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PEZY-SC processor

• MIMDアーキテクチャ 
• 1024 Processing Element (PE)がそれぞれ命令列を処理

• dual-issue / SMT アーキテクチャ

• 単精度 2 積和算/サイクル

• 倍精度 1 積和算/サイクル

• PEが階層構造で組み合わされている


• アクセラレータ 
• ホストCPUからPCIeを介して制御

• 他のPEZY-SCとの通信もホスト経由



PEの階層構造
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http://news.mynavi.jp/articles/2014/09/17/pezy/  より

http://news.mynavi.jp/articles/2014/09/17/pezy/


PEの階層構造
• Villageブロック 4 PE 

• 2PEごとに一次データキャッシュを共有


• Cityブロック 4 Village (16 PE) 
• 二次データキャッシュを共有

• Special Function Unit (SFU) : 除算, 剰余, 平方根など


• Prefecture 16 City (256 PE) 
• 三次データキャッシュを共有


• Top level 4 Prefecture (1024 PE)



命令実行の概要
• PEごとに8スレッドがSMT動作 

• それぞれがプログラムカウンタを保持する

• それぞれがレジスタファイルを保持する

• PEごとに命令キャッシュを持つ

• ローカルメモリは共有


• 全体で最大8192スレッドが同時動作 
• 各データキャッシュ階層ごとに明示的に同期可能

• これはOpenCL Kernel APIとは非互換


• OpenCL互換のPZCLでカーネル開発 
• ホストコードはOpenCL APIでI/Oおよびカーネル駆動



Suiren(睡蓮) 
• PEZY-SC利用の初めてのクラスタシステム 

• 高エネルギー加速器研究機構　計算科学センター

• ZettaScaler-1.0 2014年10月稼働

• Rmax 202.6 TFLOPS (2015年6月 TOP500)

• 6.22 GFLOPS/W (Green 500 v1.2 rule 2015年11月)



Suirenノード構成



Suiren(睡蓮) 





性能評価の手法について
• OpenCLコードをPZCL用に修正 

• カーネルには大きな修正なし

• 共有メモリ(__local)の利用はなし

• PZCL特有のkernel APIは利用していない

• ホストコードもOpenCLのまま。スレッド起動数は調整。

Name PEZY-SC K20c R280X
Architecture PEZY-SC GK110 Tahiti XTL
Compute Unit 1024 PE 13 SMX 32 CU
Clock (MHz) 733 706 850
Memory Type DDR3 GDDR5 GDDR5
Memory Size(GB) 32 5 3
Memory BW (GB/s) 85.3 208 288
SP Performance (GFLOPS) 3000 3524 3482
DP Performance (GFLOPS) 1500 1170 870
Programming Framework PZCL CUDA/OpenCL OpenCL

Table 1. Comparison of PEZY-SC and GPU architectures evaluated in the present
paper.

3 Performance Evaluation of PEZY-SC

In this section, we present performance evaluation of PEZY-SC processor with
single chip configuration. In previous years, we have implemented a several sci-
entific applications in OpenCL targeting mainly for GPU architectures. We have
modified those existing applications, such as gravitational N-body simulations,
fluid simulations, Tsunami modeling and multiple precision arithmetic opera-
tions, compatible with PZCL. In this paper, we reused OpenCL kernels of those
applications as it is, i.e., we did not optimize those applications comprehensively
for PEZY-SC architecture.

3.1 Gravitational N-body simulations

To properly simulate astronomical object such as star clusters and dense galactic
centers at which black holes are orbiting in N-body (particle simulation) tech-
niques, we have to evaluate mutual gravity force between stars and black holes
precisely and integrate the orbit of particles using an effective numerical scheme
called Hermite scheme [9, 5]. Given number of particles N in such simulations,
the Hermite scheme for integration of the N-body model requires O(N2) oper-
ations for the calculation of mutual gravity with the direct summation method
of all N ×N pairs and O(N) operations for the integration. The calculation of
O(N2) part is effectively accelerated by special purpose computers [16, 10] or
GPU architectures [2]. The Hermite scheme is an predictor-corrector integra-
tion scheme. We need to calculate not only gravity force A (second derivative
of the position vector of particles ) but also third derivative called “jerk” as
J for the predictor. Given A and J for the current time step, we first predict
position and velocity of particles (O(N) complexity) and calculate new A and
J from the predicted values (hereafter we call this as “gravity” calculation with
O(N2) complexity). Finally, we apply the corrector (O(N) complexity) using
even higher derivatives that are computed from A and J for the current and the
predicted values.

比較したアーキテクチャ



PZCL/OpenCL カーネル共通化
#ifdef _PZC_KERNEL 
#include "pzc_builtin.h" 

#define KERNEL(xxx) void pzc_##xxx 
#define __global 

unsigned int get_global_id(int i) 
{ 
  if (i == 0) return get_tid(); 
  if (i == 1) return get_pid(); 
  return 0; 
} 

unsigned int get_global_size(int i) 
{ 
  return get_maxtid(); 
} 
#else 

#define KERNEL(xxx) __kernel void xxx 

void flush() {} 
#endif 

KERNEL(force_pot_grav_jerk_11_DS) 
(….

カーネルソースのヘッダ部分　抜粋

カーネルの定義



性能評価した計算科学アプリ
• 重力多体問題 O(N2) 

• 粒子間相互作用計算カーネルの性能

• Hermite積分法による軌道積分

• MPI並列によるSuirenの性能評価


• 流体シミュレーション O(N log N) 
• octree法による相互作用カーネルの高速化

• Smoothed Particle Hydrodynamics(SPH)法


• ステンシル計算 O(N) 
• 津波進化計算：浅水方程式の解法MOSTの並列化



star cluster galaxysolar system

cluster of galaxies

宇宙の粒子シミュレーション



Hermite積分法の性能評価(1)
• 重力多体問題専用計算機GRAPE用に開発 

• 予測子-修正子法

• 今回の実装は時間精度4次の積分法

• タイムステップブロック化積分

eration on multiple data simultaneously, implemented on
recent central processing units (CPUs) instead of making
use of external hardware accelerators. Since Pentium III
released by Intel Corporation in 1999, CPUs with x86 ar-
chitecture have supported a set of SIMD instructions called
Streaming SIMD Extensions (SSE). Nitadori et al. (2006b)
(NMH06) applied the SSE instructions to the force calcu-
lation in N -body simulations, and calculated four interac-
tions among particles in parallel. NMH06 achieved about
three times higher performance than the case without the
use of the SSE instructions. Furthermore, Nitadori et al.
(2006a) (NMA06) demonstrated that the performance of
CPUs with the aid of the SSE instructions is comparable
to GRAPEs and GPUs in massively parallel simulations.
Recently, a new processor family with Sandy Bridge

micro-architecture has been released by Intel Corporation.
The processor supports a new set of instructions known
as Advanced Vector eXtensions (AVX), an enhanced ver-
sion of the SSE instructions. In the AVX instruction set,
the width of the SIMD registers are extended from 128-
bit to 256-bit. Hence, an AVX instruction set is able to
process twice amount of data than the SSE instruction
set. This suggests that a processor with the AVX instruc-
tion set should be able to compute accelerations twice as
fast compared to its SSE-only counterpart. The AVX in-
structions are also supported by the next-generation CPU
”Bulldozer” released by AMD Corporation.
In this paper, we present a new N -body code imple-

mented using the AVX instructions. In our N -body code,
we adopt a fourth-order Hermite scheme with individual
timestep scheme (Makino & Aarseth, 1992) for its time in-
tegration, which is widely used for collisional N -body sim-
ulations. We have achieved 20 giga floating point number
operations per second (GFLOPS) per processor core for
N -body simulations. This performance is two times higher
than the case in which we use the SSE instructions.
This paper is organized as follows. In section 2, we out-

line the algorithm of the fourth-order Hermite scheme. In
section 3, we describe our implementation for the N -body
code using the AVX instruction set. In section 4 and 5, we
show an accuracy and performance of our N -body code,
respectively. The results are summarized and discussed in
section 6.

2. Algorithm

The fourth-order Hermite scheme is a kind of a predictor-
corrector method, developed by Makino & Aarseth (1992).
We outline its algorithmbelow. The predictor of ith particle
is given by Taylor series as
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where ∆ti, ri, vi, ai, and ji are the timestep, position, ve-
locity, acceleration, and its first-order time derivative (jerk)
of ith particle, respectively, and the superscripts (0) and
(p) indicate quantities at the current time and predicted
quantities, respectively. Using the predicted position and

velocity, r(p)i and v
(p)
i , the acceleration and jerk of ith par-

ticle are evaluated as

a
(1)
i =

N
∑

i̸=j

Gmj
[

(

r(p)ij

)2
+ ε2

]3/2
r
(p)
ij , (4)

j
(1)
i =

N
∑

i̸=j

Gmj
[

(

r(p)ij

)2
+ ε2

]3/2

⎡

⎢

⎣
v
(p)
ij −

3r(p)ij · v(p)
ij

(

r(p)ij

)2
+ ε2

r
(p)
ij

⎤

⎥

⎦
,(5)

where r
(p)
ij = r

(p)
j − r

(p)
i , v(p)

ij = v
(p)
j − v

(p)
i , and r(p)ij =

|r(p)ij |, and the superscript (1) indicates quantities at the

next time. Additionally, the potential of ith particle, φ(1)
i ,

given by

φ(1)
i = −

N
∑

i̸=j

Gmj
[

(

r(p)ij

)2
+ ε2

]1/2
, (6)

is computed for checking the validity of the energy conser-
vation.
The corrector is based on the third-order Hermite inter-

polation constructed using the old acceleration and jerk,

and the new ones (a(0)
i , j(0)i , a(1)

i , and j
(1)
i , respectively).

From the third-order Hermite interpolation polynomial, we
can obtain the second-order and third-order time deriva-
tives of acceleration, which are so-called snap (s(0)i ) and

crackle (c(0)i ), respectively. The formulas for the snap and
crackle are expressed as
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The corrections for the position and velocity are given by
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Usually, individual timestep scheme is adopted in the
Hermite scheme. The timestep of ith particle is given by
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where η is an accuracy parameter (Aarseth, 1985). Practi-
cally, we employ a hierarchical timestep scheme (Makino,
1991) for SIMD programing and parallelization; we dis-
cretize the timesteps in a power of two hierarchy, where all
timesteps are shorter or equal to the timesteps obtained
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chitecture have supported a set of SIMD instructions called
Streaming SIMD Extensions (SSE). Nitadori et al. (2006b)
(NMH06) applied the SSE instructions to the force calcu-
lation in N -body simulations, and calculated four interac-
tions among particles in parallel. NMH06 achieved about
three times higher performance than the case without the
use of the SSE instructions. Furthermore, Nitadori et al.
(2006a) (NMA06) demonstrated that the performance of
CPUs with the aid of the SSE instructions is comparable
to GRAPEs and GPUs in massively parallel simulations.
Recently, a new processor family with Sandy Bridge

micro-architecture has been released by Intel Corporation.
The processor supports a new set of instructions known
as Advanced Vector eXtensions (AVX), an enhanced ver-
sion of the SSE instructions. In the AVX instruction set,
the width of the SIMD registers are extended from 128-
bit to 256-bit. Hence, an AVX instruction set is able to
process twice amount of data than the SSE instruction
set. This suggests that a processor with the AVX instruc-
tion set should be able to compute accelerations twice as
fast compared to its SSE-only counterpart. The AVX in-
structions are also supported by the next-generation CPU
”Bulldozer” released by AMD Corporation.
In this paper, we present a new N -body code imple-

mented using the AVX instructions. In our N -body code,
we adopt a fourth-order Hermite scheme with individual
timestep scheme (Makino & Aarseth, 1992) for its time in-
tegration, which is widely used for collisional N -body sim-
ulations. We have achieved 20 giga floating point number
operations per second (GFLOPS) per processor core for
N -body simulations. This performance is two times higher
than the case in which we use the SSE instructions.
This paper is organized as follows. In section 2, we out-

line the algorithm of the fourth-order Hermite scheme. In
section 3, we describe our implementation for the N -body
code using the AVX instruction set. In section 4 and 5, we
show an accuracy and performance of our N -body code,
respectively. The results are summarized and discussed in
section 6.

2. Algorithm

The fourth-order Hermite scheme is a kind of a predictor-
corrector method, developed by Makino & Aarseth (1992).
We outline its algorithmbelow. The predictor of ith particle
is given by Taylor series as
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where ∆ti, ri, vi, ai, and ji are the timestep, position, ve-
locity, acceleration, and its first-order time derivative (jerk)
of ith particle, respectively, and the superscripts (0) and
(p) indicate quantities at the current time and predicted
quantities, respectively. Using the predicted position and

velocity, r(p)i and v
(p)
i , the acceleration and jerk of ith par-

ticle are evaluated as
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next time. Additionally, the potential of ith particle, φ(1)
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is computed for checking the validity of the energy conser-
vation.
The corrector is based on the third-order Hermite inter-

polation constructed using the old acceleration and jerk,

and the new ones (a(0)
i , j(0)i , a(1)

i , and j
(1)
i , respectively).

From the third-order Hermite interpolation polynomial, we
can obtain the second-order and third-order time deriva-
tives of acceleration, which are so-called snap (s(0)i ) and

crackle (c(0)i ), respectively. The formulas for the snap and
crackle are expressed as
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The corrections for the position and velocity are given by
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Usually, individual timestep scheme is adopted in the
Hermite scheme. The timestep of ith particle is given by

∆ti = η

(

|a(0)
i ||s(0)i |+ |j(0)i |2

|j(0)i ||c(0)i |+ |s(0)i |2

)1/2

, (11)

where η is an accuracy parameter (Aarseth, 1985). Practi-
cally, we employ a hierarchical timestep scheme (Makino,
1991) for SIMD programing and parallelization; we dis-
cretize the timesteps in a power of two hierarchy, where all
timesteps are shorter or equal to the timesteps obtained

2



Hermite積分法の性能評価(2)
• ブロック化積分法概要 

• 全粒子について積分タイムステップをローカルに評価

• タイムステップを2のべき乗で量子化

• それに基づき粒子をグループ(ブロック)化

• 最もタイムステップの短いグループのみを積分

• よって演算量が毎ステップ O(N2) となるわけではない

Walter Dehnen, Justin I. Read: N -body simulations of gravitational dynamics 7

practice, this difficulty is side-stepped by first predicting positions and velocities

xp = x0 + ẋ0∆t+ 1
2a0∆t2 + 1

6 ȧ0∆t3, (18a)

ẋp = ẋ0 + a0∆t+ 1
2 ȧ0∆t2; (18b)

then estimating acceleration a1 and jerk ȧ1 using equations (2) and (3) with the predicted positions and velocities;
and finally obtaining the corrected x1 and ẋ1 from equations (17). A single iteration of this method is is called a
Predict-Evaluate-Correct (PEC) scheme; further iterations are denoted P(EC)n, with n the number of iterations [55].
In the limit n → ∞, we converge on the implicit Hermite solution (17). In practice, implicit integration schemes are
not employed because of the numerical cost of calculating the acceleration and jerk over several iterations. However,
unlike the implicit Hermite scheme, the explicit PEC scheme is not time symmetric.

A comparison of various flavours of the 4th order Hermite integrator are given in Figure 2, for the integration of an
elliptical Kepler orbit with e = 0.9 over 100 orbits. Notice that the leapfrog integrator with fixed timestep conserves
energy exactly (in the long-term), but that the peak of the oscillations is initially ∼ two orders of magnitude worse
than for the 4th order Hermite scheme with fixed steps (compare black lines in middle and right panels). Over time,
the energy losses accumulate for the Hermite integrator, causing the apocentre of the orbit to decay, but the orbital
precession (both are numerical errors) is significantly less than for the leapfrog (compare black and red orbits in the
left panel). It is the orbital stability and excellent energy accuracy that have made Hermite integrators popular for
use in collisional N -body problems.

2.3.3 The choice of time-step

Given the enormous dynamic range in time involved in collisional N -body problems (ranging from days to giga-years),
it has become essential to use variable timestep schemes [25]. Early schemes used an individual time step for each
particle. However, it is better to arrange the particles in a hierarchy of timesteps organised in powers of two, with
reference to a ‘base step’ ∆t0 [56]:

∆tn = ∆t0/2
n (19)

Fig. 3. Schematic illustration of a block
time-stepping scheme. Particles are organised on
timesteps in a hierarchy of powers of two rela-
tive to a base time ∆t0. The time step level, de-
noted n0,1,2... is called the timestep rung. Particles
can move up and down rungs at synchronisation
points marked by the red arrows.

for a given timestep rung n. Particles can then move between rungs at
synchronisation points as shown in Fig. 3. This block-step scheme leads
to significant efficiency savings because particles on the same rung are
evolved simultaneously. However, time symmetry with block stepping
presents some challenges [57]. A key problem is that, in principle,
particles can move to lower timestep rungs whenever they like, but
they may only move to higher rungs at synchronisation points where
the end of the smaller step overlaps with the end step of a higher
rung (see Fig. 3). This leads to an asymmetry in the timesteps, even
if some discrete form of equation (15) is used. Makino et al. [57] show
that it is possible to construct a near-time symmetric block time step
scheme, provided some iteration is allowed in determining the time
step. Whether a non-iterative scheme is possible remains to be seen.

We now need some criteria to decide which rung a particle should
be placed on. For low-order integrators like the leapfrog, we have only
the acceleration to play with. In this case, a possible timestep criterion
can be found by analogy with the Kepler problem:

∆ti = η
√

|Φi|/|ai|, (20)

where Φi is the gravitational potential of particle i, and η is a
dimensionless accuracy parameter. Substituting Φi = GM/ri and
|ai| = GM/r2i , valid for a particle at radius ri orbiting a point mass
M , we see that this gives ∆ti = η

√

r3i /GM , i.e. exactly proportional
to the dynamical time. However, a timestep criteria that depends on
the potential is worrisome since the transformation Φ → Φ + const. has no dynamical effect, but would alter the
timesteps. In applications like cosmological N -body simulations, where the local potential has significant external
contributions, simulators have typically employed:

∆ti = η
√

ϵ/|ai| (21)

http://arxiv.org/abs/1105.1082 より粒子のブロック化

http://arxiv.org/abs/1105.1082
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Octreeデータ構造
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Figure 5: The adjacent neighbors search (a) and inradius neighbors search (c). When searching downward in the adjacency search (case 2),
only the keys of the adjacent children are needed (b).

(a) Direct search. (b) Adjacent neighbors search. (c) Inradius neighbors search.

Figure 6: Illustration of the search procedures in 3D, on an octree adapted to the 34,834 vertices of the bunny point set.

Algorithm 1 find(point p): find the leaf containing p.
1: compute the key kmax of p at maximal depth
2: compute the key k of p at depth l̂ using kmax

3: access the node n corresponding to k in the hash table
// Case 2: n is not a leaf
4: while n exists in the hash table do
5: increase by one the depth of k using kmax

6: access the child of n in the hash table with k
7: end while
8: retrieve the last valid access
// Case 3: n is below the leaf
9: while n does not exist in the hash table do

10: decrease by one the depth of k
11: access the parent of n in the hash table with k
12: end while
13: return n

3 Optimized Search
This work emerged from the following observation (see

Figure 1): since the leaves are the farthest nodes to the root,
why start from the root when looking for a leaf? The answer
for the usual octree representation reduces to: there is no
other way to access a leaf. However, with hashed octrees,
a leaf can be directly accessed by its Morton code, which
depends only on the leaf position and depth. The position
is known when looking for a leaf, but its depth may not. The
following algorithms describe how to retrieve a leaf (or more
generally a node) from its position and an estimated depth l̂.
The next section will describe how to estimate the depth of a
leaf.

(a) Direct Search
The direct search procedure of Algorithm. 1:find is a

straightforward application of this idea: In order to find the
(unique) leaf containing a point p, the algorithm generates
the key kl(p) of p at the estimated depth l = l̂. Looking
for the node nl(p) corresponding to that key, three situations
may occur:

1. The node nl(p) is a leaf: the algorithm thus returns

The corresponding work was published in Computer Graphics Forum, volume 27, number 6, pp. 1557-1566. Blackwell, 2008.

• 空間を再帰的に八分割 
• 疎な粒子分布を効率的に表すことができる

• 距離判定・交差処理などが効率化できる

 from Castro etal. 2008



Octreeによる重力計算
• 粒子によるポテンシャルを多重極展開 

• 遠方の粒子集団にポテンシャルを近似することができる

• Octreeにより距離判定の高速化

• 他の応用として近傍粒子探索の高速化も可能



Octreeの並列走査
• OctreeをOpenCLカーネルで走査 

• ツリー構造をlinked listに変換

• ツリー走査をループにする

• キャッシュが有効なら高性能 

• 実用的には八分木である必要もない

TABLE II
OPTIMIZATION PARAMETERS

description typical value
∆ control force accuracy 0.01 - 0.001 (non-dimensional)

ncrit maximum number of particle in a cell 8 - 32
mlimit limit mass for B2 0.01 - 0.05 of the total mass
nvecG vectorization factor for gravity 1 - 8
nvecS vectorization factor for SPH 1 - 4
PGPU number of OpenCL devices 1 - 4
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Fig. 6. The left and right panels show the measured time of the gravity
calculation on different system configurations for two particle distributions.
The labels TREE, KERNEL, PCIe show the breakdown in time spent on CPU
(mainly tree data ), OpenCL kernel on GPU, and the data transfer between
CPU and GPU, respectively. The configurations are presented in Table I. We
put the labels “1x”, “2x” and “4x” that represent PGPU used in the 2090HAP
system.

execution time shows modest scaling. For the communication
time, the effectiveness of PCI Express Gen.3 is clear; only
7970SB fully supports Gen.3 and it took 0.1 sec for the com-
munication while 7970BD with the same GPU in Gen.2 mode
took 0.3 sec. Although 2090HAP system supports Gen.3, it is
currently working in Gen.2 mode with M2090 GPU boards. To
take advantage of multiple GPU devices, it will be necessary
to adopt a newer GPU in HA-PACS.

B. Performance Comparison of OpenCL and CUDA
On NVIDIA system, both CUDA and OpenCL is supported

as a programming model. CUDA is proprietary technology
only available on GPUs by NVIDIA while OpenCL is an open
and a standard programming model. Practically, there is little
fundamental difference between two programming models.
However, a current limitation of OpenCL runtime for NVIDIA
Fermi architecture is that we can not configure the size of L1
cache memory from the default size of 16KB to 48KB. Since
our tree walk algorithm relies on the effectiveness of the cache
memory system, it is critical for the performance of OTOO.

In addition to OTOO, we are independently implementing a
CUDA enabled tree code for the Fermi architecture so that we
compare the performance of the same tree algorithm on both
programming model. To see the effectiveness of the cache,
we did the following steps; (1) we construct required tree
data with OTOO for an uniform and the Plummer particle
distributions. (2) we made OTOO and the CUDA-enabled tree
code loading exactly the same tree data. (3) we measured the
execution time of OTOO and the CUDA enabled code with
the same tree traversal algorithm. We did the measurement on
2090HAP and 7970SB. In this test, we set ∆ = 0.01, nvecG =
4, ncrit = 16 and mlimit = 0.05. For the measurement on
2090HAP, we only used one GPU board and measured the
performance of CUDA with the cache size of 16KB and 48KB.
The version of CUDA is 4.0.17. Figure 7 and 8 present the
performance of OTOO and the CUDA enabled tree code.

As expected, the performance of the CUDA enabled code
depends on the size of cache in both particle distributions.
With the Plummer model N = 8M, the runs with 16KB
and 48KB took 3.61 and 2.70 sec, respectively. OTOO that
presumably uses 16KB configuration took 2.08 sec. With
the uniform distribution N = 8M, the runs with 16KB and
48KB cache size, and OTOO took 1.94, 1.46, and 1.52 sec,
respectively. Note that the particle distribution of the Plummer
model is more extended Rmax ≫ 1 while the particles in
the uniform distribution are localized Rmax = 1 where Rmax

is the maximum radius of distribution. Due to this nature
of two particle distributions, the performance of OTOO with
the Plummer model is even better than the run with 48KB.
As a comparison, the performance of OTOO on 7970SB is
much better than 2090HAP. To summarize, there is no big
performance gap between OpenCL and CUDA programming
models but it will be preferable to enable a large L1 cache
configuration with NVIDIA OpenCL SDK.

C. Performance of Gravity+SPH runs
Finally, we present the performance of runs with combined

gravity and SPH calculations. We did a standard test of SPH
code so-called “Cold Collapse Test” [50], [51]. We set up an
isothermal sphere with ρ ∝ r−2 distribution. The temperature
of the sphere is cold so that it collapses due to self-gravity
and eventually produces shock bound. Here, we only report
the performance of the runs till t = 0.5 before the shock
bounce occurs but we have checked that the later evolution

GPU
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SPH法のOpenCL実装
• SPH法による白色矮星シミュレーション 

• Octreeによる近傍粒子探索とSPHカーネル総和計算

• 流体の圧力を状態方程式から計算

• 軌道の数値積分



SPH法の性能評価情報処理学会研究報告
IPSJ SIG Technical Report

P 0.5M 1M 2M 4M

1 3.922895e-01 8.193518e-01 1.662591e+00 3.382097e+00

2 2.756883e-01 5.440593e-01 1.086922e+00 2.210079e+00

4 2.216704e-01 4.461828e-01 9.096476e-01 1.843587e+00

8 2.214832e-01 4.851834e-01 9.945402e-01 2.058704e+00

表 1 PEZY-SCプロセッサでの SPH法による白色矮星シミュレーションの性能評価. 最初の
列は利用した PEZY-SC プロセッサの数を示す. 計算時間の単位は秒.

Nx 1 ステップ 格子点あたり
500 6.544603e-03 2.617841e-08

1000 2.504481e-02 2.504481e-08

2000 9.910859e-02 2.477715e-08

3000 2.213808e-01 2.459787e-08

4000 3.926668e-01 2.454167e-08

5000 6.118429e-01 2.447372e-08

6000 8.716483e-01 2.421245e-08

7000 1.197728e+00 2.444343e-08

8000 1.520423e+00 2.375661e-08

10000 2.428314e+00 2.428314e-08

表 2 PEZY-SC プロセッサでの MOST の性能評価. Nx は計算領
域の一方向の格子点数. 計算時間の単位は秒.

OpenCLカーネルを記述した. この方法では, 各スレッド
は格子点の集合であるブロック (サイズ a× bとする)を担
当し, 各スレッドがアクセスする格子点データは, 各方向で
は 3点ステンシルのため (a+ 2)× (b+ 2)となる. ブロッ
クサイズ a, bを変更することで, カーネル当たりの演算密
度を変化することが可能であり, PEZY-SCプロセッサの
ようにデータアクセスにキャッシュの利用が重要な場合は
より高性能が期待できる.

表 3.3 は, MOST スキームを, 問題サイズを変えなが
ら計算した場合の計算時間を示す. 今回の性能評価では
a = b = 1の場合のみを示す. Nx は計算領域の一方向の
格子点数であり, 全格子点数は N2

x である. この評価では,

P = 1として, MOSTによる計算を 300ステップ計算して
から, それから 1ステップあたりの計算時間を求めた. な
お, 300ステップの計算の間はホスト計算機とのデータ I/O

をしていない.

格子点当たりの計算時間は∼ 2.4× 10−8秒でほぼ一定で
ある. 同じコードを AMD Radeon R9 280X(単精度演算性
能 3.48 TFLOPS)およびNIVIDA Tesla K20c(単精度演算
性能 3.52 TFLOPS)で実行した場合, Nx = 10000の時の,

格子点当たりの計算時間は 4.63× 10−9および 1.26× 10−9

秒であった. 現状では, PEZY-SCプロセッサでのMOST

の性能は, GPUと比べると劣っているといえる.

3.4 多倍長精度浮動小数点演算の性能評価
我々はこれまで, 素粒子物理学の応用で高速な演算が
必要とされるファインマン・ダイアグラムの直接計算を,

多倍長精度浮動小数点演算で高速化するために様々な手

法 [21], [23]を検討してきた. 多倍長精度演算を実現する手
法として, 今日主に利用されている手法は, (a) 浮動小数点
演算 (FP演算)による多倍長演算手法と, (b) 整数演算に
よる浮動小数点エミュレーション (例えばGNU MPFR[2])

の二種に分類される. ここで, 多倍長精度計算浮動小数
点演算手法とは, IEEE 754-2008で規定されている倍精度
binary64フォーマット (仮数部 nman = 53ビット, 指数部
nexp = 11ビット)と比べて, 仮数部のビット幅が大きい場
合を指す.

上記 (a) の手法は, FP 演算の丸め誤差を補償する手
法 [1], [7]をベースにしており, 倍精度変数を 2語利用する
double-double(DD)方式 (nman = 105, nexp = 11に相当)

は,現在の様々な計算機において高速に実行できる [20], [22].

上記 (b)の手法は, 整数演算により複数語からなる仮数部
の演算を, 四則演算それぞれの場合ついて筆算と同様のア
ルゴリズムでおこなった. この FP演算のエミュレーショ
ンによる多倍長演算手法では, 原理的には指数部, 仮数部
ともに任意のビット長を利用することができる. ここで
は [21]にて報告した (b)の手法による OpenCLカーネル
実装 ((nman = 210, nexp = 30))の場合に, 演算性能の基礎
的な評価について報告する.

我々の既存の報告 [21]と同様に, OpenCL APIにより得
られるカーネル実行時間 (これにはホストとアクセラレー
タ間のデータ転送時間は含まない)により, 四則演算ごと
に性能を計測した. 表 3.4に, PEZY-SCプロセッサと様々
な CPU/GPUでの (b)の手法による性能評価の結果を示
す. 性能の単位は MFLOPSである. 2つ目のコラムは各
GPUの単精度 FP演算による理論演算性能を示す. この性
能評価では, 演算ユニットを可能な限り利用するように十
分大きな要素数の入力値に対してカーネルを実行して, そ
の実行時間を計測し, 総演算数を実行時間で割り, 切り捨て
ることで演算性能を計算した. Xeon E5-2670のみが CPU

であり, 他は全てアクセラレータである. Xeon E5-2670の
結果は Suirenのノードではないが, 同じく 2 CPU構成で
トータルで 16コアのシステムである. 除算については, 仮
数部を直接除算する手法 (除算と示す), 逆数の初期値を単
精度で推定するニュートン法 (除算 Fと示す), 逆数の初期
値を倍精度で推定するニュートン法 (除算 Dと示す)の 3

パターンについて比較をした. また, 最後の列 (「4演算」)

は, 入力に変数について 4演算 (加算 3回, 乗算 1回)を続
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• 白色矮星シミュレーションの性質 
• Octree構築と状態方程式計算はHOST CPU

• 他の部分はPEZY-SCで並列化

• N = 4Mの場合、HOST部分には約1.4秒

• P = 1,2,4,8の時、カーネル実行時間は2, 0.8, 0.4, 0.6秒

• P = 4までは複数PEZY-SCでの並列化が有効



FDPSの性能評価(テスト中)



MOSTの性能評価 (1)
• Method of Tsunami Splitting (MOST) 

• NOAAで利用されている

• 浅水方程式(偏微分方程式)を解く解法

• 差分法 & 次元方向に演算子分離法

• 時間方向にはEuler法

並列計算の実例 
` 津波伝搬のシミュレーション (MOST) 
` 偏微分方程式を毎ステップ解いて時間発展を求める 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

                       Tsunami image from the Japan Tsunami in 2011,  © NOAA 
 

 

MOST (Method of Splitting Tsunami) 
` 解く対象となる方程式 (浅水方程式) 

 
 
 
 
 

` H : 全波高 (= D + η ) 
` η : 波の高さ 
` D : 水深 
` u, v :  各方向の速度成分 
` g:  重力加速度 

 
` 差分法 & Eular法により解く 



MOSTの性能評価 (2)
• MOSTは各方向に3点ステンシル計算 

• MIC, GPUなどでの並列化について一部既報告

• FPGAでの実装についても一部既報告

• OpenMP, OpenACC, CUDA, OpenCLによる並列化と性能評価アルゴリズムの最適化（並列化の前に…） 

` Code1（オリジナル） 
・１行または１列分のデータをコピーしてきて処理する 
・並列度は O(N) 
 
` Code2（転置） 
・Code1におけるメモリアクセス効率の向上を図る 
・並列度はO(N) 
 
` Code3（2-D temporary array) 
・Code4のための前準備 
・データコピーの回数を軽減 
・並列度はO(N^2) 
 
` Code4（ブロック化） 
・高い並列性が得られる （特にGPU向け） 
・並列度はO((N/B)^2)            B : ブロックサイズ 



MOSTの性能評価 (3)

情報処理学会研究報告
IPSJ SIG Technical Report

P 0.5M 1M 2M 4M

1 3.922895e-01 8.193518e-01 1.662591e+00 3.382097e+00

2 2.756883e-01 5.440593e-01 1.086922e+00 2.210079e+00

4 2.216704e-01 4.461828e-01 9.096476e-01 1.843587e+00

8 2.214832e-01 4.851834e-01 9.945402e-01 2.058704e+00

表 1 PEZY-SCプロセッサでの SPH法による白色矮星シミュレーションの性能評価. 最初の
列は利用した PEZY-SC プロセッサの数を示す. 計算時間の単位は秒.

Nx 1 ステップ 格子点あたり
500 6.544603e-03 2.617841e-08

1000 2.504481e-02 2.504481e-08

2000 9.910859e-02 2.477715e-08

3000 2.213808e-01 2.459787e-08

4000 3.926668e-01 2.454167e-08

5000 6.118429e-01 2.447372e-08

6000 8.716483e-01 2.421245e-08

7000 1.197728e+00 2.444343e-08

8000 1.520423e+00 2.375661e-08

10000 2.428314e+00 2.428314e-08

表 2 PEZY-SC プロセッサでの MOST の性能評価. Nx は計算領
域の一方向の格子点数. 計算時間の単位は秒.

OpenCLカーネルを記述した. この方法では, 各スレッド
は格子点の集合であるブロック (サイズ a× bとする)を担
当し, 各スレッドがアクセスする格子点データは, 各方向で
は 3点ステンシルのため (a+ 2)× (b+ 2)となる. ブロッ
クサイズ a, bを変更することで, カーネル当たりの演算密
度を変化することが可能であり, PEZY-SCプロセッサの
ようにデータアクセスにキャッシュの利用が重要な場合は
より高性能が期待できる.

表 3.3 は, MOST スキームを, 問題サイズを変えなが
ら計算した場合の計算時間を示す. 今回の性能評価では
a = b = 1の場合のみを示す. Nx は計算領域の一方向の
格子点数であり, 全格子点数は N2

x である. この評価では,

P = 1として, MOSTによる計算を 300ステップ計算して
から, それから 1ステップあたりの計算時間を求めた. な
お, 300ステップの計算の間はホスト計算機とのデータ I/O

をしていない.

格子点当たりの計算時間は∼ 2.4× 10−8秒でほぼ一定で
ある. 同じコードを AMD Radeon R9 280X(単精度演算性
能 3.48 TFLOPS)およびNIVIDA Tesla K20c(単精度演算
性能 3.52 TFLOPS)で実行した場合, Nx = 10000の時の,

格子点当たりの計算時間は 4.63× 10−9および 1.26× 10−9

秒であった. 現状では, PEZY-SCプロセッサでのMOST

の性能は, GPUと比べると劣っているといえる.

3.4 多倍長精度浮動小数点演算の性能評価
我々はこれまで, 素粒子物理学の応用で高速な演算が
必要とされるファインマン・ダイアグラムの直接計算を,

多倍長精度浮動小数点演算で高速化するために様々な手

法 [21], [23]を検討してきた. 多倍長精度演算を実現する手
法として, 今日主に利用されている手法は, (a) 浮動小数点
演算 (FP演算)による多倍長演算手法と, (b) 整数演算に
よる浮動小数点エミュレーション (例えばGNU MPFR[2])

の二種に分類される. ここで, 多倍長精度計算浮動小数
点演算手法とは, IEEE 754-2008で規定されている倍精度
binary64フォーマット (仮数部 nman = 53ビット, 指数部
nexp = 11ビット)と比べて, 仮数部のビット幅が大きい場
合を指す.

上記 (a) の手法は, FP 演算の丸め誤差を補償する手
法 [1], [7]をベースにしており, 倍精度変数を 2語利用する
double-double(DD)方式 (nman = 105, nexp = 11に相当)

は,現在の様々な計算機において高速に実行できる [20], [22].

上記 (b)の手法は, 整数演算により複数語からなる仮数部
の演算を, 四則演算それぞれの場合ついて筆算と同様のア
ルゴリズムでおこなった. この FP演算のエミュレーショ
ンによる多倍長演算手法では, 原理的には指数部, 仮数部
ともに任意のビット長を利用することができる. ここで
は [21]にて報告した (b)の手法による OpenCLカーネル
実装 ((nman = 210, nexp = 30))の場合に, 演算性能の基礎
的な評価について報告する.

我々の既存の報告 [21]と同様に, OpenCL APIにより得
られるカーネル実行時間 (これにはホストとアクセラレー
タ間のデータ転送時間は含まない)により, 四則演算ごと
に性能を計測した. 表 3.4に, PEZY-SCプロセッサと様々
な CPU/GPUでの (b)の手法による性能評価の結果を示
す. 性能の単位は MFLOPSである. 2つ目のコラムは各
GPUの単精度 FP演算による理論演算性能を示す. この性
能評価では, 演算ユニットを可能な限り利用するように十
分大きな要素数の入力値に対してカーネルを実行して, そ
の実行時間を計測し, 総演算数を実行時間で割り, 切り捨て
ることで演算性能を計算した. Xeon E5-2670のみが CPU

であり, 他は全てアクセラレータである. Xeon E5-2670の
結果は Suirenのノードではないが, 同じく 2 CPU構成で
トータルで 16コアのシステムである. 除算については, 仮
数部を直接除算する手法 (除算と示す), 逆数の初期値を単
精度で推定するニュートン法 (除算 Fと示す), 逆数の初期
値を倍精度で推定するニュートン法 (除算 Dと示す)の 3

パターンについて比較をした. また, 最後の列 (「4演算」)

は, 入力に変数について 4演算 (加算 3回, 乗算 1回)を続
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問題サイズ：Nx2の領域

条件：300ステップ

ブロックサイズ 1 x 1

• 格子点当たりの性能比較 

• K20c (Tesla) 
• OpenCL        ~ 8.0e-9 sec

• CUDA           ~ 2.5e-8 sec

• CUDA(Shm)  ~ 5.0e-9 sec


• R280X (Radeon) 
• OpenCL        ~1.3e-9 sec

GPUの方が現状では高速 
メモリ帯域の差が大きい



PEZY-SC/PZCLの現状
• PZCLへのOpenCLコード移植は容易 

• OpenCLとはほぼ互換

• ソースコードは共通化可能

• 違い：オフラインコンパイルのみ

• カーネル組み込み関数のサポート不足(rsqrt()/sqrt()のみ)

• 共有メモリを利用したコードの取り扱い??


• 課題 
• メモリ帯域が最新のGPUより遅い

• SFUが比較的に少ないため、除算などが相対的に低速

• PZCL コンパイラの最適化



まとめ
• Suirenで計算科学アプリの性能を評価した 

• Hermite積分法：GPUと比べると若干遅い

• Octree法：GPUとあまり遜色のない性能

• MOST法：メモリ帯域に律速されている

• 多倍長精度演算：GPUと遜色のない性能


• 今後の課題 
• アーキテクチャに特化した最適化の調査


• GPU用のコードでも比較的性能はよい

• 他の計算科学アプリケーションの実装

• 大規模計算の実現


