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Summary. Delivering high sustained performance for scientific, memory-intensive applications is a well known
problem in high performance computing (HPC). The main objective in the design of vector computers is to resolve
this challenge. Commodity “off-the-shelf” (COTS) architectures do not mainly focus on HPC requirements, but
dominate the HPC market due to their (often) moderate price-performance ratio. In our report we present
a comprehensive survey of modern processor architectures ranging from IA32 compatible (Intel Xeon, AMD
Opteron), superscalar RISC (IBM Power4), IA64 (Intel Itanium2) to classical vector (NEC SX6) and novel
vector (Cray X1) architectures. Using a kernel from the lattice Boltzmann method (LBM), we point out different
architecture dependent optimization strategies and discuss single processor performance numbers. Our results
demonstrate that vector systems can outperform COTS architectures by more than one order of magnitude.
The NEC SX6 and Cray X1 achieve comparable performance levels on large problem sizes. Comparing different
programming models of the LBM kernel shows the Cray X1 to deliver good performance even on the standard
implementation of this kernel.

1 Introduction

Rapid advances in microprocessor technology have led to fundamental changes in the HPC market over
the past decade. Commodity “off-the-shelf” (COTS) cache-based microprocessors arranged as systems of
interconnected SMP nodes nowadays dominate the TOP500 list [1] due to their unmatched price/ peak
performance ratio. However, it has also been acknowledged recently that the gap between sustained and
peak performance for scientific applications on COTS platforms is growing continuously [2].

Although classical vector systems can bridge this performance gap especially for memory intensive
codes, they only represent a tiny fraction (3.5 %) of all current TOP500 systems [1]. The combination
of high development costs and a limited market volume for HPC systems should mainly account for this
trend. Some authors also speculate that the ASCI program [3] has put very heavy emphasis on the use of
COTS components [4]. Consequently, only one manufacturer of classical vector processors has survived
which, however, set a landmark with the installation of the Earth Simulator (ES) using NEC SX6 vector
technology. Achieving sustained performance numbers of several TFlop/s for a broad range of large scale
applications [5-7], the ES has intensified discussions about the relevance of vector technology. A new
class of vector computers has been introduced with the Cray X1. Although being very successful (10
TOP500 installations) in its first year of commercial availability, the Cray X1 must now demonstrate
high sustained performance for a broad range of (vectorizable) applications.

However, not only the computers evolved. At the same time, new numerical methods have been
developed and existing numerical algorithms and physical models have steadily been improved with
respect to efficiency, applicability and validity. A recent method from the area of computational fluid
dynamics (CFD) is the lattice Boltzmann method (LBM) [8]. Typical applications of the LBM include
3-D resolved flow in porous media [9,10], turbulence research [11,12] and multi-phase flows [13,14].
These application areas are directly linked to systems with many degrees of freedom or equivalently large
domain sizes. Therefore, they require both high floating point performance and also high bandwidth to
main memory.

Owing to the high scientific potential of LBM for large scale applications, it is the aim of this paper to
demonstrate architecture-dependent optimization strategies of a lattice Boltzmann kernel and to evaluate
the single processor performance characteristics of COTS and vector processors. Parallelization strategies
and parallel performance measurements are discussed in a complementary paper [15].
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The remainder of this paper is organized as follows: In Sec. 2 we first present a comprehensive survey of
the architectures used in our study. Section 3 gives a brief introduction to the lattice Boltzmann method.
Starting from a naive implementation of the lattice Boltzmann kernel, we point out different architecture-
dependent implementation and optimization strategies (Sec. 4) and discuss the measured single processor
performance numbers together with theoretical estimates for the different machines (Sec. 5).

2 Architectural Specifications

In Tab. 1 we briefly sketch the most important single processor specifications of the architectures exam-
ined. COTS architectures are offered with a wide variety of different frequencies and cache sizes. The
configurations as presented in the first group of Tab. 1 are those which are in common use in scientific
computing centers. Concerning the memory architecture of COTS systems, we find a clear tendency to-
wards on-chip caches which run at processor speed and provide high bandwidth as well as low latencies.
The vector systems (second group of Tab. 1) incorporate different memory hierarchies and achieve sub-
stantially 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 numbers (Peak), maximum bandwidth of the memory
interface (MemBW) and the sizes of the various cache levels are given. The L3 cache of the IBM Power4 processor
and the L2 cache for the Cray X1 are off-chip caches, all other caches are on-chip. The L2 and L3 cache in the
IBM p690 is shared by the two processors of a dual-CPU chip.

Single CPU specifications
Platform Peak MemBW Ll-cache L2-cache L3-cache

GFlop/s  GB/s kB MB MB
Intel Xeon DP (2.66 GHz) 5.3 4.3 8 0.5 -
Intel Itanium 2 (1.3 GHz) 5.2 6.4 16 0.25 3.0
IBM Powerd4 (1.7 GHz) 6.8 9.1 32 1.44 32.0
AMD Opteron (1.6 GHz) 3.2 5.3 64 1.0 -
NEC SX6 (500 MHz) 8.0 32.0 - - -
Cray X1 (800 MHz, 1 MSP) 12.8 34.1 - 2.0 -

2.1 Intel Xeon DP

The server variant (Xeon) of the Intel Pentium4 processor is widely used in COTS clusters and is well
known for its high clock speed. The 32-bit Xeon processor can execute two double precision floating
point (FP) operations (one multiply and one add) per cycle (SSE2). Using single precision data, the peak
performance is doubled to 4 FP instruction per cycle. The on-chip caches of the Xeon DP (dual-processor
variant) provide high bandwidth (32 Bytes per processor cycle) and low latencies (7 cycles) while data
transfer from memory is limited to 4.3 GByte/s by the front-side bus frequency of 533 MHz. In standard
dual-processor configurations, the CPUs have to share one bus, reducing the available memory bandwidth
per processor by a factor of two.

The benchmark results reported were obtained with the latest Intel IA32 Fortran Compiler (Version
8.0) on a dual-processor node (using the Intel 7501 chipset) running Debian GNU/Linux 3.0.

2.2 Intel Itanium 2

The Intel Ttanium/IA64 processor is a superscalar 64-bit CPU using the Explicitly Parallel Instruction
Computing (EPIC) paradigm. In contrast to classical RISC systems, instructions are loaded in bundles
of three. Only a limited number of combinations among memory, integer and floating point instructions
per bundle are possible. The compiler is responsible for building the bundles and, moreover, has to
specify groups of independent instructions which may be executed in parallel. Groups and bundles are
two concepts that are, in a sense, orthogonal to each other, i.e. although the Itanium can issue two
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bundles per cycle, a group can span any number of machine instructions. Of course this concept does not
require any out-of-order execution support but demands high quality compilers to identify instruction level
parallelism at compile time. While the first incarnation, the Itanium 1, has failed to become successful,
the Itanium 2 is much more promising because of significant improvements in bandwidths, overall balance
and improved compiler technology. The available clock frequencies range from 0.9 to 1.5 GHz and the
on-chip L3 cache sizes from 1.5 to 6 MB. Two Multiply-Add units are fed by a large set of 128 FP
registers, which is another important difference to standard microprocessors (typically 32 FP registers).
Floating point data items bypass the L1 cache and are stored in the on-chip L2 and L3 caches, which
provide high bandwidth (4 load or 2 load/2 store operations per cycle) and low latencies (5-6 cycles for
L2; 10-12 cycles for L3). A large number of Ttanium 2 systems from different vendors is available today.
The basic building blocks of most systems used in scientific computing are dual-way nodes (SGI Altix,
HP rx2600) or four-way nodes (NEC TX7, Bull NovaScale, HP rx5670) sharing one bus with 6.4 GByte/s
memory bandwidth.

The system of choice in our report is a 28 processor SGI Altix3700 system (1.3 GHz; 3 MB L3 cache)
at RRZE running RedHat Linux with SGI enhancements (“ProPack”). The lattice Boltzmann kernels
were compiled with the Intel IA64 Fortran Compiler (Version 8.0).

2.3 IBM Power4

The IBM Power4 processor is a 64-bit superscalar (8-way fetch, 5-way sustained complete) out-of-order
RISC processor with a maximum frequency of 1.7 GHz and two Multiply-Add units allowing for a peak
performance of 6.8 GFlop/s. The basic difference to classical RISC systems is that two processors (cores)
are placed on a single chip sharing high bandwidth (> 100 GByte/s) on-chip L2 cache, off-chip L3 cache
and one path to memory. 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 L3 cache of 128 MB aggregated size. Although
large in size, the L3 cache shows several drawbacks, e. g. long cache lines (512 Bytes), large latencies (up
to 340 cycles [16]) and relatively low bandwidth (11.7 GByte/s for the 1.3 GHz CPU [17]). Moreover, the
L3 cache line spans all four L3 caches of one MCM. If fully equipped, a 32-way IBM p690 node (1.3 GHz
Power4) can offer an aggregate theoretical memory bandwidth of 110 GByte/s for read and 110 GByte/s
for write operations.

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

2.4 AMD Opteron

The AMD Opteron processor is a 64-bit enabled version of the well-known AMD Athlon design. Main-
taining full TA32 compatibility, the Opteron has architectural enhancements that provide a seamless
transition to 64-bit software and at the same time improve overall system performance. These include:

— Integrated memory controller, eliminating the need for a separate north-bridge chip and reducing
memory latency.

— Enlarged register set (compared to TA32) with eight additional 64-bit GP registers and eight additional
128-bit SSE registers.

— Support for Intel’s SSE2 instruction set.

— Three on-chip HyperTransport links (3.2 GByte/s each direction) for coupling to I/O and other Opteron
Processors.

The larger number of GP and FP registers reduces register pressure and enables more aggressive code
optimization strategies than previously possible with IA32 designs. In SMP environments, Opteron pro-
cessors have one path to memory per CPU due to the integrated memory controller. Consequently, the
aggregated memory bandwidth scales with the CPU count. Cache-coherent shared-memory nodes with
up to four processors can be easily built using the on-chip HyperTransport links.

Opteron processors are available with 64 kB of L1 and 1 MByte of L2 cache. The L1 data cache has
two 64-bit ports for a peak bandwidth of 2 loads or stores per cycle. The unified L2 cache is designed as
a so-called “victim cache”, receiving only cache lines that were evicted from L1. The core can sustainedly
execute one FP add and one FP multiply instruction per clock, allowing for a peak performance of 4
GFlop/s at the maximum clock frequency of 2 GHz. The maximum memory bandwidth per CPU is 5.3
GByte/s.
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The benchmark results presented here have been measured at RRZE on a dual-Opteron workstation
(1.6 GHz) with PC2100 memory modules providing only 80 % of the memory interface. Another problem
is posed by the fact that modern, standard-adhering and stable compilers are somewhat scarce for this
CPU, especially for Fortran 90. The Intel ifc compilers produce IA32 executables which deliver a good
performance on the Opteron, however, they are limited to 32-bit and do not make use of the additional
registers the Opteron has. Therefore, we used the Portland Group (PGI) compiler which generates native
64-bit code for the Opteron, although the obtained performance currently is lower than with executables
produced by the Intel compiler with optimization for a Xeon processor.

2.5 NEC SX6

From a programmers’ view the NEC SX6 is a traditional vector processor with 8-way replicated vector
pipes running at 500 MHz. One multiply and one add instruction per cycle can be executed by the
arithmetic pipes delivering a peak performance of 8 GFlop/s. The memory bandwidth of 32 GByte/s
allows for one load or store per Multiply-Add instruction. The processor contains 64 vector registers, each
holding 256 64-bit words. For non-vectorizable instructions, the SX6 contains a 500 MHz scalar processor
with a peak performance of 1.13 GFlop/s. Since the vector processor is significantly more powerful than
the scalar unit, it is useless to run non-vectorized applications on a SX6 and thus vectorization is a must
on this system. Each 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 Arctic Region
Supercomputer Center (ARSC).

2.6 Cray X1

The Cray X1 was designed to be a fully decoupled, highly scalable system with up to 4096 powerful
processors operating on a single global address space. The basic building block of the Cray X1 architecture
is a multi-streaming processor (MSP) which one usually refers to as processor or CPU. The MSP itself
comprises four processor chips, each incorporating a superscalar processor 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 (or eight single precision!) floating point operations and two memory operations.
Running at a clock speed of 800 MHz, one MSP can thus perform up to 16 double precision floating
point operations (12.8 GFlop/s) and issue 8 memory operations (51.2 GByte/s) per cycle. Note that the
ratio of issued memory operations per issued Multiply-Add instruction is the same as for the NEC SX6
processor, but the memory interface of the MSP only delivers 34.1 GByte/s bandwidth and thus can
not saturate the issued load instructions. The full bandwidth however is available for the L2 cache thus
compensating this in situations where cache blocking can be applied.

At first glance long vectorized loops are, of course, the preferred programming style since the MSP
unit can operate in a way similar to classical wide-pipe vector processors such as the NEC SX6. However,
it is also possible that each vector section takes a whole (much shorter) inner loop iteration of a nested
loop, avoiding the rather long start-up times for wide-pipe vector processors. The L2 cache of the Cray
X1 in addition provides a mechanism for efficiently executing on short vector loops as well; Sec. 5 will
show this for small extents of the LBM domain.

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.

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

3 Basics of the Lattice Boltzmann Method

Within the last decade, the lattice Boltzmann method (LBM) [8,18-20] has evolved into a promising
alternative for the numerical simulation of (time-dependent) incompressible flows. Whereas conventional
CFD methods are based on a discretization of macroscopic differential equations (in particular the Navier-
Stokes equations), the LBM follows a bottom-up approach by calculating the evolution of a particle
distribution function. For a recent review of the method including a detailed comparison with conventional
Navier-Stokes solvers, the reader is referred to [20].
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The starting point for a widely used class of lattice Boltzmann models is the velocity-discrete Boltz-
mann equation with the BGK approximation of the collision process

atfi+ei-8xfi:—%(fi—ffq) i=0...N (1)
where x and ¢ are space and time, respectively. f; denotes the particle distribution function which rep-
resents the fraction of particles located at time-step t at position x and moving with the microscopic
velocity e;. The relaxation time 7 determines the rate of approaching the local equilibrium and is related
to the kinematic viscosity of the fluid. The equilibrium state f;? itself is described by an appropriately
discretized version of the Maxwell-Boltzmann equilibrium distribution function which depends only on
the macroscopic values of the fluid density p and the flow velocity u. Both can be easily obtained as the
first moments of the particle distribution function,

N 1 N
p=>_fi and u=-3%"fe. (2)
=0 P =0

The discrete velocity vectors e; arise from the IV chosen collocation points of the velocity-discrete Boltz-
mann equation and determine the basic structure of the numerical grid. A typical discretization in 3-D is
the D3Q19 model [21] which uses 19 discrete velocities (collocation points) as shown in Fig. 1. It results
in a computational domain with equidistant Cartesian cells (voxels).

TN
™ T )
TE
N ~ oNE
W -
- E
sw® - Fig. 1. Discrete velocity vectors for the D3Q19 LBM model. The
directions are labeled according to compass notation while T refers
BW to “top” and B to “bottom”.
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BS

Each time-step consists of the following steps which are repeated for all cells:

— Calculation of the local macroscopic flow quantities p and u from the distribution functions f; according
to Eq. 2.

— Calculation of the equilibrium distribution f; from the macroscopic flow quantities and execution of
the “collision” (relaxation) process

* * 1
Fi (e 1) = filx, 8) = — (filx, 8) = f"(p,0)) (3)
where the superscript * denotes the post-collision state.
— “Propagation” of the ¢ = 0...N post-collision states f(x, t*) to the appropriate neighboring cells
according to the direction of e; gives f;(x + e;0t, t 4+ 6t) which are the values of the next time-step.

The first two steps are computational intensive but involve only values of the local cell while the third
step is just a direction-dependent uniform shift of data in memory. To incorporate a no-slip boundary
condition at solid walls, another step, the so called “bounce back” rule [22], is incorporated as additional
part of the propagation step which “reflects” distribution functions at the interface between fluid and
solid cells resulting in the desired no-slip boundary condition at the wall.

4 Implementation and Optimization Strategies

The implicit lattice Boltzmann algorithm as outlined above can be easily implemented. Through a simple
analysis, the number of required floating point operations can be significantly reduced by taking into
account that quite a lot of the components of e; are zero as well as precomputing common subexpressions.
This results in only about 200 Flops per cell update. Memory access is the other determining factor for
the speed of execution.
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A trivial implementation would consist of three nested loops over the three spatial dimensions and
treat the collision step independently from the propagation process. That means, it would read the
values of the current time step from the local cell, execute the relaxation and write the results back to
a temporary array as this can be done independently for all cells. In a separate nested loop which only
would contain memory operations, these values then would be loaded again and be propagated back to
adjacent cells in the original array.

Quite a number of improvements are possible starting from this trivial implementation. Some of them
are discussed in more detail in the following subsections.

4.1 Standard Version

The collision process can be combined with the propagation step. To keep the implementation simple
and not to care about the order of updating neighboring cells in the propagation step, two copies of
the f; array are again kept in memory — one for the values before propagation and the other for the
values after propagation. 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 time-step the two
arrays are switched, i.e. the source becomes the destination and vice-versa. That means, depending on
the implementation, the propagation step is realized as first or last step of the iteration loop, resulting
in a “draw” or “push” scheme of the update process:

Draw: Push:

— read distribution functions f; from adjacent cells
— calculate p, u and f{¢
— write updated f; values to current cell

— read distribution functions f; from current cell
— calculate p, u and f{?
— write updated f;" values to adjacent cells

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

The data for the values of the distribution functions are preferentially stored in one array of dimen-
sion 5: three spatial coordinates, the discrete-velocity direction i and the time-step (¢ or ¢*). The order
of the indices can have substantial performance impacts. For the remainder of the paper, the algorithm
with the propagation collapsed into the collision step and pushing data with three nested loops over the
spatial directions is called standard implementation (Fig. 2). Only the index orders (z,y, z,1,t) (flipped)
and (i,z,y, z,t) (non-flipped) have been considered with the first index moving fastest as the benchmark
kernel was implemented in Fortran.

4.2 Vector Optimization

For vector architectures, long inner loops are preferential. In the case of the LBM, the three nested spatial
loops (x,y, z) can be fused into just one large loop (m) which is fully vectorized (Fig. 3). However, in
order to be able to do the propagation even at the boundaries of the computational domain, an additional
ghost-layer is added around the actual cubic calculation box together with an appropriate mask which
blocks out the ghost-cells from the calculation and propagation process.

real(kind=8) ,dimension (0:xE+1,0:yE+1,0:2E+1,0:18,0:1) : : f real(kind=8), dimension(0: (1+xE)*(1+yE)*(1+zE),0:18,0:1) :: f
logical, dimension(1:xE,1:yE,1:2zE) :: fluidCell logical, dimension(0: (xE+1),0: (yE+1),0:(zE+1)) :: fluidCell
real(kind=8) :: dens, ne, ... real(kind=8) :: dens, ne, ...
do z=1,zE; do y=1,yE; do x=1,xE do m=0, (1+xE)*(1+yE)*(1+zE)
if ( fluidCell(x,y,z) then if ( fluidCell(m) ) then

! read distributions from local cell and ! read distributions from local cell and

! calculate moments ! calculate moments

dens=f (x,y,z,0,t)+f(x,y,z,1,t)+f(x,y,2,2,t)+... dens=f(m,0,t)+f(m,1,t)+f(m,2,t)+...

! compute non-equilibrium parts ! compute non-equilibrium parts based on local moments
ne0=... nel=...

! write updates to neighboring cells
, 0,tN)=f(m, O,t)*ImOmega+nel
, 1,tN)=f(m, 1,t)*ImOmega+nel

! write updates to neighboring cells
f(x ,y ,z , 0,tN)=f(x,y,z, 0,t)*ImOmega+nel f(m
f(x+1,y+1,z , 1,tN)=f(x,y,z, 1,t)*ImOmega+tnel £ (m+1+(xE+1)

f(x ,y-1,z-1,18,tN)=£f(x,y,z,18,t)*ImOmega+nel8 f(m -(xE+1)-(xE+1)*(yE+1),18,tN)=f (m,18,t)*ImOmega+nel8
endif endif
enddo; enddo; enddo enddo

Fig. 2. Layout of the “standard version”. Fig. 3. Layout of the “vector version”.
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4.3 Cray X1 MSP

As pointed out in Sec. 2.6, controlling the L2-cache for certain variables influences the performance on
the Cray X1. To make use of this in the LBM loop, it has to be taken care that the values f; at the
two different time levels are passed in two different arrays, such that they can be treated separately by
compiler directives. The best performance on the Cray X1 is achieved with the flipped vector version of
the collision routine where the “new” distribution values are not allocated in cache while writing back
to memory. However, since these values are reused in the next time-step, this cache treatment in general
hurts the performance for small problem sizes, especially for the non-flipped version, as demonstrated in
Sec. 5.

4.4 Cache Optimization

On cache-based machines, the path to the main memory is a serious bottleneck for memory intensive
applications like LBM codes. Therefore, a major aim of an efficient implementation is the increase of
cache reuse — if necessary even putting up with additional operations.

A data layout with the 19 discrete-velocity directions i as first index (non-flipped) results in loading
few cache lines and continuous access to the data of a cell. However, the results have to be stored to
non-continuous memory areas and therefore involve many different cache lines. Additionally, the index x
of the inner loop is not the one which changes fastest.

Using (z,vy, 2,1,t) as data layout (flipped), makes the x index moving fastest. In contiguous memory
areas, complete x lines for the different discrete-velocity directions ¢ can be found. To exploit this fact, the
computational work within the = loop is divided into several parts. First of all, current distribution values
of a complete = line are read and the different moments which are required later on for the calculation
of the equilibrium distribution and the non-equilibrium part are precomputed and stored in temporary
arrays. Then in an other loop, the non-equilibrium parts are calculated. Finally, in separate loops for all
discrete velocity directions ¢, the relaxation is executed and the results are written back to the adjacent
cells for the next time-step. By line-wise writing back the data, contiguous memory areas are accessed.
The basic principles of this implementation are summarized in Fig. 4.

Starting at a certain architecture-dependent x size, blocking of the inner loop (z) can be advantageous
in order to ensure that all temporary data remains in the cache. The additional modifications of the code
are outlined in Fig. 5. Of course, the blocking can be easily extended to three dimensional 3-way blocking.

real(kind=8), dimension(1:xE,1:yE,1:2E,0:18,0:1) :: f
real(kind=8), dimension(1:xE) :: dens, ..., do xx=1,xE, BLOCKSIZE
real(kind=8), dimension(1:xE,0:18) :: ne do z=1,zE; do y=1,yE
do z=1,zE; do y=1,yE ! read distributions from local cell ...
! read distributions from local cell and calculate moments do x=xx,min(xE,xx+BLOCKSIZE-1)
do x=1,xE dens (x)=f(x,y,z,0,t)+f(x,y,2,1,t)+...
dens (x)=f(x,y,2,0,t)+f(x,y,2z,1,t)+f(x,y,2,2,t)+... e
c.. enddo
enddo ! compute non-equilibrium parts ...
! compute non-equilibrium parts based on local moments do x=xx,min(xE,xx+BLOCKSIZE-1)
do x=1,iE ne(x,0)=...
ne(x,0) = ...
.. enddo
enddo ! write updates to neighboring cells;
! write updates to neighboring cells; ! separate loops for all directions
! separate loops for all directions do x=xx,min(xE,xx+BLOCKSIZE-1)
do x=1,xE if ( fluidCell(x,y,z) ) then
if ( fluidCell(x,y,z) ) then f(x ,y ,z , 0,tN)=f(x,y,z, O,t)*ImOmega+ne(x, 0)
f(x ,y ,z , 0,tN)=f(x,y,z, 0,t)*ImOmegatne(x, 0) endif
endif enddo
enddo s
.. do x=xx,min(xE,xx+BLOCKSIZE-1)
do x=1,xE if ( fluidCell(x,y,z) ) then
if ( fluidCell(x,y,z) ) then f(x ,y-1,z-1,18,tN)=f(x,y,z,18,t) *ImOmega+ne(x,18)
f(x ,y-1,z-1,18,tN)=f(x,y,2z,18,t) *ImOmega+ne (x,18) endif
endif enddo
enddo enddo; enddo
enddo; enddo enddo
Fig. 4. Cache-optimized code; risc version. Fig. 5. Cache-optimized version with blocking.
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4.5 Other Optimization Strategies

In literature, also some other recent optimization strategies can be found which aim at reducing the
memory consumption and/or improving performance.

Pohl et al. [23] extended the idea of blocking and demonstrate the effect of n-way blocking. In par-
ticular a 4-way blocking (3 fold spatial blocking and additional blocking in time) can provide additional
performance improvements on certain architectures.

Pohl et al. [23] and Schulz et al. [24] presented two different “compressed grid” approaches, i.e. through
a careful consideration of the order of executing the propagation step of the individual cells, they manage
to get almost completely rid of the second f; array. This strategy reduces the total memory consumption
almost by a factor of two. However, it is not clear yet whether the cache reuse is really improved as the
propagation step of [24] has to be done direction dependent.

The 4-way blocking algorithm as well as the compressed grids make it much more difficult to incor-
porate 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.

Argentini et al. [25] use the non-BGK model of Ladd [26] and thus succeed in storing only 9 moments
of the distribution functions instead of all the distribution values itself. However, they admit that an
application of this idea to the common BGK model is not (transparently) possible.

Pan et al. [27] as well as Schulz et al. [24] 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” and use some lists with the data of the distribution functions and the connectivity.
Thus, only memory for the data of fluid cells consisting of the distribution functions and pointers to all
N neighbors are required. For low porosities, a lot of memory can be saved in this way, however, the
memory access patterns get much more complicated and include vast indirect addressing which probably
reduces the performance on vector machines as well as the cache reuse on RISC machines. Details of
ordering the data in the lists (e.g. Morton ordering a shown in [27]) can lower the performance impact.

5 Results

In the following, an estimation of the theoretically achievable performance on the different platforms as
well as measurements of the performance with the different implementation and optimization strategies
outlined above are presented and 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 only.

5.1 Estimation of Achievable Performance

Based on characteristic quantities of the benchmarked architectures (Table 1), an estimation of possible
performance numbers can be made. Considering the theoretical memory bandwidth as the limiting factor,
the number of bytes per cell B to be loaded or stored during an update has to be determined. Assuming
a D3Q19 model and write allocate-behavior when storing to memory, B = 3-19-8 bytes = 456 bytes per
cell and time step must be transfered by the memory bus system. Without the write allocate requirement
(e.g. on NEC SX6), only 304 bytes have to be transfered. The attainable performance P in MLUPS
therefore accounts to MemBW
em
P= 5 (4)
In contrast, assuming the peak performance of the processor to be the performance bottleneck, the
performance P yields to Peak Pert
eak Perf.
P=— (5)
where F' is the number of floating point operations per cell.

While the memory bandwidth is given by the architecture, the average number of Flops per cell
is slightly architecture and compiler dependent. Counting the operations in the source code as well as
looking at profiling output using the highest available optimization level on different architectures, gives
an average of 200 Flops per cell update. That means 1 GFlop/s is equivalent to about 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 1003 or 1282 for all benchmarked architectures.
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Table 2. Comparison of the maximal performance owing to the peak performance (column Peak) or memory
bandwidth (column MemBW) and the maximum of the measured update rates for the D3Q19 model and a domain
size of 100% or 128°.

max. MLUPS measurement
Platform GFlop/s GByte/s|Peak MemBW |max. MLUPS achieved for 100 / 1283
Intel Xeon (2.6 GHz) 5.3 4.3 26.5 9.4 3.0 risc, flipped, 1003
Intel Itanium 2 (1.3 GHz)| 5.2 6.4 |260 14.0 6.9 risc, flipped, 1003
IBM Power4 (1.7 GHz) 6.8 91 |340 200 4.2 vector, non-flipped, 1283
AMD Opteron (1.6 GHz) 3.2 5.4 16.0 11.8 2.4 risc, flipped, blocked, 100®
NEC SX6 (500 MHz) 8.0 32.0 |40.0 105 35.4 vector, flipped, 1283
Cray X1 (1 MSP) 12.8 34.1 | 64.0 112 34.9 vector, flipped, no-cache, 1283

5.2 Measurements

For clearness reasons, from all the measurements done, only those algorithms are plotted in the following
diagrams which give the best performance or show a remarkable behavior on the respective machine.

Workstations with Intel Xeon and AMD Opteron CPU

The Intel Xeon CPUs are well known for their high clock frequencies. Therefore, for very small system
sizes, a quite high update rate can be obtained with all standard versions. With increasing system size
or length of the inner loop, the performance of the non-flipped standard version is decreasing quickly.
The flipped standard version remains at rather high level over the complete range investigated. The cache
optimized RISC algorithm slightly outperforms the standard version in the range of medium loop lengths.
Blocking of the inner loop ensures that the performance does not decrease for large inner loops.

10 — T T ———
n=n=n, n *n *n =const
" w -v standard, non-flipped . . .
81  Intel Xeon, 2.6 GHz standard. flipped - Fig. 6. Lattice site update rate on an In-
| A A TiSC, f|ipbaj tel Xeon (with Intel Fortran compiler 8.0)
i \\ o o risc, flipped, x-blocking (100) i as function of the length n, of the inner
6 _ loop.
& \‘ .
3 - R For a system size up to n, = 128 all three
@ O spatial directions are equally increased.
= 4+ OV | y
W For larger values of n,, the dimensions of
\ . . .
N ol o5 ] the other two spatial directions have been
\\\V\ S ~ ®%e-e-e-__¢ reduced to give a constant total system
2+ =" T - _ - & A p 7 size still fitting into the RAM of the ma-
B T #===4  Chine.
i V= - — - Y
olesl | | L
10 100 1000

The measurements on the AMD Opteron machine scattered heavily although no other jobs or users
were active. The lines drawn in Fig. 7 try to show the general trend. Good performance is achieved with
the flipped standard algorithm for the complete range of system sizes investigated. The cache optimized
RISC version does not improve things, however, when used together with blocking of the inner loop,
slightly higher update rates than with the standard version are obtained in the intermediate range.

Although the clock frequency of the Opteron system is much lower and the PGI compiler currently
is less advanced, the Opteron reaches a similar overall performance as the Intel Xeon does. Using the
Intel ifc compiler (with Xeon optimizations switched on), a slightly better performance could be obtained,
however, the ifc compiler is limited to 32-bit and does not make use of the additional registers the Opteron
has. It is therefore expected that the Opteron and its compilers still have quite some margin for further
performance improvements — although first tests with the PGI compiler 5.1 did not show much difference
yet.
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SGI Altix with Intel Itanium 2 CPU

For small domain sizes, all standard versions show a very high update rate owing to the efficient cache
usage. Flipping does not have a noticeable effect, also blocking does not significantly alter the results (as
expected). The strong change of the slope at a system size of 322 (about 10 MB data) marks the point
where the data no longer fits into the caches. The risc-flipped version gives a poor update rate for these
small domains. When switching on blocking, the update rate is even worse in this case. This finding is
not surprising as the data more or less fits into the caches and therefore the risc optimization with the
additional loops and temporary arrays only cause additional overhead.

Already at small/medium system sizes, the standard version drops to a relatively low level which
further decreases for large values of n,. However, for a wide range of medium/large loop lengths (while
keeping the total system size constant beyond n, = 128 by shrinking the other dimensions) the non-
blocked, flipped risc version is superior. x-blocking only improves the results slightly for very large values
of n.

Going to really huge domains by keeping cubic domains, i.e. always increasing all directions by the
same factor, gives a slightly different behavior and 3-D blocking of the non-flipped standard algorithm
with small blocking factors pays out. Through the 3-way blocking, the update rate thus can be kept at a
high level even for huge domain sizes. A 3-way blocking of the risc-flipped version, however, is not efficient
at all. The significant decrease of the cyan curve (triangles) in Fig. 8 at a system size of 3003 is related
to the fact that additionally non-local memory of the SMP system has to be used which decreases the
available memory bandwidth.
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IBM p690 with IBM Power4+ CPU

The results obtained on one CPU of a IBM Powerd+ p690 node are disappointing. The cache optimized
risc version did not show any improvement. The non-flipped data layout proved to be the best for this
architecture. For small and intermediate system sizes, the vector variant is the best one, however, for
very large lengths of the inner loop (while keeping the total domain size constant), the standard version
is getting better. A remarkable point is that — in contrast to the Itanium or IA32 systems — the IBM
does not obtain the highest performance for the smallest system size. Obviously, the IBM has a quite
large overhead for starting loops or calling subroutines and benefits from the large cache sizes. The
change of slope between a domain size of 643 and 100% which can be clearly detected for the non-flipped
vector and standard version can be attributed to the aggregated L3 cache size of a p690 MCM. Tests
with different blocking sizes of the inner loop showed that an intermediate blocking factor can give a
certain improvement for large domain lengths. However, although the theoretical performance estimate
for a Powerd+ CPU results in much higher update rates than an Itanium 2, practice shows a completely
different behavior making the IBM p690 not the ideal choice for CFD applications.
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Vector systems: NEC SX6 and Cray X1

A clearly remarkable observation for the vector systems is the fact that there is no performance decrease
for very large domain sizes (tested up to 5123). It is even the other way round. With increasing system size,
the performance is increasing. At first sight, one might attribute this fact to the overhead of loading short
vectors when dealing with small domains. However, a detailed profiling of the code on both vector systems
showed that the computational intensive collision routines executes with almost the same performance
independently of the domain size with up to about 75% of the peak performance. Already for the smallest
domain sizes, the vector length of the wvector-optimized algorithm is long enough to ensure an efficient
vector processing. However, for small domain sizes, the ratio between surface area and total volume is
large and therefore, the routine for setting the boundary conditions at the borders of the domain consume
considerable time (up to 40% for the smallest test-case) which decreases the shown total performance of
the benchmark application.

It is remarkable that the index order has a significant effect even on the NEC SX6. It turned out that
the flipped version shown in Fig. 10 is better than the non-flipped data layout. The reason is not clear in
the moment as there were no significant bank conflicts or I/O-Cache misses in either case.

On the Cray X1, there are even bigger differences between the various algorithms and data layouts.
For all measurements the distribution values after collision (i.e. f/ at time tN) are not allocated in
the cache by default. If this array is allocated in cache, we denote this with ’cache’. The flipped vector
algorithm with the special no allocating cache treatment for the array f; performs best for large problem
sizes. This special cache treatment is helping for domains with 32232232 or more cells. For very small
problem sizes the non-flipped vector variant with f; allocated in the L2-cache can outperform the vector
version, since there is a lot of cache reuse of the variable f possible.
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It is remarkable that the standard version of the algorithm without any modifications already performs
rather well on the Cray X1. As the machine is quite new, it is expected that the obtained performance
will further increase in the future with updated releases of the compilers and perhaps other adaptions of
the algorithms to specific features of the machine.
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6 Conclusions

For the LBM, we demonstrated that the “tailored” vector architectures, NEC SX6 and Cray X1, provide
comparable single processor performance which cannot easily be matched by other systems which are
behind by a factor of 5-10. The new Itanium 2 processor performs remarkably well and provides a signif-
icant performance gain compared to other microprocessors such as the IBM Power4, Intel Xeon or AMD
Opteron. The “computer pyramid” built by COTS clusters at the base, tailored vector HPC systems at
the top and clusters of shared memory systems with tailored components (e.g. high-speed interconnects)
for the gap in between, seems to be the only suitable model to meet the different requirements of HPC
users and codes. However, for large scale CFD applications, only tailored high-end HPC vector systems
seem to be able to provide a sustained performance of more than 1 TFlop/s with reasonable processor
counts (e.g. 256 vector processors [28]). Comparable performance would require — even assuming ideal
parallel speedup — several thousands of cache-based microprocessors connected via expensive high-speed
interconnects [15, 28].
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