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Abstract

This report presents a comprehensive survey of the effect of different data layouts on
the single processor performance characteristics for the lattice Boltzmann method
both for commodity “off-the-shelf” (COTS) architectures and tailored HPC sys-
tems, such as vector computers. We cover modern 64-bit processors ranging from
IA32 compatible (Intel Xeon/Nocona, AMD Opteron), superscalar RISC (IBM
Power4), TA64 (Intel Itanium2) to classical vector (NEC SX6+) and novel vec-
tor (Cray X1) architectures. Combining different data layouts with architecture
dependent optimization strategies we demonstrate that the optimal implementa-
tion strongly depends on the architecture used. In particular, the correct choice of
the data layout could supersede complex cache-blocking techniques in our kernels.
Furthermore our results demonstrate that vector systems can outperform COTS
architectures by one order of magnitude.
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1 Introduction

Vector computers have long been the architecture of choice for high end
applications from computational fluid dynamics (CFD). In the past decade
rapid advances in microprocessor technology have led to fundamental changes
in high performance computing (HPC). Commodity “off-the-shelf” (COTS)
cache-based microprocessors arranged as systems of interconnected symmet-
ric multi-processing (SMP) nodes nowadays dominate the HPC market due
to their unmatched price/peak performance ratio. However, it has been ac-
knowledged recently that the gap between sustained and peak performance for
scientific applications on COTS platforms is growing continuously [1]. Clas-
sical vector systems are presently the only systems which can bridge this
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performance gap especially for memory intensive codes. The demonstration
of sustained performance numbers of several TFlop/s by the Earth Simulator
(using NEC SX6 vector technology) for a variety of large scale applications
[2] has intensified discussions about the relevance of vector computing. In
the meantime, a new class of vector processor has been introduced with the
Cray X1, which also achieved high sustained performance for a broad range
of (vectorizable) applications, according to first user reports [3].

Before putting effort into the parallelization of a code, the serial performance
of the implementation should be optimized. Therefore it is the aim of this pa-
per to evaluate characteristics of the single processor performance in order to
demonstrate architecture-dependent optimization strategies of a lattice Boltz-
mann kernel and to comment on the discussion about the relevance of COTS
and vector processors for such applications.

We have chosen the lattice Boltzmann method (LBM) [4-8] which has evolved
into a promising alternative for the numerical simulation of (time-dependent)
incompressible flows during the past decade. The high scientific and commer-
cial potential for large scale applications in many areas [9-12] also calls for
a comprehensive performance evaluation of state-of-the art processor archi-
tectures. Moreover, the simplicity of the algorithm allows for an easy imple-
mentation and comparison of different data layouts as well as optimization
approaches.

The remainder of this paper is organized as follows: In Section 2 we first
summarize architectural characteristics of the systems and compiler versions
used in our study. Section 3 gives a brief introduction to the lattice Boltz-
mann method. Starting from a naive implementation of the lattice Boltzmann
kernel, we point out different architecture-dependent implementation and op-
timization strategies (Section 4) and discuss the single processor performance
together with theoretical estimates for the different machines (Section 5).

Parallelization strategies and parallel performance measurements are discussed
in complementary papers [13, 14].

2 Architectural Specifications

In Table 1 we briefly sketch the most important single processor specifications
of the architectures examined. We focus on processors which are widely used
for building large clusters or shared memory nodes as well as on those which
have been developed for use in HPC only. Concerning the memory architecture
of COTS systems, we find a clear tendency towards on-chip caches which run
at processor speed, providing high bandwidth and low latency. The vector



systems (third group of Table 1) incorporate different memory hierarchies and
achieve substantially higher single processor peak performance and memory
bandwidth. Note that vector systems are much better balanced than COTS
systems with respect to the ratio of memory bandwidth to peak performance.

Table 1

Single processor specifications. Peak performance (Peak), maximum bandwidth of
the memory interface (MemBW) and sizes of the various cache levels (L1,1.2,1.3) are
given. The L2 (L3) cache of the Cray X1 (IBM Power4) processor are off-chip caches,
all other caches are on-chip. The L2 and L3 cache in the IBM p690 is shared by
two processors which are placed on a single chip. The Intel Xeon/Nocona processor
can be used with a maximum bandwidth of 6.4 GB/s; the benchmark system was
equipped with DDR~333 providing a bandwidth of 5.3 GB/s only.

\ Single CPU specifications

Platform Peak MemBW L1 L2 L3
GFlop/s GB/s [kB] [MB] [MB]

Intel Xeon DP (3.4 GHz) 6.8  53(64) 16 1.0 -

AMD Opteron (1.8 GHz) 3.6 5.3 64 1.0 -
Intel Itanium 2 (1.4 GHz) 5.6 6.4 16 0.25 1.5
IBM Power4 (1.7 GHz) 6.8 9.1 32 1.44 32.0

NEC SX6+ (565 MHz) 9.0 36.0 - - -

Cray X1 (800 MHz) 12.8 34.1 - 2.0 -

Intel Xeon DP and AMD Opteron

The Intel Xeon (codenamed “Nocona” in its current incarnation) and the
AMD Opteron processors used in our benchmarks are 64-bit enabled versions
of the well-known Intel Xeon/P4 and AMD Athlon designs, respectively, which
maintain full TA32 compatibility. Both systems are capable of performing a
maximum of two double precision floating point (FP) operations (one multiply
and one add) per cycle. The most important difference between both systems
is that in standard multi-processor configurations (2- or 4-way systems are
in common use) all processors of the Intel based systems have to share one
memory bus (reducing the available memory bandwidth per processor) while
in AMD based systems the aggregate memory bandwidth scales with processor
count.

The AMD Opteron benchmark results presented here have been measured at
RRZE on a 4-way Opteron server with an aggregate memory bandwidth of
21.3 GByte/s (=4x5.33 GByte/s). The Portland Group Fortran90 compiler
in version 5.2-1 was used.

The Intel Xeon benchmark measurements were done on a 2-way Xeon server
with an aggregate memory bandwidth of 5.3 GByte/s (cf. dicussion in caption
of Table 1). The benchmarks were compiled using the Intel Fortran Compiler
for Intel EM64T-based applications in version 8.1.020.



Both systems ran SuSE Linux Enterprise Server 9 for x86_64 architectures
under kernel 2.6.5-7.97-smp.

Intel Itanium 2

The Intel Itanium 2 processor is a superscalar 64-bit CPU using the Explicitly
Parallel Instruction Computing (EPIC) paradigm. The Itanium concept does
not require any out-of-order execution hardware support but demands high
quality compilers to identify instruction level parallelism at compile time. To-
day clock frequencies of up to 1.6 GHz and on-chip L3 cache sizes from 1.5 to
6 MB are available. Two Multiply-Add units are fed by a large set of 128 FP
registers, which is another important difference to standard microprocessors
with typically 32 FP registers. The basic building blocks of systems typically
used in scientific computing are two-way nodes (e.g. SGI Altix, HP rx2600)
sharing one bus with 6.4 GByte/s memory bandwidth.

The system of choice in our report is a two-way HP zx6000 workstation with
1.4GHz/1.5 MB CPUs running SuSE Linux Enterprise Server 9 with SMP
kernel 2.6.5-7.97. Unless otherwise noted, the Intel Fortran Itanium Compiler
V8.0 (8.0.046_pl050.1) was used.

IBM Power4

The IBM Power4 is a 64-bit superscalar out-of-order RISC processor with a
maximum clock frequency of 1.7 GHz and two Multiply-Add units. If used
in the IBM pSeries 690, four chips (eight processors) are placed on a Multi-
Chip-Module (MCM) and can use a large interleaved (external) L3 cache of
128 MB aggregated size.

The Power4 measurements reported in this paper were done on a single IBM
p690 node (1.7 GHz Power4+) at NIC Jiilich with the bus frequency being 1/3
of the core frequency.

NEC SX6+

From a programmers’ view the NEC SX6+ is a traditional vector processor
with 8-track vector pipes running at 565 MHz. One multiply and one add
instruction per cycle can be executed by the arithmetic pipes delivering a
peak performance of 9 GFlop/s. The memory bandwidth of 36 GByte/s allows
for one load or store per Multiply-Add instruction. The processor contains 64
vector registers, each holding 256 64-bit words. Vectorization of the application
code is a must on this system. An SMP node comprises eight processors and
provides a total memory bandwidth of 256 GByte/s, i.e. the aggregated single
processor bandwidths can be saturated.

The benchmark results presented in this paper were measured on a NEC SX6+
at the High Performance Computing Center Stuttgart.



Cray X1

The basic building block of the CRAY X1 is a multi-streaming processor
(MSP) which one usually refers to as processor or CPU. The MSP itself com-
prises four processor chips (single-streaming processor [SSP]), each incorpo-
rating a superscalar and a vector section. The vector section contains 32 vector
registers of 64 elements each and a two-pipe processor capable of executing
four double precision FP operations and two memory operations. Running at
a clock speed of 800 MHz, one MSP can perform up to 16 double precision
FP operations per cycle (12.8 GFlop/s) and its memory interface provides
34.1 GByte/s bandwidth. In contrast to classical vector processors, the vector
units can use an L2 cache in situations where cache blocking can be applied.
At first glance long vectorized loops are the preferred programming style since
the MSP unit can operate in a way similar to classical wide-pipe vector pro-
cessors such as the NEC SX6. However, it is also possible to parallelize a loop
nest on an outer level using the SSPs, thereby reducing the impact of vector
start-up times.

The benchmark results presented in this paper have been provided by Cray.

3 Basics of the Lattice Boltzmann Method

The widely used class of lattice Boltzmann models with BGK approximation
of the collision process [4-7] is based on the evolution equation

Fi 4 80t £ 460 = F( 1) — IRE )~ [N )] i=0. N (1)

Here, f; denotes the particle distribution function which represents the frac-
tion of particles located in timestep t at position £ and moving with the
microscopic velocity €;. The relaxation time 7 determines the rate of approach
to local equilibrium and is related to the kinematic viscosity of the fluid.
The equilibrium state f;* itself is a low Mach number approximation of the
Maxwell-Boltzmann equilibrium distribution function. It depends only on the
macroscopic values of the fluid density p and the flow velocity «. Both can be
easily obtained as the first moments of the particle distribution function.
The discrete velocity vectors €; arise from the N chosen collocation points of
the velocity-discrete Boltzmann equation and determine the basic structure
of the numerical grid. A typical discretization in 3-D is the D3Q19 model [7]
which uses 19 discrete velocities (collocation points). It results in a computa-
tional domain with equidistant Cartesian cells (voxels) as shown in Fig. 1.

Each timestep (t — ¢ + 0t) consists of the following steps which are repeated
for all cells:



Fig. 1. Discrete velocity vec-
- o - TZ tors in the different planes for

X the D3Q19 LBM model.

e (Calculation of the local macroscopic flow quantities p and @ from the dis-
tribution functions, p = N, f; and @ = %Zfio fi€i.

e Calculation of the equilibrium distribution f;* from the macroscopic flow
quantities (see [7] for the equation and parameters) and execution of the
“collision” (relaxation) process, f(Z, t*) = fi(Z, t)— 2 [fi(Z, t) — [{(p, ©)],
where the superscript * denotes the post-collision state.

e “Propagation” of the i = 0...N post-collision states f;(Z, t*) to the ap-
propriate neighboring cells according to the direction of €;, resulting in
fi(Z + €;dt, t + ot), i.e. the values of the next timestep.

The first two steps are computationally intensive but involve only values of
the local node while the third step is just a direction-dependent uniform shift
of data in memory. A fourth step, the so called “bounce back” rule [15], is
incorporated as an additional part of the propagation step and “reflects” the
distribution functions at the interface between fluid and solid cells, resulting
in an approximate no-slip boundary condition at walls.

4 Implementation and Optimization Strategies

The explicit lattice Boltzmann algorithm as outlined above can be easily im-
plemented. By removing contributions from zero components of €; as well
as precomputing common subexpressions, the number of floating point op-
erations (Flops) to be executed can be significantly reduced. This results in
roughly 200 Flops per cell update for the D3Q19 BGK model. The actual
number can vary because of compiler optimizations.

A straightforward implementation could consist of three nested loops over the
three spatial dimensions and treat the collision step independently from the
propagation process: First, the values of the current timestep are read from
the local cell, then the relaxation is executed and the results are written back
to a temporary array which is only available within the collision-propagation
routine. This can be done independently for all cells. Finally, in a separate



propagation loop, these values are loaded again and written back to adjacent
cells of the original, globally available array. In order to be able to do the
propagation uniformly even at the boundaries of the computational domain,
an additional ghost layer is added around the actual domain of interest thus
increasing the array size by one in each direction.

Improved implementations, in particular concerning data transfer and access,
are discussed in more detail in the following subsections.

4.1 Standard Version

The number of data transfers can be reduced by executing the collision pro-
cess and propagation step in one loop. Using two arrays — holding data of
successive timesteps t and t+1 — keeps the implementation simple and avoids
data dependencies between the two timesteps. During an update, values are
read from one array and written to the other including the propagation step
(within the reading or writing step). At the end of each timestep the two
arrays are switched, i.e. the source becomes the destination and vice-versa.
Depending on the implementation, the propagation step is realized as first or
last step of the iteration loop, resulting in a “pull” or “push” scheme of the
update process:

Pull: Push:

e read distribution functions from e read distribution functions from
adjacent cells, i.e. f/(Z—€;dt, t—0ot) current cell, i.e. f;(Z, t)

e calculate p, @ and f;4 e calculate p, @ and f;“

e write updated values to current e write updated values to adjacent
cell, i.e. (%, t) cells, i.e. fi(Z+ €;dt, t + dt)

Obviously, the main difference consists in non-local read operations (gather
data) in the first case compared to non-local write operations (scatter data)
in the second.

For the remainder of the paper, the “push” scheme is used. Collision and
propagation are done in one step and the values of the distribution functions
are stored in one array of dimension 5, indexed by the three spatial coordinates,
the discrete-velocity direction ¢ and two timesteps (¢ or t*). In Fig. 2 a sketch
of this standard version is given. The order of the indices of f determines the
memory access pattern and has substantial performance impact. The index
orders (i,z,y, z,t) and (z,v, 2, i, t) have been considered in this report with the
first index addressing consecutive memory locations due to Fortran’s column
major order.



Fig. 2. Code snippet of standard ver-
sion with PropOpt data layout.

realx8 f(0:Nx+1,0:Ny+1,0:Nz+1,0:18,0:1)
logical fluidCell(1:Nx,1:Ny,1:Nz)

Fig. 3. Code snippet of CollOpt-3D
with blocked loops.

real*8 f(0:Nx+1,0:Ny+1,0:Nz+1,0:18,0:1)
logical fluidCell(1:Nx,1:Ny,1:Nz)

real*8 dens, ne,
! outer loops with increment blksize
do zz=1,Nz,blksize
do yy=1,Ny,blksize
do xx=1,Nx,blksize
! inner loops with length <= blksize

real*8 dens, ne,
do z=1,Nz; do y=1,Ny; do x=1,Nx
if ( fluidCell(x,y,z) ) then
! read distributions from local cell
! and calculate moments
dens=f (x,y,z,0,t)+f(x,y,2z,1,t)+ &

f(x,y,2,2,t)+... do z=zz,min(Nz, zz+blksize-1)
... do y=yy,min(Ny, yy+blksize-1)
! compute non-equilibrium parts do x=xx,min(Nx, xx+blksize-1)

ne0=... no further modifications required here
! as x,y,z get the same values as in the
original algorithm
if ( fluidCell(x,y,z) ) then

. same computations as in the
algorithm on the left

f(x ,y-1,z-1,18,tN)=f(x,y,2z,18,t)*.... endif

endif enddo; enddo; enddo

enddo; enddo; enddo enddo; enddo; enddo

! write updates to neighboring cells
f(x ,y ,z , 0,tN)=f(x,y,z, 0,t)*....
f(x+1,y+1,z , 1,tN)=f(x,y,z, 1,t)*....

4.2 Data Layout and Cache Optimization

On cache-based machines, main memory bandwidth and latencies are serious
bottlenecks for memory intensive applications like LBM. In particular, the
organization of data transfer in units of cache lines (typically 64 or 128 bytes)
often results in severe performance problems for non-consecutive data access.
In our implementation each element of the distribution function f is accessed
only once in each timestep. Thus, the major aim of our optimizations for
cache-based processors should be to exploit all entries of a cache line once
it is resident in any level of the cache hierarchy. Using the standard version
described above, we first consider the impact of the data layout. For the sake
of simplicity we assume a cache line length of 16 double words and take into
account one cache level only. We also do not comment on the effect of the if
clause since we focus on problems with low obstacle-densities such as channel
flows. In this section we use the Intel Xeon processor to substantiate the effects
of different implementations and data layouts.

Collision Optimized Data Layout (CollOpt)

In the collision optimized data layout, the 19 distributions of the current cell,
f(0:18, x,y, z,t), are located contiguously in memory. This is conventionally
called an “array-of-structures” arrangement. Two cache lines are loaded for the
collision process, if none of the distributions are available in cache. The first
entries of these two cache lines are used for the computations of the current cell,
the remaining ones will be used in the immediately following next inner loop
iteration where f(0:12, x4 1,y, z,t) are used directly from the cache. Thus, all
entries from the loaded cache lines are used. In the propagation step, however,
the 19 results have to be stored to non-contiguous memory locations. Many
different cache lines (in worst case 19) are involved but only a few entries



(1-3) of each line actually get modified at the same time. Furthermore, the
distributions of a certain target cell, f(0:18,x,y,z,t + 1), are updated by
neighbors from three different z-planes (z — 1,2,z + 1).

Between all these updates, three complete z planes of the two distribution
functions (¢ and ¢ 4+ 1) with a total size of

Memz =2 x 19 x (Nxz +2) x (Ny + 2) x 3 x 8 Byte
~(Nz+2) x (Ny +2) x 1 KByte

(2)

are loaded from main memory to cache. If the cache capacity is less than
Memy, it is likely that the cache lines holding f(0:18, x,y, z,t + 1) are replaced
by other data before all the entries have been updated and therefore must be
reloaded several times. Consequently, we find a significant drop in performance
for the collision optimized data layout on Intel Xeon (1 MByte L2 cache) at
Nz, Ny > 32 (cf. Fig. 4), where Memz > 1156 KByte holds.

Fig. 4. Lattice site up-
date rate (cf. Section b5)
for Intel Xeon as function
of the inner loop length
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If Nz is further increased a second performance drop is visible at Nx
500 — 1000. Following the discussion above, at that point the L2 cache cannot
even hold all data required to compute three successive lines of dimension Nx
in a fixed z plane: Memy ~ (Nz + 2) x 1 KByte

The combination of standard implementation and collision optimized data
layout is referred to as CollOpt in what follows.

Propagation Optimized Data Layout (PropOpt)

The problems of the collision optimized data layout can easily be resolved by
using the propagation optimized data layout (f(z,vy, z,0:18,t)), conventionally
called the “structure-of-arrays” arrangement. The inner loop index x now
addresses successive memory cells. In the propagation step, the updates are



done separately for each direction but consecutive in memory regarding the
inner loop index. Once the 19 discrete velocity components have been loaded
to the cache (cf. discussion about write allocate strategy in sect. 5.1), they
can be modified in-cache on successive x iterations. The same holds for the
collision where at first 19 different cache lines are loaded. Afterwards, the
cached data can be accessed quickly in the successive x iterations. Of course
this layout only pays off because typical cache sizes (~ 1 MByte) are much
larger than the aggregate size of the cache lines accessed separately in collision
and propagation steps: 2 x 19 x 16 x 8 Byte =~ 5 KByte.

The combination of standard implementation and propagation optimized data
layout is referred to as PropOpt in what follows.

A well-known pitfall of the PropOpt data layout are severe cache trashing ef-
fects if powers of two are used in the declaration of the spatial array dimensions
for the distribution function. E.g. declaring real+8 f(0:127,0:127,0:127,0:18,0:1)
and assuming an 8-way associative cache of size 1 MB (as implemented in the
L2 cache of Intel Xeon) at least all the 19 x 2 components of both distribution
functions at a fixed lattice cell are mapped to the same 8 cache locations forc-
ing associativity conflicts and frequent cache line replacements. Fig. 5 clearly
demonstrates the effect, which is more pronounced at larger Nx due to the L2
cache organization. The problem of cache trashing can be avoided by array

6 ————T———— ———————1—6
o--0 CollOpt
r = -m PropOpt . .
5l Intel Xeon 3.4 GHz ¥ % Vetorprop s Fig. 5. Cache trashing ef-
. xyon %t:;;* fect for Intel Xeon at cubic
,\‘,#a X M AN Vo (N = Ny = Nz) com-
%4 LR % % * % Vo 74% putational grid sizes close to
o ¥ RN 2 Nz =064and Nz = 128. The
= 5| 9000 0qylp0 00600 R e P . .
%‘ e 7 r-axis represents the size of
¢ \;é.' 1 the array declaration for the
2 T \‘,‘ -2 distribution function includ-
¢ ing 2 additional ghost layer in
| | | | | | | | | | | | | | | 1 1 1
56 60 64 68 72 120 124 128 132 136 cach spatial dimension
Nx+2 Nx+2
padding.

It is obvious that cache trashing is not a problem for the collision optimized
data layout because the leading array dimension is not a power of two but the
number of discrete velocity directions (which is 19 in our case).

In very good agreement with above considerations about data access patterns,
Figs. 4 and 5 clearly demonstrate the benefit of the PropOpt version compared
to the CollOpt implementation.

3D Blocking (CollOpt-3D)

A familiar technique to improve the locality of data access, especially for the
CollOpt implementation, consists in blocking the three spatial dimensions and
working in the three innermost loops on very small cubic grids only. Replacing
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the actual dimensions of the computational grids(Nz, Ny, Nz) in Fig. 2 by
small domain dimensions Nz, Ny, Nz (e.g. Nv = Ny = Nz = 8), requires
three additional outer loops which provide the offsets of the small domain
with respect to the whole computational domain (see Fig. 3). For a more
detailed discussion we refer to Ref. [16]. If using 3D Blocking we can replace
the sizes of the computational grid in Equation 3 by the sizes of the small
inner block and find Memy ~ 100 KByte for Nx = Ny = 8. In this case, at
least the three z-planes involved in the propagation step for the small domain
fit into the L2 cache of Xeon processors. Consequently, the performance drop
of CollOpt version for Nx > 32 is suppressed when using 3D blocking as
depicted in Fig. 4 by the measurements denoted as CollOpt-3D. The slow
decline in performance of CollOpt-3D at very large Nx can be attributed to
the fact that cubic blocking is used even for extremely long but rather thin
channels (e.g. Nz = 3000; Ny = Nz = 18) which causes some overhead.
Most notably, for intermediate to large problem sizes the CollOpt-3D is still
significantly slower than PropOpt version, which could be caused by repeated
loading of cache lines which involve fluid cells at the surface of the small
domains. In principle, this effect could be minimized by increasing the block
size. This is however not practical because Memy would soon exceed the cache
size.

4.8 Vector Version

For vector architectures, long inner vectorizable loops are mandatory. In our
vector version the three nested spatial loops (z,y, z) are fused into just one
large loop (m) which can be fully vectorized. The distribution function f
is redefined to a three-dimensional array with the first index running over
all cells (e.g. f(z,y,2,0:18,t) — f(m,0:18,¢t) with m = 0,...(Nz + 1) %
(Ny + 1) %« (Nz + 1)). An appropriate mask blocks out the ghost cells (i.e.
cells with x = 0, z = Nz + 1, etc.) from the calculation and propagation
process. Throughout this report we mainly use the propagation optimized data
layout for the vector version and denote these measurements as VectorProp. In
Figs. 4 and 5 we find that the performance of the VectorProp implementation is
almost identical with the PropOpt results. This is not a big surprise since both
implementations use the same data layout and have comparable data access
patterns. The only difference is that the vector loop index also runs over the
additional ghost layers, which however are blocked from computations by the
mask (fluidCells(z,y, z)).
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4.4 Cray X1 Cache Bypass Strategy

The L2 cache of the Cray X1 provides a mechanism for efficiently executing
short vector loops. Contrary to typical cache implementations, the usage of the
L2 cache can selectively be controlled on an array level by a compiler directive
(!DIR$ NO_CACHE_ALLOC). So-called non-allocating loads or stores will then
bypass the cache. In order to be able to tune read and write operations to the
distribution function at the two different time levels separately, we use two
arrays (f; and f;11) of dimension 4 for the CRAY X1 measurements.

4.5  Other Optimization Strategies

In the literature one can find other recent optimization strategies which aim
at reducing memory consumption and/or improving performance.

Pohl et al. [16] extended the idea of blocking and demonstrate the effect of
n-way blocking. In particular a 4-way blocking (3 fold spatial blocking and
additional blocking in time) can provide additional performance improvements
on some architectures.

Pohl et al. [16] and Schulz et al. [17] presented two different “compressed
grid” approaches, i.e. they reduce the total memory consumption almost by a
factor of two by allocating only memory for one set of distribution functions
on a slightly enlarged domain. Already used distribution values of the current
timestep are replaced on the fly by values of the new timestep during the
propagation step, carefully obeying data dependencies.

However, the 4-way blocking algorithm as well as the compressed grids make
it much more difficult to incorporate advanced boundary conditions or models
for more complicated physics as both might depend on pre- as well as post-
collision values of more than just the local cell itself. Therefore, they will not
be further investigated in this paper.

Argentini et al. [18] use the non-BGK model of Ladd [19] and thus succeed
in storing only 9 moments of the distribution functions instead of all the
distribution values themselves. However, they admit that an application of
this idea to the common BGK model is not (transparently) possible.

Pan et al. [20] as well as Schulz et al. [17] presented data structures — in
particular for porous media applications with low porosities (i.e. with a low
ratio of fluid to solid nodes) — which abandon the “full matrix representation”.
Instead, they use 1-D lists with the data of the distribution functions and the
connectivity. This eliminates the need for storing bulk obstacle cells. For low
porosities, a lot of memory can be saved in this way. However, memory access
patterns get much more complicated and include massive indirect addressing.
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As long as vectorization is not prevented, vector systems propably can do
rather rather well despite the indirect memory access [17]. However, on RISC
machines, cache reuse is significantly reduced by the scattered memory access
and thus a considerable performance loss is expected. Careful data ordering
in the lists (e.g. Morton ordering a shown in [20]) can lessen the performance
impact to some extent. However, as the optimal reodering process is probably
np-complete, some heuristics will always be required.

5 Results

In the following, an estimation of theoretically achievable performance num-
bers on different platforms as well as performance measurements with the
different implementations and optimization strategies as outlined above are
discussed. All performance numbers are given in MLUPS (Mega Lattice Site
Updates per Second), which is a handy unit for measuring the performance
of LBM. It allows an easy estimation of the runtime of a real application
depending on the domain size and the number of desired timesteps only.

5.1 Performance Estimation

Based on characteristic quantities of the benchmarked architectures (cf. Ta-
ble 1), an estimate for a theoretical performance limit can be given. Perfor-
mance is either limited by available memory bandwidth or peak performance.
Thus, the attainable maximum performance P in MLUPS is either given as

MemB Peak Perf.
P erzW or p_ eaFer (3)

where B is the number of bytes per cell to be transferred from/to main mem-
ory and F' is the number of floating point operations per cell. Considering
the memory bandwidth as the limiting factor and assuming a write allocate
strategy (additional cache line load is performed on a write miss), we find
B = 3 x 19 x 8 bytes = 456 bytes (per cell for the D3Q19 model). Without
the write allocate requirement (e.g. on NEC SX6), only 304 bytes have to
be transferred. While the memory bandwidth is given by the architecture, the
average number of FP operations per cell slightly depends on processor details
and compiler. Following the discussion in Section 4 we choose F' = 200 as a
reasonable guess for the number of FP operations per cell, which yields a per-
formance equivalent of 1 GFlop/s ~ 5 MLUPS. Table 2 shows the estimated
performance numbers and the maximum of the measured update rates for the
D3Q19 model with a domain size of 1283 for the benchmarked architectures
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Table 2

Maximum theoretical performance in MLUPS if limited by peak performance (Peak)
or memory bandwidth (MemBW). The last column presents the maximum perfor-
mance measured for a domain size of 1283. For the CRAY X1 measurement pre-
sented, the L2 cache was bypassed.

max. MLUPS measurement
Platform Peak MemBW MLUPS
Intel Xeon (3.4 GHz) 34.0 11.8 4.8 PropOpt
AMD Opteron (1.8 GHz) | 18.0 11.8 2.7 PropOpt
Intel Itanium 2 (1.4 GHz) | 27.0 14.0 7.6 PropOpt
IBM Power4 (1.7 GHz) 34.0 20.0 5.9  VectorCol
NEC SX6+ (565 MHz) 45.0 118 41.3  VectorProp
Cray X1 (1 MSP) 64.0 112 349  VectorProp

using the single processor peak performance and memory bandwidth numbers
given in Table 1.

Interestingly, on the vector system, in particular on the NEC SX6+, the per-
formance of our kernel is no longer limited by the memory bandwidth.

5.2 Performance evaluation

The results presented are averages of several benchmark runs on each machine.
In particular, for AMD Opteron and IBM Power4 measurements we found a
significant variation (= 10%) in performance for identical runs. Concerning
the system sizes we have chosen cubic systems up to Nz = 128. For larger
values of Nz, the total system size has been fixed, i.e. we use long tubes with
increasing length and decreasing cross-sections (cf. also discussion in caption
of Fig. 4) .

5.2.1 Performance of Intel Xeon and AMD Opteron

The performance data for Intel Xeon were already presented in detail in Figs. 4
and 5 and we mainly focus here on the AMD Opteron. For all domain sizes,
the AMD Opteron processor is significantly behind Intel Xeon (Fig. 6). More
importantly, the performance shortfall in our measurements is much larger
than expected based on the lower peak performance (for small data sets) and
lower memory bandwidth (intermediate and large data sets) of the processor
itself. For a 1283 lattice we find that while the Xeon processor gets 41% of
achievable performance (based on a memory bandwidth of 5.3 GByte/s; cf.
dicussion in caption of Table 1), the Opteron is only at 23%. Considering that
Opteron processors have an integrated on-chip memory controller, they should
sustain at least the same fraction of theoretical performance as the Xeons. One
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could speculate that the Portland Group compiler, although developed for the
AMD Opteron, still generates sub-optimal code. As a second indication for
this assumption we find only a small performance variation for the different
memory layouts and only a minor performance increase through 3D blocking
for the Opteron processor. With advances in PGI’s compiler technology, one
might expect those shortcomings to be remedied in the future. Finally, it must
be emphasized that the scalability of memory bandwidth in Opteron based
multiprocessor systems — which is a strength of the AMD design — has not
been tested in our measurements. It was demonstrated for a closely related
LBM application in Ref. [13] that the performance gap with respect to Intel
designs can be substantially reduced when using both processors of a 2-way
node.

5.2.2  Performance of IBM Power4+

The performance characteristics obtained on one CPU of an IBM Powerd+
p690 node (cf. Fig. 7 and Table 2) are vastly different from the results of
Intel/AMD systems and do not fit into our considerations concerning optimal
data layout. In constrast to all cache-based microprocessor covered in our
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report, the propagation optimized data layout has not proven to be optimal for
the IBM architecture. For most system sizes, the vector implementation (one
long loop) combined with collision optimized data layout shows a significant
improvement in comparison to the standard version with three nested loops.
Obviously, the Powerd+ has a quite large overhead for starting loops or the
compiler has difficulties in optimizing the loop nest with the large body on the
innermost level. A second indication for this assumption is that 3-D blocking
(CollOpt-3D) does not perform better than CollOpt. A clear benefit from the
large aggregated L3 cache size of a p690 MCM can also not be seen.
Although the Powerd+ CPU is roughly 20% ahead of the Intel Xeon, the
fraction of sustained versus theoretical performance is less than 30%. However,
the high variation in the measurements (even if using a dedicated node) and
the strange performance characteristics indicate that there is room left for
performance improvements through an optimization of system parameters and
advances in compiler technology, respectively.

5.2.3  Performance of Intel Itanium 2

At first glance, the Intel Itanium 2 processor shows similar characteristics as
IA32 compatible processors concerning optimal data layout and cache effects
(see Fig. 8). While the cache trashing effects again occur at same Nx values,

167;{‘Lx=Ny:‘Nz T Nyt Nz=aon
[\ Intel Itanium2 1L4GHz | o5 o 1 Fig. 8. Lattice site update
2 o--e CollOpt-3D 1 rate for Intel Itanium 2 pro-
121 o—o PropOpt (V8.0.046) _ )
Lo, cessor. Besides performance
g e numbers using the default
S 8f s -+ compiler (V8.0.046_pl050.1;
i =4 Build 20040416; see Sec-
Al I Ve ] tion 2) the PropOpt perfor-
i O . Pee g mance using the first release
I 000000 of the same compiler version
| | Ll | IR R | | . 3 3
045 100 1000 (V8..0.046, Build 20040416) is
NXx depicted.

the second drop in performance of CollOpt is shifted to higher Nx values be-
cause of a 50% larger cache capacity.

The main difference to all other COTS processors is that the Itanium proces-
sor provides a significantly higher performance level for all domain sizes and
achieves roughly 50% of the maximum achievable performance given in Ta-
ble 2. In particular, if we consider that the single processor specifications of all
COTS systems are comparable (see Table 1) the Itanium architecture seems
to be extremely well suited for the numerical requirements of LBM. Although
Intel Xeon and IBM Power4 processor provide 20% higher peak performance
they are 30% to 50% lower in performance even if the total computational
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domain (8% or 16%) fits into on-chip caches. In this context, the large register
set of Itanium 2 reduces register spills which cause additional traffic between
caches and registers and arise due to the very complex loop body of LBM.
However, also for intermediate and large data sets where memory access is the
limiting factor Itanium 2 is ahead of its competitors. Here the large number
of prefetch instructions which can be handled both by compiler and memory
subsystem helps to make best use of the memory interface. According to the
compiler logfile, one prefetch instruction for each of the 38 velocity compo-
nents of the PropOpt distribution functions is issued.

A well-known problem of Itanium performance is the quality of the compiler.
To demonstrate the sensitivity to even minor changes in the same compiler
version, performance results for the original build of our default compiler were
included in Fig. 8. Only the in-cache performance is the same for both ver-
sions. For all other system sizes the early build generates code that is roughly
30% slower than when using the more current compiler build (issued 3 months
later). Comparing the logfiles of both versions reveals that the prefetching is
done in a completely different way.

Improvements in compiler technology could be one reason why Itanium per-
formance is almost a factor of two better than the results reported in Ref. [16],
where compiler version 7.0 was used.

5.2.4 Performance of Vector Processors: NEC SX6+ and Cray X1

The remarkable and distinguishable observation for vector systems is that per-
formance does not decrease even for very large domain sizes (Fig. 9). On the
contrary, performance saturates at a high level with increasing problem size.
At first sight, one might attribute the low performance with small problem
sizes to the overhead of loading short vectors when dealing with small do-
mains. Detailed profiling of the code on both vector systems showed, however,
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¢ DR L e + W )
Y S performance data of Intel Ita-
| | | | | 3 1 3 3
% = 100 150 200 ) 300 nium 2 presented in Fig. 8 is

Nx included.

that the computationally intensive collision routine executes with almost the
same performance independently of the domain size with up to about 75%
of the peak performance. Already for the smallest domains, the length of the
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loop in the VectorProp implementation is long enough (8% = 256) to ensure
efficient vector processing. However, for small domains, the ratio of surface
area and total volume is large and therefore the routine for setting the bound-
ary conditions at the borders consumes considerable time (up to 40% for
the smallest test-case), which hurts overall performance. The effect of short
loop length on vector performance becomes evident if performance numbers of
VectorProp implementation and PropOpt version are compared. In the latter
version the inner (vectorizable) loop length is Nz instead of Nx x Ny x Nz
and the (Ny * Nz times) repeated start-up of the vector pipelines leads to a
dramatic performance decrease below Nz = 64 especially for the NEC system.
Of course, if the vectorizable loops are sufficiently long (N2 = 256) only minor
performance variations between the two implementations are visible. For the
Cray system we present results only for complete L2 cache bypass. Using the
cache can improve performance for small domains at the cost of a performance
degradation for larger (Nx > 32) problem sizes [21].

It is worth mentioning that vector processors still outperform even the fastest
COTS processor by a factor of more than 5 for reasonably large domains. If
multiple processors are used within a shared-memory domain this gap grows
significantly due to the bandwidth limitations of Intel/IBM based systems.
Only for extremely small domains, where the on-chip cache of the Itanium
processor can hold the working set, the COTS architecture is competitive. At
this point the main difference between modern cache-based microprocessors
and vector systems for memory intensive applications becomes evident: vector
processors are essentially “cache-only” machines, i.e. their memory bandwidth
is comparable with the typical cache bandwidths of standard CPUs. CFD
codes like the LBM are memory-bound by default, so cache reuse is always
limited and memory access dominates performance.

6 Conclusions

We have presented different implementations of a simple lattice Boltzmann
kernel which is representative for many large scale LBM applications. Re-
stricting ourselves to simple optimization techniques we found that the correct
choice of the data layout is fundamental for achieving high performance. Even
with full spatial blocking, the collision optimized layout was no match for
a straightforward implementation of the propagation optimized layout, with
the notable exception of the IBM Power4. Moreover, the latter layout also
allows an efficient use of vector computers and cache-based microprocessors
with identical code.

The Cray and NEC vector machines provide comparable performance levels
and are a class of their own. Even the latest cache-based microprocessors can-
not match performance of the vector processors. Their performance shortfall
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by a factor 5-10 can be translated into a temporal backlog of at least 5 years
concerning the sustainable single processor performance. The new Itanium 2
processor performs remarkably well and provides a significantly better single
CPU performance than the new 64-bit enabled Intel Xeon or AMD Opteron
processors. While the Xeon processor is substantially ahead of the Opteron
in the single CPU race, we expect a significant decrease of the performance
gap if both CPUs of standard two-way systems are used. IBM Power4 results
fall usually between the IA64 and TA32 performance numbers but show an
irregular charcteristic which cannot be understood using basic considerations
about cache structures.

Future work should extend our investigation to the impact of advanced block-
ing techniques — such as temporal blocking [16] — on the performance char-
acteristics of the different data layouts as well as on the single processor/node
performance.

Furthermore, as unstructured and / or adaptive grids are getting state-of-the-
art for lattice Boltzmann approaches [22], optimization issues related to the
then required vast indirect adressing become important and thus will also be
adressed in future work.
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