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Implementation of plasma stability code on a Cell
cluster system for constant plasma monitoring

Noriyuki Kushida, and Hiroshi Takemiya

Abstract—We developed a high-speed eigenvalue solver and &
matrix generation code that are essential parts of a plasma stabilit Fusion Reactor
analysis system for nuclear fusion reactors on a Cell cluster systen

In order to achieve sustainable operation of the reactors, we mus Data sender I I Reactor controller
evaluate the state of plasma within the characteristic confinemer ‘ y Y

time of the plasma density and temperature. This is because we ce

prevent plasma from being disrupted by controlling the confining I Data receiver I

magnetic field, if we can determine the state of the plasma within the

characteristic confinement time. Therefore, we introduced a Cell tha Matrix generation: A > 0: stable
has high computational power and high performance/cost, to achiev ~1 sec. :

constant monitoring. Furthermore, we developed a novel eigenvalu L A < 0: unstable
solver, which consumes most of the plasma evaluation time. The Eigensolver:

eigensolver is based on the conjugate gradient (CG) method and we =1 sec.

designed by considering hierarchical parallelism of Cell. Moreover, A 4

LU that has both better acceleration and parallel performance than th
formers. Finally, we succeeded in obtaining our target performance - —
we were able to create and solve a block tri-diagonal Hermitian Entire monitoring cycle: 2~3 sec.

matrix containing 1024 diagonal blocks, where the size of each block

was 128x 128, within two seconds. Therefore, we have found a ) i - i
suitable candidate for achieving a satisfactory monitoring system.Fi9- 1. lllustrative overview of the plasma stability analysis system

we developed a new CG acceleration method, called locally complet I Result sender I—

Keywords—PowerXCell8i, Cell cluster, Block tri-diagonal matri-

ces, Eigensolver, Preconditioned Conjugate Gradient Method, Parallel

Computing, Plasma stability analysis, Sustainable plasma operati¢feneration part; the other is the eigensolver. In order to
achieve sustainable operation of nuclear fusion reactors, we

must evaluate the state of the plasma every two to three
|. INTRODUCTION seconds. This is because the characteristic confinement time

N this study, we developed a high-speed eigenvalue soh@&rthe density and temperature in nuclear fusion reactors is

and a matrix generation code on a Cell cluster systefiom three to five seconds[3], and we can prevent plasma
that are essential components of a plasma stability analy§gm disruption by controlling the confining magnetic field.
system for nuclear fusion reactors like International Thermdloreover, we estimated that we must determine the state of
nuclear Experimental Reactor (ITER)[1]. The Japan Atomf€ plasma within half of the characteristic confinement time,
Energy Agency (JAEA) has been developing a plasma stabilhy taking into account the time for data transfer, and other such
analysis system, in order to achieve sustainable operatigftivities. Since we must solve for the plasma state within a
In Fig. 1, we illustrate an overview of the plasma stabilitfluite short time interval, a high-speed computer is essential.
analysis system. The plasma stability analysis system worksA massively parallel supercomputer (MPP), which obtains
as follows: its high calculation speed by connecting many processing

(1)  Obtain the current magnetic field status of the ext&Nits and is the current trend for heavy duty computation, is
rior of the reactor. inadequate for following two reasons.

(2)  Analyze the plasma state using numerical simulation. (1)  We cannot dedicate MPPs to the monitoring system.
(3) Judge the state of the plasma (Plasma is sta-(2) MPPs have a network communication overhead.

ble/unstable, when the smallest eigenval¥eis \ye elaborate on the above two points. Firstly, with regard to

greater/smaller than zero). _ _the first point, when we consider developing the plasma mon-
(4)  If the plasma is unstable, the operating conditiongyring system, we are required to utilize a computer during
are changed, in order to stabilize the plasma.  the entire nuclear fusion reactors operation. That is because

The main component of the plasma stability analysisuclear fusion reactors must be monitored continuously and
system is the plasma simulation program MARG2D [2without delay. For this reason MPPs are inadequate because
MARG2D consists of roughly two parts: One is the matrixhey are usually shared with a batch job system. Further-
N. Kushida and H. Takemiya are with the Center for Comutation more, using an MPP s unrea“StIC’. because of its high _pn(_:e.

' ' at;h:erefore, MPPs could not be dedicated to such a monitoring

Science and E-systems, Japan Atomic Energy Agency, Ibaraki, Japan e-m - ] -
{kushida.noriyuki,takemiya.hirosf@jaea.go.jp system. Next, we discuss the latter point. MPPs consist of
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many processing units that are connected via a network. The
data transfer performance of a network is lower than that of
main memory. In addition, there are several overheads that
are ascribable to introducing a network, such as the time to
synchronize processors, and the time to call communication
functions. These overheads are typically frérn) to O(n?), L2 Cache } Element Interconnect Bus-|.|-
wheren is the number of processors. Even though the over-

ox External

vl

SPE

DDR2
MIc ¢:> Main

memory

heads can be substantial with a large number of processors,
they are usually negligible for large-scale computing, because
the net computational time is quite long[4]. However, the
monitoring system is required to terminate within such a short SPE | SPE
period that network overheads can be dominant. Moreover, the
entire time for computation can be longer when the number
of processors increases. Thus, we cannot utilize MPPs for fii 2
monitoring system.

In order to deal Wit_h the _above difficulties, we intrc_)duce%_ Clustering of QS22
a Cell cluster system into this study. A cell processor is faster ]
than a traditional processor, hence we could obtain sufficientor this study, we constructed a Cell cluster system us-
computational power with a small number of processors. Thidg QS22[7] blades, (developed by IBM), together with the
we were able to establish the Cell cluster system at muMpich2 library[8]. We illustrate an overview of our Cell
cheaper cost, and we can dedicate it to monitoring. MoreovelySter system in Fig. 3. QS22 contains two Cell processors
our Cell cluster system requires less network overhead. Thed®d both can access a common memory space; thus in total,
fore, it should be suitable for the monitoring system. sixteen SPEs are available in one QS22 blade. In addition,

The Cell processor obtains its greater computational pow0 QS22s are connected by a gigabit Ethernet. The Mes-
at the cost of more complex programming. Therefore, v#9€ Passing m'Ferfa_ce (MPI) spec_lflc_atlon is the standard for
also introduce our newly developed eigensolver in the presdf communication interface for distributed memory parallel
paper. The details of our Cell cluster system and the eigenvaff¥nPuting and the Mpich2 library is one of the most well
solver, are described in the following sections (Sections Il af§oWwn implementations of MPI on commodity off the shelf
IIl). The performance is evaluated in Section IV. We also shofusters. Originally, the MPI specification was developed for
how the matrix generation part is ported on our Cell clustdr COMPUter system with one processing unit and one main

system in Section V. The entire performance of our code ?orage unit. This model is simple but not suitable for a
using a practical condition is shown in Section VI. Finally, w el processor, because the SPEs have their own memory and
make conclusions in Section VII. therefore do not recognize a change of data in main memory.

Thus, we combined two kinds of parallelization; the first is
parallelization among blades using Mpich2, and the second is
Il. CELL CLUSTER parallelization among SPEs. We observe, however, that a PPE
. only communicates to other blades using Mpich2 and SPEs do
A. PowerXCell 8i not relate to communication. Moreover, the SIMD processing
PowerXCell 8i, which has a faster double precision comnit of SPE itself is a kind of parallel processor. Then we must
putational unit than the original version, is a kind of Cel¢onsider three levels of parallelization, in order to obtain better
processor[5]. An overview of PowerXCell 8i is shown in FigPerformance of the Cell cluster:
2. In the figure, PPE denotes a Power PC Processor Elemen{l)  MPI parallel
The PPE has a PPU that is a processing unit equivalent to §2)  SPE parallel
Power PC, and also includes a second level cache memory3) SIMD parallel
SPE denotes a Synergetic Processor Element, which consists
of a 128 bit single instruction multiple data processing unit
(hereinafter referred to as SIMD), In earlier studies [6], the
processing unit was called an SPU. together with a local storeAlthough there are numerous eigenvalue solver algorithms,
(LS) and a memory flow controller (MFC), which handle®nly two are suitable for our purposes, because only the
data transfer between LS and main memory. The PPE, SBHallest eigenvalue is required for our plasma stability analysis
and main memory are connected with an Element Interconnegstem. One candidate is the Inverse power method, and the
Bus (EIB). EIB has four buses and its total bandwidth reachether is The conjugate gradient method (hereafter referred to
204.8 Gigabytes per second. Note that the total bandwidth a CG). The inverse power method is quite simple and easy
EIB includes not only the data transfer between the processtogimplement; however, it requires solving the linear equation
unit and the main memory but also data transfer amoig every iteration step, which is usually expensive in terms of
processing units. Therefore, we usually consider the practit@mhe and memory. It is fortunate that the computational cost
bandwidth of PowerXCell 8i to b25.6 Gigabytes per second, of lower/upper (LU) factorization and backward/forward (BF)
which is the maximum access speed of main memory. substitution of block tri-diagonal matrices is linear of order

Overview of the PowerXCell 8i processor

IIl. EIGENSOLVER

320



World Academy of Science, Engineering and Technology 64 2012

Los» Lon]

consuming steps of the algorithm, whereas Knyazev’s original

—| PowerXCellSi | PowerXCell8i |— algorithm seems require three such multiplications. Therefore,
Tl TL T el T 1100 in the present study, we employ Yamada's algorithm. Let
S 2lg|gl2l2]E]2|2 us consider the preconditioning matfix The basic idea of
| | preconditioning is to transform the coefficient matrix close
poses P to the identity matrix by operating by an inverse Bfthat
I I approximates the coefficient matrik in some sense. Even if
Main Giga-bit Main a higher degree of approximation #fto A provides a high_er.
Memory [ Ethemet ™| Memory convergence rate for CG, we usually stop short of achieving
[ [ T = A, because the computational effort can be extremely
[ ppE | PPE expensive. Additionally, an inverse &f is not constructed
_ — explicitly because the computational effort can also be large.
slzlelzlzlzlel s slzlalelzlzle]l s Althoygh the matr.ixT*1 appears in the algorithms, the
15555555 515555555 algorithm only requires solving the linear equation. We usually
employ triangular matrices, or some multiples thereof, for
PowerXCell8i PowerXCell8i because we can such a system with Backward/Forward(BF)

substitutions. It is fortunate that complete LU factorization

for block tri-diagonal matrices can be obtained at reasonable
computational cost; we employed complete LU factorization
to construct the preconditioning matrix.

Fig. 3. Overview of our Cell cluster system

However, .t.h|s Is just for the sequentlall case. We are fOr(:(?d,f\‘l’gorithm 1 Algorithm of the conjugate gradient method as
incur additional computational cost with parallel computing, .. ced by Yamada et al

especially for MPI parallel. According to the articles[9][10]; —

the computational cost of LU factorization increases with al‘ Let xo be the initial guess, ang := 0
small number of processors and is at least twice as great 4s X0 = Xo/[[%oll

the sequential computational cost. In our estimation, such ah Xo = Axo

inflation of computational cost was not acceptable for out H-1:= (x0, Xo)

system. On the other hand, CG is basically well suited t®. Wo = Xo — p1-1Xp

distributed parallel computing, in that the computational cos6. for i =0,1,2,3, ..., until convergencalo

for one processor linearly decreases as the number of proces-
sors that are actually used, increases. For these reasons, gve
employ CG as the eigenvalue solver. Details of the conjugatg
gradient method, including parallelization and the convergengg
acceleration technique that we developed are described in the

following sections. 11

12.
A. Preconditioned Conjugate Gradient 13

CG is an optimization method used to minimize the valug,
of a function. If the function is given by

15.
(%, Ax) 16.
Alx) = (x,x) @ 17.

the minimum value of) (x)corresponds to the minimum 18-
eigenvalue of the standard eigensysteim = )\x, and the 19.
vector x is an eigenvector associated with the minimung0.
eigenvalue. Heré , ) denotes the inner product. The CG al21.

Wk = AWk

Sa = {Wk, xXp, P} { Wi, X, P}

Sp = { Wi, xp, P} {Wk, Xk, Pr}

Find the smallest eigenvalyeand corresponding eigen-
vectorv of Syv = uSpv,v = {v1,va,v3}
pe = (p+ (%% + X)) /2

XE41 1= V1 Wk + V2Xg + U3Pk

Xp1 1= i1 /[ Xnt |

Pk+1 = V1 W} + U3Pk

Prt1 = Prr1/||Prll

Xpq1 =1 Wi + 02Xy, + 03Py

X1 = Xpg1 /[ Xppa |

Py = i Wy + 03Py
Pi1:=Pri1/[|Prs

wi =T (Xpp1 — rXps1)

Wit1 = W1 /[ Wi ||

gorithm, which was originally developed by Knyazev[11] an¢2. end for

Yamada and others showed more concrete algorithm in their
literature[12],[13] (as shown in Algorithm 1). In the figurE,
denotes the preconditioning matrix; the details are introduced

later. Several variants of the conjugate gradient algorithm hage paralelization of the conjugate gradient method
been developed and have been tested for stability. According to

the literature, Knyazev's algorithm achieved quite good stabil- AImost the entire algorithm of CG consists of the following
ity by employing Ritz method, expressed as the eigenprobldffe€ operations:

for Syv = pSpv, in the algorithm. Yamada’s algorithm is (1)  Matrix — vector multiplication

equivalent to Knyazev’'s algorithm; however, it requires only (2)  Vector dot product

one matrix-vector multiplication, which is one of the mosttime (3)  Scalar — vector multiplication
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Note that the normalization of vectors can be carried out Bladel
using (2) and (3). Preconditioning is not discussed in this | |
section but is discussed later. As mentioned previously, three  |**"|**? Bladel |
levels of parallelization have to be considered for the Cell q0n | 102|423 @)
cluster. These three kinds of parallelization for these three
operations are individually discussed in the following sub- 4G.2) | 433)| 43.4) ) %
sections. =T -

1) MPI Paralld: In this sub-section, the parallelization e % X(4)
between two QS22 blades is considered. In the present study, Blade? A58 46,5 465.6) X(5)
this parallelization was achieved using MPI, therefore, we refer
to this situation as MPI parallel. By considering the three A(6.5) | 46.6) 6)
operations, we assigned the memory and vectors as shown Blade2
in Fig. 4. We assumed that the matrix as 6 blocks. The
big square which is shown on the left of the figure is the
matrix A and the two rectangles on the right are the vegior Fig. 4. Memory configuration of matrix and vector on our Cell cluster
The hatched small squares are non-zero blocks and the white
blocks are complete zero blocks. The non-zero blocks have
a location indicator. The blocks for matrices arex m and We observe that this computation can be done in parallel
for vectors arel x m. Firstly, we consider matrix — vector with different ;. Next we consider the vector dot product.
multiplication. Since the matrix is used for matrix — vectofThe strategy is quite similar to MPI parallel; however, the
multiplication, we divided the matrix by rows; namely, the 1gparallelization is based on SPE. Each SPE computes part of the
to the 3rd rows of the matrix are stored in Blade 1, and thoduct and PPE sums the results. Moreover, scalar — vector
4th to the 6th rows are stored in Blade 2. This is also thmultiplication can be done just by subdividing the range of
same for the vector, (1st to 3rd components are in Bladec@amputation.
and 4th to 6th in Blade 2), but extra storage area is allocated
in order to carry out the matrix — vector operation. The reason
for extra storage can be simply explained. When we considér SIMD parallel
the multiplication of A by z, all the calculations except those The SIMD processor is the processing unit that computes
for A(3,4) can be done with(1), z(2) andz(3) on Blade 1, two or more floating point values at the same time and
but then will never terminate if (4) is absent. Therefore;(4) SIMD parallel is the smallest parallelization unit in the present
must be sent from Blade 2 to Blade 1 before the multiplicatiostudy. The SIMD processor provides better computational
In addition, the same situation occurs for Blade 2. Secondperformance than the traditional processing unit; however,
we consider the vector dot product. The way to compute it ieere are two big hindrances to realizing peak performance.
quite simple; we calculate partial sums locally on blades a@he is that the SIMD processor always computes two floating-
exchange them with each other. More precisely, consideripgint values; otherwise we must incur a huge penalty [6].
vectorsz andy, the total productS;,;,; can be written as  In other words, we have to consume more time to complete

one floating-point calculation than to make two floating-point

x(1)

Stotal = Splade1 + SBlade2, calculations. In order to explain the penalty, we consider the

where quite simple operatiort := a + b. SPE needs around 60
3 6 clock cycles (In this case, data load and store operations are
SBladel = Zx(i)y(i)7 SBlades = Z:B(i)y(i). included). However, if we apply a technique which enables us

to use the SIMD processor, we obtain a result within 30 clock
cycles. Therefore, we incur twice as much time cost for one
eflgating-point calculation as for an SIMD calculation.

The other point is that two floating point values that are
processed must be arranged in contiguous address spaces. In
order to avoid the penalty, we added extra zeros (zero padding)
when we cannot compute two floating point values. In Fig. 5,
C. SPE parallel matrix — vector multiplication is used as an example of zero

The QS22 blade has 16 SPEs and each SPE can rurpauding. In the figure, the multiplication of3a 3 block matrix
parallel with each other. Originally, each SPE could contasnd the corresponding vector is considered. In this study, the
its own instruction set; however, we consider them to have thock matrix is stored in a row oriented form (the addresses of
same instruction set in the present study. In other words, W&1, 1) andC(1,2) are contiguous) , because the performance
employ single instruction multiple data parallelization amongf LU factorization of the block matrix, which is required for
SPEs. Firstly, we consider matrix — vector multiplication. Thpreconditioning and which dominates the total computational
computation of matrix — vector multiplication is performed irtime, was better than using storage in a column oriented form,
a block wise manner. In detail, when:= Ax, is computed, in our preliminary test. Furthermore, the performance of the
each SPE computegi) := y(i) + A(,j) = «(j) as an unit. entire matrix — vector multiplication is comparable between

i=1 =4
It is obvious that bottb z;,4.1 @ndSp;q4c2 Can be computed
on the local blade, and the total can be obtained just by
changingSpiade1 @and Spiaqe2. Scalar — vector multiplication
can be performed with no communication.
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1 2 3 4 assume thatd can be factorized intd, and U, where L is
R R PYO)) lower triangular andJ is upper triangular, respectively. The
13 canjcacasn| 0 |8 i : components of. andU can be expressed as follows.
L T i IO
2 |cen|ce)|ce3)| 0 ' i r
x(3) |5 A
3 |cE.lcB)|cE3)| 0 : By Ay
0 E L - ’
......... _ B. A
Fig. 5. Memory configuration for SIMD processing _ _
I ¢
row and column oriented versions. Because the matrix is stored U= I ,
in a row oriented form, the matrix — vector multiplication o Chn
can be computed as an iteration of vector dot products. Now, i I

consider the computation of the first row and vectorThe

matrix originally has three components in a row, thereforghere I is the identity matrix. Block matrices with bars are
The first two components can be computed without difficultgalculated using the following equations.

On the other hand, the third component is by itself and extra

zeros should be added just after the third component. This

zero padding should be applied to the vector not only in the A=A

case of matrix — vector multiplication but also for the vector O A e

dot product and scalar — vector multiplication. This technique Z17 4 o

for the usage of the SIMD processor, as described here, could ~ Ai = A; — BiCi (i=2,...,n—1)
also be used for block-wise matrix — matrix multiplication, LU Ci=4,'C (i=2,...,n—1)
factorization, and BF substitution, all of which are required for A —A —B,Co,

LU factorization of the block tri-diagonal matrix.

E. Complex value handling on the SSMD processor ) ) o
. . The solution step with BF substitution can be expressed as
Usually the real part and the imaginary part of a compl -

value are stored contiguous address space in traditional pro-

graming languages like Fortran. This way is easily comprehen- g — At

sible to human, but is not suitable for the SIMD computation. ! 7171y

This is because the SIMD processor applies a same operation z; = A; (yi — Biz;i_1) (i=2,...,n)
to a set of two floating-point values, and therefore, some kinds  x,, =z,

of complex value operations cannot be performed e.g. we
cannot do multiplication. In this study, we employ a structure

of array (SoA) strategy, which stores a complex matrix with

two arrays i.e. one array is for real part and the other is for ) ) ) ]
imaginary part. By employing SoA strategy, we have to code observe that the algorithms are inherently sequential with

complex value operations by not compilers but ourselves, J§SPECt to the subscript and that therefore only one SPE
can apply the SIMD parallelism. can calculate at a time, whereas QS22 has sixteen SPEs. To

achieve parallel computation, the cyclic reduction method[14]
was employed in this paper. The idea of the cyclic reduction
) ] o o method is to create a group of blocks whose members can
In this section, parallelization for the LU factorization oryg calculated at the same time. In order to create the group,
one Cell processor is described. Firstly, we introduce th& transformAx = b using an orthogonal matri¥’ as
algorithm for sequential block tri-diagonal LU factorization.p 4 pT py — pPb. We assume that the transformed matrix

Wet consider the linear equatioAx = b, with coefficient p 4 p7 ang its LU factor matrices can be expressed as follows.
matrix

Xi:Zi—éiXi+1 (Z:n—l,,l)

F. LU factorization of block tri-diagonal matrices

Ay C1
A G A3 By (3
A= BQ AQ - AS " BS 25 o
T 7 7 7
Cn—l PAP" = 32 02 A2 )
Bn An By Cy Ay
Here, A, B, andC are m by m block matrices. Thenmn Bs Cs Ag
is the overall dimension of the entire coefficient matrix. We Bg Ag
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memory is twice as much as it is on a single computer for the
situation of our final goal (for which the number of diagonal
Ls 0 blocks is 1024 and each block i928 x 128). Furthermore,
U=~ = this parallelization requires communication; therefore the total
By Ch I time of calculation can be longer than twice that of the
B, 91 . I sequential case. On the other hand, we can obtain nearly
Bs Cs I complete LU factorization by ignoring a few blocks; when
L Bg I | we ignoreA(3,4) and A(4, 3) in Fig. 4, we obtain two block
r C 1 ) tri-diagonal matrices that are independent of each other. Since
the absence of these blocks disconnects the relation between
the matrices on the blades, we refer to this technigque as
Uy B, C; localization. Under this realistic condition, we ignore just two
0 A, By : of 3000 blocks. In addition, we observed that the convergence
0 D, A, E. rate of complete LU and locally complete LU are the same
0 D. 4. E for our test problem (See section IV-C). Finally, we have
6 6 6 . . .
0 Ds Ag | employed CG with locally complete LU preconditioning as

the eigensolver.
Here, we employ8 x 8 matrices as an example. The matrix

components after the transformation are obtained as follows.

&

&
o
S

B, =L7'B (i=35,...,n—1) IV. PERFORMANCEEVALUATION

B; = BU} (i=2,4,...,n) In this section, we evaluate the performance of our eigen-
C, = szloi (i=1,3,...,n—1) solver on the Cell cluster. Parallel performance of each type
ol —1 . of parallelization was examined, in order to determine their
Ci—CiUi_H (2—2,4,...,17,—2) . . .

_ T ] beneficial effects. Parallel performance with SIMD was not
Bi - _Eififl (6=46,...,n) examined, because the serialized computation that corresponds
E,=-CiCi1 (i=2,4,...,n—2) to the SIMD computation could not be obtained.
Zi:Ai_Eiéi—l_éiEH—l (i:2,4,...,n—2)

A. SPE paralle

We evaluated the parallel performance of our solver with
spect to SPE (inner QS22) parallel. In Fig. 6, the computa-
fnal time for CG convergence (referred to as elapsed time)
is shown with circles and the speed-up ratio is shown with
L1 O Uy Uis squares. Here, the speed-up rafias defined asS = t,,/t1,

Lo1  Loo } { 0 Uy ] ’ wheret,, is the elapsed time with SPEs, and; is the elapsed

. time with 1 SPE.

we recognize that we can solve the equatiolix = b by The evaluation was carried out for one QS22; thus the

BF substitution when the system bf,, can be solved. Since .
U,y also has a block tri-diagonal structure, we can follow th@umber of SPEs changes frairto 16. The properties of the

same approach fot/s, until the dimension ofU/;; becomes madtrlﬁare_as fOfHOWSHTg:e r|1(u_rrrs12%er 011‘206I;|a%0nag bIock$OQb4,
sufficiently small. Finally, the result for the total system can pahd the size of each bloc x - random NUMDers
re taken as the non-zero components of the matrix. We

obtained by expanding the solution to the larger system frofff'© o .
the smallest. Since LU factorization is carried out cyclicall rovided numbers that were distributed in the rangel.of

. 6 e
from largest to smallest, the term Cyclic reduction is used. 0 10.0 as diagonal components,0 t(_) 10 _asnon dlagona_l
components. We stopped the CG iteration when the residual

norm value became less than the criteriot x 1072,

It can be said that our parallel implementation strategy

Let us consider LU factorization of a block tri-diagonafor SPE works well, because the elapsed time decreases as
matrix, which is employed for preconditioning of CG in thehe number of SPEs increases. However, the speed-up ratio
present study. As mentioned above, preconditioning is justfar from ideal. The speed-up ratio should be linear with
an accelerator for CG convergence and we do not needréspect to the number of processors. This deterioration comes
achieve complete LU factorization. In the other words, a@nom a deficiency in memory bandwidth. In our experience,
approximate LU can be acceptable for our purposes. Then the memory bandwidth of the Cell processor is not sufficient
have to consider the balance between the computational effdaissome matrix operations[15]. In extreme cases, we did not
of preconditioning and the gain from the acceleration of C@btain the speed-up discussed in earlier articles. Considering
convergence. According to studies [9][10], the computationtilese facts, we conclude that our implementation as discussed
effort for complete LU factorization using distributed parallehbove yields a sufficiently good performance.

There computations can be carried out in parallel wi%
respect toi, and therefore we can use all the SPEs at ttg
same time. If Eq. (1) is written as

w-|

G. LU factorization on parallel distributed memory
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Moreover, preconditioning accelerates convergence, in fact,

| @ Elaspsed Time| | ~®- Speed-up Ratio
14 16 making it occur four times as fast as normal.

k le+1 I T T T

10 H . * Locally Complete LU
. N 0 Complete LU

g L 7 . ¢ Without Preconditioning
1 let0 [Ho . S E— — T R

Elapsed Time ( sec. )
oney dn-paadg

Residual Norm

[

(¢
[

—_

Number of SPEs

le-2 %ﬂ

i i
20 30
Number of Iterations

40 50

Fig. 6. Computation time to CG convergence and speed-up ratio for various
numbers of SPEs

Fig. 8. Convergence history of several CG methods

B. MPI parallel

In Fig. 7, the elapsed time and the speed-up ratio for sevefl precision of the estimated eigenvalue
numbers of QS22s are shown. The elapsed time decreaseE

when the number of QS22s increasing; thus we conclude or the purpose O.f plasma momtorlng,.the tln_1e avallablle for
Igenvalue solving is one second. In this section, we discuss

that our intra-QS22 parallel implementation is successfltl. o . . .
o . o e precision of the estimated eigenvalue that can be obtained
Moreover, the speed-up ratio is close to ideal; i.e., we can : . . .
obtain more speed by adding extra QS22s within one second. In table |, the numbers of iterations which
' can be performed within one second and the error of the

resulting minimum eigenvalue are tabulated. In the table, we

L6 —@— Elapsed Time‘ |+Sp€€d-up Ratio A solved same problem by changing the number of QS22s. The
: ‘ ‘ error is defined a$hiue — Aestimated|- AS can be observed
14 L in Fig. 8, the convergence behavior of our solver is smooth.
Therefore, we can obtain a more precise result if we use more
3 121 computing power. In the present study, we can compute around
2 1L %5 5 more iterations when we add one extra QS22. Moreover,
g e the estimated eigenvalue becomes more precise when we add
= 08 k= QS22s. Finally, the error was reduced®g10~%), when we
3 Z use four QS22s.
2 0.6 |- &
& o
= TABLE |
anl NUMBER OF ITERATIONS AND ERROR OF THE ESTIMATED EIGENVALUE
02 OBTAINED WITHIN ONE SECOND.
‘ ‘ # of QS22s| # of iterations Error
os 5 3 1 1 1| 1.71E-03
2 6 | 4.60E-05
Number of QS22s 3 10 T 2 31E-05
4 15 | 7.54E-06

Fig. 7. Computation time to CG convergence and speed-up ratio for various
numbers of QS22s

V. MATRIX GENERATION

o When we consider how to make matrices of MARG2D, we
C. Effect of localization have to take account of following two aspects.

We show the convergence histories of CG, Complete LU (1)  Since we must avoid additional computational time,
preconditioned CG, and Locally complete LU preconditioned even if only slightly, we construct matrices as our
CG, in Fig. 8. In this section, locally complete LU precon- eigensolver uses.
ditioned CG is performed with two QS22s, and the others (2)  How to parallelize.
are performed with one QS22. No obvious difference betweén this section, we elaborate above aspects and show perfor-
complete LU and locally complete LU can be observedanance.
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A. MPI parallel D. Parallel performance of matrix generation

As shown in Fig. 4, the entire matrix is divided row- In order to investigate the performance of matrix generation,
wise manner for MPI parallel. It is fortunate that there is nwe show the parallel performance with respect to the number
dependency between upper and lower part of the matrix excepSPEs within one Cell processor (Fig. 10) and the number of
the connection part (In the figure, A(3,3), A(3,4), A(4,3), an@S22s (Fig. 11). Since the total number of SPEs in one Cell
A(4,4)). These blocks are incomplete only with local data gfrocessor is 16, we measured calculation time by changing the
each PE, therefore, they exchange data with each other. number of SPEs from one to sixteen. As shown, we always

obtained speedup and therefore our implementation works well
on our Cell cluster system. Finally, we could complete matrix

B. SPE paralld generation within one second when we use four QS22s.
MARG2D employs combined method of one dimensional
finite element method (FEM) and spectral method. The tri- 16

diagonal structure of the matrices originates from FEM and - .
block structure originates from spectral method. SPE parallel r 7
should be applied for FEM. However, there are dependencies. i
In Fig. 8, the construction process of the entire matrix is
illustrated. In the figure, small squares show the blocks of the
matrix and large squares show the element matrices. When we
construct entire matrices, calculate element-wise matrices and
then superpose them to the entire. Therefore, if we calculate
element-wise matrices at the same time, there are conflicts.
In the figure (a), hatched square is a conflicted block between 4 ]
Element 1 and Element 2. In order to avoid dependencies, red- - .
black ordering method was employed. That is, we make two 2r N
groups that the elements in one group have no conflicts. This 155 4 g 16
idea is explained using Fig. 9 (b) and (c). In this figure, only Number of SPEs

lower part is used because of simplicity. Elements in “Red”

group (red squares) are shown in (b) and they do not share _ o
any blocks. Therefore, we can apply parallel computatio(ﬁ'hgé é%zz.Parallel performance with respect to the number of SPEs within
On the other hand, Elements in “Black” group (blue squares)
have no conflict but they share some blocks with Elements in
“Red” group (shared blocks are purple squares). However, the
calculation of “Black” group is already done, and the resulted
entire matrix is sound.

Speed Up ratio

Element 1
Element 2

[ [
Speed Up ratio

(a) The entire (b) Red (odd number)  (c) Black (even number)
1 | |
Fig. 9. Construction process of the entire matrix. 2 3 4
Number of QS22s
C. Hotspot Fig. 11. Parallel performance with respect to the number of QS22s.

According to our preliminary calculation time analysis on
an Intel Xeon processor, the following three block-wise matrix
operations require the longest calculation time in the matrix VI. PRACTICAL PROBLEM
generation part: (1) Matrix—matrix multiplication (80% of the In this section, we evaluate the performance of our op-
total), (2) Matrix inversion (5% of the total), and (3) LUtimized plasma stability analysis code by using a practical
factorization (2% of the total). It is fortunate that these thresondition, which have been used to check the performance of
operations also appear in the eigenvalue solver, and therefatapility analysis codes in JAEA. In this section, the resulted
we can reuse them. matrix has1024 diagonal blocks and each block180 x 100.
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The calculation is carried out on one QS22, and 16 SPEs aeveloped three levels of parallelization: MPI parallel, SPE
used. In order to confirm the effectiveness of LU factorizatigparallel, and SIMD parallel. By use of these techniques, we
preconditioning, the convergence history of normal CG (Nachieved solution of the target eigensystem within the target
precond. in the figure), and LU preconditioned CG (Full LUime; we succeeded to solving a system witi24 diagonal

in the figure) are compared in Figure 12. In the figure, thdocks where each block wa28 x 128, within one second.
convergence histories of each methods up to 100 iterations ¥e also complete matrix generation part within one second
shown, while we stopped the calculations when the numban our Cell cluster system. The performance of the entire
of iterations reached 10,000. Additionally, the convergenggasma stability analysis code is evaluated by using a practical
history of block diagonal preconditioned CG (Block diagonatondition, and the result shows that our approach has sufficient
in the figure) is also shown in the figure. Block diagongberformance for plasma monitoring.

preconditioner takes into consideration only diagonal blocks

for preconditioning. Consequently, block diagonal precondi- ACKNOWLEDGMENT
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VIl. CONCLUSIONS

In the present paper, we introduced a high-speed eigenvalue
solution and matrix generation system that is required for the
plasma stability analysis system of nuclear fusion reactors.
We constructed the Cell cluster system using QS22 blades
and the Mpich2 library and developed the plasma stability
code taking into consideration the architecture of Cell pro-
cessor. The eigensolver was based on the CG, and locally
complete LU factorization was employed for preconditioning.
By considering the architecture of the Cell cluster system, we
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