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Introduction

® N-body Methods
® Adaptive Mesh Refinement (AMR)

® Optimization of the AMR code
* Why should I optimize the code?

* How was the code changed?



N-body Methods

e Open Boundary Problems (Isolated system, monolithic collapse)

* Direct Sum Method
* Tree method

® Periodic Boundary Problemsstatistics of objects)
= Particle-Mesh (PM) Method
= Particle-Particle Particle-Mesh (P3M) Method
® Tree-PM Method
* Adaptive Mesh Refinement (AMR)



N-body Methods

® Direct sum method

= Calculate force from each patticle

5 O




N-body Methods

® Tree method

= Distant particles are bundled up
= ON log N)




N-body Methods

@ Particle-mesh (PM) method

Mass assignment

Poisson solver —1O
Force interpolation~ D OO
O(N log N)
( g 4 . ) (90
O
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N-body Methods

@ Particle-Mesh Method
* Mass assigﬁment (Cloud-1n-Cell Scheme)




N-body Methods

® Particle-Mesh Method

® Mass assignment (Cloud-in-Cell Scheme)

for (1=0; i1<np; 1++){

ix=(int) pos[ip][0]; dx=pos[ip][0] — (double)ix;
1y=(int) pos[ip][1]; dy=pos[ip][1] — (double)iy;
1z=(int) pos[ip]l[2]; dz=pos[ip][2] — (double)iz;
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N-body Methods

® Particle-Mesh Method

* Poisson Solver (Convolution method)
c A @p=47Gpo
o KD =ATG O,
o Ceimmicliigl 1 —>,0/é—(mm)—>¢/é—(FFT)—>¢

[113d_real_forward (n, rbo);
Sor (kx=0; kx<n; kx++){
Jor (ky=0; Ry<n; ky++){
Jor (kz=0; kz<n; kz++){
philkx][ky][kz]=4.0 * PL * G * rholkx][ky][Rz3]/ (kx*kx+ky*ky+Rz*kz);
!
b

§
[113d_real_backward(n, phi);



N-body Methods

® Particle-Mesh Method

* Force interpolation (Cloud-in-Cell Scheme)
Jor (i=0; i<np; i++){
ix=(int) pos[ip][0]; dx=pos[ip][0] — (double)ix;
1y=(int) pos[ip][1]; dy=pos[ip][1] — (double)iy;
1z=(int) pos[ip]l[2]; dz=pos[ip][2] — (double)iz;
accl[ip] =

gevineas Ly S ' S ad=dao)=c Cl=dyi s, (L-dz)+
ghvsat] eyt Az 1 ¥9Cl—dhO=+ - Cl=dy)+Ea (.. dz)
grv[ix JLiy+1][iz ] * (1-dx) * ( dy) *(1-dz2)+
grvlix JLiy+1][iz+1] * (1-dx) * ( dy) * ( dz2)+
grvix+1 iy « Jivz, T 5220 8 (l-dy) - * (1=dz)+
grviixel][iy . J[iz+1]) > (. 'dx) * (1-dy) * ( dz)+
gt v s 1 Lz AT G Gy~ 5O dy ) »S (1 -dz)+
gyl LIry+1 [zl ] FR@dO <. dydh = - €,1d2);



N-body Methods

@ Particle-particle particle-
mesh (P°M) method
= Distant partiéles —
« PM
© Nearby particles

O

o Dierct sum
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N-body Methods

® Adaptive P°’M Method
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N-body Methods

TPM (Xu 1995; Bode+ 2000;

Bode&Ostriker2003)

PXMMDPPZTreelZ9 %

TreePM (Bagla 2002; Dubinski+ 2004;
Yoshikawa&Fukushige 2005; Springel 2005)
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NEEZTT 5

A7 oy

TreePM: A Code for Cosmological N-Body Simudations
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N-body Methods

® Adaptive Mesh Refinement (A
* Duvide cells only
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N-body Methods y

Yahagi & Yoshii (2001)



AMR D FESR

® Berger & Collela (1989)
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AMRDFHBERTORER

® Villumsen (1989)

® Anninos, Norman, & Clarke (1994)

® Kravtsov, Klypin, & Khokhlov (1997; ART)
® Norman & Bryan (1999; Enzo)

® Knebe, Green, & Binney (2001)~

® Yahagt & Yoshit (2001)

® Teyssier (2002; RAMSES)
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Fic. 5.—Reduced phase-space plot for one-dimensional pancake collapse where cresting occurs at o = 4. Open squares are for particles in the top grid;
dots are particles im the subgrids. The four panels show the simulation at @ =1,2,3,4.



Anninos, Norman, & Clarke (1994

f camputed/ fanalytic

FiG. 4—Same as Fig. 3, except that the forces computed on the subgrid are
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FiG. 5—Time-sequence displays of phase space for the dark matter par-
ticles with the Zel'dovich solution as initial data. Open squares represent
particles on the coarse grid, small dots are particles evolved on the subgrid
scales, and the solid line is the analytic solution.



orman & Bryan (1999)
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Figure 3: In these frames we show a zoom into the star forming region. Each
panel shows a slice of the logarithm of the gas density magnified by a factor
of ten relative to the previous frame, starting at the upper left.

Bryan, Abel, & Norman (astro-ph/0112089)



<ravtsov, Klypin, & Khokhlov (1997)
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F1G. 3—(a) A slice through the refinement structure (base grid is not
shown) in one of the ACDM simulations with 32* particles (see § 4.4) and
(b) the corresponding slice through the particle distribution. The area
enclosed by the square in () is enlarged in Fig. 4.
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Yahagt & Yoshii (20
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Fig. 4—Example of the hierarchical mesh distribution in the N-body code with AMR for the case of the LCDM universe described in § 3.4. When
particles are distributed as shown in the left-hand panel, hierarchical meshes are placed as shown in the right-hand panel. Shape of the hierarchical meshes is

not geometrically restricted.
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Fig. 10.—Snapshot of the phase diagram from the single-plane wave
test at the epoch of first caustic generation. The solid line shows the exact
solution calculated by the one-dimensional code with 1024 sheets using the
code described in Yano & Gouda (1998). Crosses, circles, and squares show
the results obtained by the code without AMR, with AMR and HTS, and
with AMR but without HTS, respectively. Because the meshes are refined
only once at this epoch, the difference between the AMR and non-AMR
results is minor. We note, however, that this difference becomes larger as
time proceeds beyond the first caustic generation (see Fig. 11).
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Fic. 11-—Snapshot of the phase diagram from the single-plane wave
test at the epoch of second caustic generation. Same as Fig. 10 but for
a, ~ 2.34 a,, where a, and a, are the scale factors at the epoch of first and
second caustics generation, respectively. Although blunt in the non-AMR
run, the second caustics are well captured in the AMR result, irrespective
of whether the HTS is included or not.
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FiG. 9—Error of the pairwise force calculated by the AMR code.
Circles, squares, and crosses are for L, = 6, 8, 10, respectively, withL, = 6
in common. Error is defined as the relative error of the calculated force
using the AMR code in comparison with that calculated by the Ewald
expansion. In all cases, the error is maximized atr ~ 21, but is kept within

20%.



Adaptive Mesh Refinement
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Adaptive Mesh Refinement

Data structure

child child
cell | cell

neighbor <— cell octet —> neighbor

!

parent (Khokhlov 1997)




Adaptive Mesh Refinement

Data structure

child child

cell \ cell

neighbor <= cel| octet > neighbor

!

parent (Khokhlov 1997)
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Adaptive Mesh Refinement

Data structure
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Vectorization

® Particle loops

« Integration of the equation of motion

® Mesh loops

= Poisson equation

® Particle-Mesh loops
= Mass assignment
© force interpolation

- particle sieve



Vectorization

® .oop order exchange

W W% D4 D4 g
HVE W Dg i VE HVE
() ( ()
) 4 4 \ 4

W N4
\ @ @Y

* Tree (Hernquist 1990)
* Hash (Yahag 2002)



Vectorization

® Loop split

* Vectorized mass assignment
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AMRO—F D EE

Acronym Type Ref. Computer{Nproc) Box size
[Mp-c]

AMR puamr (@) VPP5000(1) 684 z = 0. periodic
e (h) SPP-1200(8) 15h 1 7= 0, perindic
Mac PM (o) T3E-800(128) 512  a~0.8, peiodec
TPM mame (] Onigin2000(258) 15Ch 1 z = 0:5, perlodic
Fs Tree (e GRAPES5(1) 50-200 1k-2k steps,q= 0.4

Fi Tiee {f} GRAPES5(2) 2-16  6k-8k sieps,q= 0.75
Wa8 Tree (g} Avalon(70) 200 700steps
Wo7 Tree (Y  ASCl Red(4096) 200 last 286 steps

{a)This work; (b) Krawtsov, Klypin, & Khokhlov 19897; (c) MacFarland et al.
1998;(d) Bade, Ostriker, & Xu 2000;(s) Fukushige& Suta 2001;(f) Fukushige
& Makino 2001:(g) Warren et al. 1998:(h} Warren et al. 1997



AMRO—F D EE

(1) (2) (3) (4) (3} (6]
Acronym Time/step  Npig  particlefsec  Rmax  (4/(5)
[sec] [10%] [GFlops] [MFlops -]
AMR 47.18 256" 355.60 9.475 37.53
ART 185.3 64 1.415 ~0,8305 1.52
Mae - 110 256 132,52 1959 1.92
TPM 293.9 256 »7.08 101.4 0.56
FS ~ 150 8:8 1P 58.67 '
FM 21 ~ 21 95.25
Was 134.7 9753824 T2.41 48.60 1.49
Wa7 18.3 3221569436 272324 -~ (088 4.55
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[ERE™FDT—273

® Morton ordering
= Warren & Salmon (1995), Fryxell et al. (2000)

-

Se

F1G. 1. The self-similar space filling curve (Morton order) connecting the particles which is used to

obtain the domain decompostion. Eight processor domains are shown in different levels of gray.

Warren & Salmon (1995)



[ERE™FDT—273

® Morton ordering
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AMR N{AO—F D &

#define LEV_NPTCL 23
#define MAX_NPTCL (1<<LEV_NPTCL) SR
#define MASK_PTCL_PROC (MAX_NPTCL-1)

»
a 32 :\ ‘\J I\ 0) JE% f.(.).r (ip=0; ip<np; ip++){

proc[ip] = ptclfip] >> LEV_NPTCL;
local[ip] = ptcllip] & MASK_PTCL_PROC;
}
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Figura 1| The dark matter density field onvarious scales. Each individual  density and local dark matter velodty dispersion. The zoom sequence
image shows the projected dark matter density field in a slab of thickness displays consecutive enlargements by factors of four, centred on one of the
15h " Mpc (sliced from the periodic simulation volume at an angle chosen  many galaxy closter haloes present in the simulation.

to avoid replicating structures in the lower two images), colour-coded by Spn n ge | el (2 005)
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