

P

P8
Py
... =l
84 |_Reduce.
MP1_Waitall
MPI_acy
MPI_lsand
MPI_Beast

User_Code

=

13,2287 5, Function User_Code
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Intel Trace Collector/Analyzer (lll) T a'=

Eile Style Windows HelpF1 =|8] %

View Charts Navigate Advanced Layout

. Tetal Data Velumis [B] (Sender by Recsiver)
t
po[P1 [rz[pa [rs [rs [re [re [re [re [ridri {ridridridridsum  [Mean [stanev
PO D) P 1.23 M| 411 k| 19 k|
T 1.08

Pi 1.68 M| 421 k| 110 k|
Pz e e 2,37 M| 453 k| 130 k|

aen k)
P3 e e 2,34 M 374 k| 166 k|
P4 e BRI B 2,35 M 351 k| 189 k|

840 k|
P& e e 2,35 M 351 k| 382 k|
P& e B B 2,37 M 385 k| 188 k|

720k |
Py e e 2,37 M| 395 k| 3IB1 k|
Pa eafeas B B 2,47 M 412 k| 404 k|

400
Pg e e 2,45 M| 408 k| 98 k|
Pig B B B B 2,47 M 412 k| 404 ¥

480 k)
P11 e e 2,37 M 395 k| 381 k|

2 7 5
Pz vaefees e 2,37 M 395 k| 388 k| 350 k)
P13 e e 2,35 M| 489 k| 375 X
Pis 2.35 M| 587 k| 473 k| 240 K
P18 2.02 M| 673 Xk 482 k|
Sum seafocafacafocafaoafaoafooafooafoaafisafosafosafosafosafoanfena|IST M 199 W
Mean 425 k|
f-2 0. o TUVR APUPY RPRPY R AT [P SIS IS [IY AU I PR (PR PR IPIN I 392 k| I
(Pa, P10}
—
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Intel Trace Collector/Analyzer (IV)

File Style Windows Help F1

View Chars Navigale Advanced Layeat

“

Total Tima [5] (Frocess by Cellective Oparation)

MPI_Beast  |MPI_Reduce  |Sum Mean StelDev
[ 85=-d 11.402e-3 5.70le-3| 5.488e-3
10.64%2-3 5.3318a-3] 5.28358-3
5.5570-3| 4.57850-3| 4.5235¢-3
6,331¢-3] 3.1655¢-3 3.1095¢-3
5.637e-3| 3.8185e-3 2.7675e-3
4.931e-3 2.4655e-3 2.4075e 3
1.4482-3 7248 §) 8716
560e- 6| 330e-§ 27506
840¢- 6| 434e-§ 3lle-§
[ 303e-4 333e- 6
95de-6 176§ 195§
668a- €| 13de-6 171§
2.364e-3 1.133e-3 58 3e-§
35.33e-3| 12.665¢-3] 9.201e-3
24.756e-3(13.3705¢-3] 8.0405e-3
25,327 3[12.6635e- 3] 8.2235e 3
Sum_ |105.7678- 3]  25.996a- 3131 .76%e- 1
|Mean | &.61044e-3] 1.624752-3 4.11758¢- 3
StDov | 7.5100e-3] 2.97052¢-3 5,33506¢-3
| 12210828, 19.000 73e:0.088 799 | sec. All_Procasses

Filitar

Application expanded In [} Tag

Intel VTune (I)
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Bile Edt Mavigate Search Preject Tuning Bun Window Help

= GP-E NN e = =
Start, = Heip i

Related Toples

-SolverExe/vector xB6_64-em64t_dbg: P, 22813:50e 110 ;J

* ABU CIL] Crans Wk B Functian Calls  SeifTime  Total Time Fusl Name Comer Cone | %N Avecage  hveage 4
function  Seif time .. Tatal time...

The lower section of the view || :
orowides i pictorial view of | | 100.00%|  srassy| mvaesy|
program fow to help you | mod_tiow_mp _flow ... 1231 3.7%9.580 3,759,580 mod_fow_mo_flow _outl, 0 100.00% 305161 305161 O
quickly idertify critical mia_fow_mp_Tew_in 1232 1440466 1,440,466 mod_Mow_ma_flow_inke 0 100.00% 117651 117651 O
functions and call Sequances. g Ava v rrn rar e A anmane n nanerasas s nesneanen sl
The upper displaysthe | |2l T =
function information in a table 5

& = [Top 10 Toual Tim 2
fimco F FIERgE A N lesrm Top: [50 =|% Rocatcutata | mighiiget: [Top 10 Total Time QJ

Seiect a function in eithes
section ta highiight it in both
sections.
Secrets of the Call Graph
View

Colsmins in This View

Canfigure the Call Graph for vt
Collector
A1 Topkcs 7 Search

3 pockmaris 5 Indes

BTuning Bro... &  Navigator = 8
- Bkt - hannel B4

Caligraph Activity

| Gragh Call Hst

& Console 1

Tuning Console

| E— | ol
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Intel VTune (Il)

Genetal

Ratios

Events

Event groups: [All Everss
Avallanle events:

L2 STSELF | STATE &

L2_ST.SELF.MESH
L2 _ST.SELF.M_STATE
L2 ST SELFS STATE

Event description

Explain..| 12 store requests

==l Click the “Explain..
sedectad event

Selected events:

=

* button for more details on the j

Event Name Sample After
CPU_CLE_UNHALTED, CORE 2992000
INST_RETWRED.ANY 2992000
SIMD_INST RETIRED.ANY 1000000
BUS_TRANS MEM ALL AGENTS 100000

Run dnformation
Calibration runs: 1
Sampling runs: 1

Definitios

fon: T

Event Mams
Extension

Intel VTune (lll)
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Eile Edit Navigate Segren Project Tuning Bun Whndow Help

Lo R WY G- - i

Start 5 Heolp 1 ==n = Ca

Ralated Topics

- About Sampling Hotspot = cruC
View

Name

The Hatspot view displays

[127,0.0.1) - Sun May 2012

function names assotiated med Now mp flow ou.. 5701 e
with seleted modules that mod_flow mp flow il 2,182 315
have symbal information cale dens.ux. 1014 P o7
available. MAN_ e 1 .
You can grou the hatspats
by Function, Relative Virtual read_caselile_arrays_ 41 126 o
Ausdress (VAL Source Files, sheck_ El s 5
and by Class check_cs_flow_ 1 8 1
You can view the results in a 8 a 3
Table or Morizontal Bar Char R i 3 5
by right-clicking the view and
selecting efther View As Toble for 3 o 1
o View as Bar Chart from the For_flush_readahead 1 0 o
o . : & :
From the Motspat viewyou ||~ —
Activity ID Activity Reslt

AN Topics © Search
B Boskmarks = Index
EATuring Bra.,. 7 Navigstor

Samaiing Activity

Processes  Theeads | Modules  Motipots

+%Run 1
BCPU_CLE UNHALTED.CH
DINST_RETIRED.ANY
DS INST_RETIRED AN

© Consale &
Tuning Cansale

{5un May 20 12:34:23 2007 - Sampling Results [127.0.0,1) |2092008

= mod_ficw_trt.F90

|23 sarp[Eo rCE=[E0 =}
INST_RE SIMDIN BUS TR
sample  samples samples sam|

GAIE 17927 333% 0.49%
2104 11108 137%  030%
06 19690 059% 0.08%
57 135 O04% 007T%
31 0813 00I% 010%
0 0041 0.01% 000%
6 43 001% 001%
5 3767 O00% 0.00%
0 GDO0 0.00% 0.00%
0 0000 000% 0.00%

0 0000

Sun May 20 12:34:21 2007 127,0.0.1 (Run 0] Sampling data was successfully collected.

BBUS_TRANS_MEM.ALL /7]

o o ol

0.37%
0.15%
0.04%
0.00%
0.00%
0,00%
0,00%
0.00%
0.0a%
0.00%

Sun May 20 12:32:07 2007 127.0.0,1 {Run D) Collectson for the following eventis) is being perioamed
Sun May 20 12:32:07 2007 127.0.0.1 {Run 0] CPU_CLK_UNMALTED.CORE, INST_RETIREDANY, SIMD_INST_RETIRED.ANY, BUS_TRANS MEM ALL AGENTS.

155%
1%
0.38%
0.05%
0.07%
0.00%
0.01%
0.00%
0.00%

130242 lwDiRe

Clocks CPUCL INST R SIMD | BUS TR CPU_CLK UN =
par L™ LY - £

12,872,004
4,926,663
2269476

144,503
92572
54.188
47415
18062

2257
2357
2287
- |
]

Events.

BUS_TRANS_MEM
BUS_TRANS_MEM
Clacks per Instr

CPU_CLE_UNHA

CPU_CLK_ UNHA

CPU_CLE_UNHA,

INST_RETIREDA..
INST_RETIRED.A .
INST_RETIRED.AN.
SIMDLINST_RETL.
SIHD_INST_RETL,
S0 ST RETL.,
B o
CPUID HW.

July 2009

(CMMES.09 Tutorial thomas.zeiser@rrze.uni-erlangen.de

HFT

High Performance
Computing

76




Intel VTune (IV) M= Quick analysis of a user code (l) Ta'=

| Compiled using -03 -fomit-frame-pointer -g -p -xW
UREE Set GMON_OUT_PREFIX and run with the provided input
et Al ok st s s display gathered timing data with gprof
e “stream” requires significant time
look at source code

separate routines for collision, propagation and periodic boundary
conditions; no toggle arrays

B _ _ _ “collision optimized” data layout
o - - a0 TGO aain o ae oz Let’s flip the array of the distribution function:
g _ B ) ) N f(i,x,y,z) = f(x,y,z,i)
2L e T = used cpp for most of the work; had to do small changes in the MPI

communication manually (i.e. one send/recv pair per direction instead of
just one big pair)

Again a run with the provided input
significant speedup (see next slide); results still identical
invested time for analysis + optimization: <15 min

About Source/Assembly
View

CPUC INST R SIMD | BUST

T High Performance T High Performance
I'lFI L Computing I'lFI L Computing
- = ﬂ — ﬂ —

Quick analysis of a user code (Il) = ==

gprof profile for

1 of 8 MPI processes

routine calls | original [s] optimized [s] ratio

d3q19 1 1447 849 0,59

stream 1117 480 134 0,28

mcollid 3001 428 430 1,00

collid 1117 160 198 1,24

Ibm 1 147 144 0,98

analyze 558 146 146 1,00

onedimen 1674 22 21 0,95

bcperio 1 13 21 1,62

total 2873 1927 0,67

total elapsed time | | 10:16 min | 4:12 min | 0.41 These slides (including updates if necessary) are also available online at:

http://www.konwihr.uni-erlangen.de/projekte/workshop-lattice-boltzmann-methods/
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