Excavation by MLS-MPM (Moving-Least Squares Material Point Method)
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. mpm_solver.py
. VTU.py

a~OLOEENILI T OME Y. 7277 o blEE & TR CEE), JEE, HEREEEZ 194 20 e LTT
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import taichi as ti #raichiza & LTA vaHK—F

import math #RETATIVRAL VEFE—T
@ti.data_oriented #1417 — X% L LT Motionclass % E#s
class Motionclass: # 7724

def __init__(self, bucket, mpm: ti.template(), dt: ti.f32):
#bucket XA v OLELNDZ ATy DT —Z Y A+, mpm (IR TR, dt (R4

self.bucketCenter = bucket["translation"] # Ny PHANIE
self.scale = bucket["scale"] # Ny b A X, 10 5
self.cycle = bucket["cycle"] # [s] #1947 1D

self.sideStep = bucket["sideStep"] # [m] y-direction offset intercal # &% 4 7 )\ D E)
self xLocomotion = bucket["xLocomotion"]# [m]  # x J5 A i FA &

self.zLocomotion = bucket["zLocomotion"] # [m]  # z /1A FE#E

self.relax = bucket["relax"] # relaxation time # FEAIRER] @ o T w
self.dt = dt # [RFfEIZ A

1942720300 Tdm B2 LT, 0.13m/s. dt 28 Ims 72 & 33 & dt[Hi 0.13mm L 28272
T, K7 6.25cm @ 0.2% L 228\ TR nd TR d.

self.bucket_particle_num = 0; # count elastic material number
for i in range(mpm.x.shape[0]): # WER (N7 v b)) KirosAh T Vb
if mpm.material[i] == mpm.material_elastic:

self.bucket_particle_num +=1;

# Ny MR E &SR
self.bucketX0 = ti.Vector.field(3, ti.f32, shape=self.bucket_particle_num)
self.particleID = ti.field(dtype=ti.i32, shape=self.bucket_particle_num)
i=0
for i in range(mpm.x.shape[0]):
if mpm.material[i] == mpm.material_elastic:
self.bucketX0[j] = mpm.x[i]
self.particleID[j] =i

j+=1
@ti.kernel  # *** One way FSI *** ti.func Z - 57291 kernel IZ3 5.
def excavation( self, mpm: ti.template(), tt: ti.f32 ): # PE I BEEL
PI = ti.math.pi #
center = self.bucketCenter # AW AR

xradius = self.xLocomotion
zradius = self.zLocomotion



cycle = self.cycle # [s]

subcycle = cycle/4.0 # [s] # cyubcycle= T3 4 [A]C lcycle
sideStep = self.sideStep ~ # [m] # cycle AT H)

cycleID = int(tt/cycle)
offsetY = float(cycleID) * sideStep
t = tt - cycleID* cycle # R o &, &4 7 VO] o Ic£

# 19470174 THE
# posture control L EAHIEH
pitch0 =-P1 /4.0

if t < subcycle: # start point to excavation point
pitchO = -P1/4.0

elif t < ( 2.0*subcycle ): # excavation and move to loading point
pitchO = -PI1/4.0 + PI/2.0 * (t-subcycle) /subcycle

elif t < ( 3.0*subcycle ): # loading
pitchO = P1/4.0 - 3.0*P1/4.0 * (t-2.0*subcycle)/subcycle

else: # back to start point

pitchO = -P1/2.0 + 2.0 * P1/4.0 * (t-3.0*subcycle) /subcycle
if -P1/4.0 < pitchO: pitch0 = -P1/4.0

pitchl =-PI/ 4.0
if (t+self.dt) < subcycle: # start point to excavation point
pitchl = -PI/4.0
elif (t+self.dt) < ( 2.0*subcycle ):  # excavation and move to loading point
pitchl = -PI1/4.0 + P1/2.0 * ((t+self.dt)-subcycle)/subcycle
elif (t+self.dt) < ( 3.0*subcycle ):  # loading
pitch1 = P1/4.0 - 3.0*P1/4.0 * ((t+self.dt)-2.0*subcycle)/subcycle
else: # back to start point
pitchl = -PI/2.0 + 2.0 * P1/4 * ((t+self.dt)-3.0*subcycle)/subcycle
if -PI/4.0 < pitchl: pitchl = -PI1/4.0

Ry0 = ti.Matrix([ [ ti.cos(pitch0), 0.0, ti.sin(pitch0)],
[0.0, 1.0, 0.0 1,
[-ti.sin(pitch0), 0.0, ti.cos(pitch0)] ])
Ryl = ti.Matrix([ [ ti.cos(pitchl), 0.0, ti.sin(pitch1)],
[0.0, 1.0, 0.0 1,
[-ti.sin(pitch1), 0.0, ti.cos(pitch1)] ])

# locomotion control &l
displacement( = ti.Vector([0.0,0.0,0.0])
theta0 = 0.0
if t < subcycle: # start point to excavation point
thetaO =-PI/2.0 * t/subcycle
displacement( = [-xradius + xradius * ti.math.cos(theta0), offsetY, zradius *
ti.math.sin(theta0)]
elif t < ( 2.0*subcycle ): # loading
theta0 =-P1/2.0 - P1/2.0 * (t-subcycle)/subcycle
displacement( = [-xradius + xradius * ti.math.cos(theta0), offsetY, zradius *
ti.math.sin(theta0)]
elif t < ( 3.0*subcycle ): # loading
displacement( = [-2.0*xradius, offsetY, 0.0]
else:
displacement( = [-2.0*xradius+2.0*xradius*(t-3.0*subcycle)/subcycle,
offsetY +sideStep*(t-3.0*subcycle) /subcycle, 0.0]

displacement] = ti.Vector([0.0,0.0,0.0])

thetal = 0.0

if (t+self.dt) < subcycle: # start point to excavation point
thetal =-P1/2.0 * (t+self.dt)/subcycle



displacement] = [-xradius + xradius * ti.math.cos(thetal), offsetY, zradius *
ti.math.sin(thetal)]
elif (t+self.dt) < ( 2.0*subcycle ): # loading
thetal =-PI1/2.0 - P1/2.0 * ((t+self.dt)-subcycle)/subcycle
displacement] = [-xradius + xradius * ti.math.cos(thetal), offsetY, zradius *
ti.math.sin(thetal)]
elif (t+self.dt) < ( 3.0*subcycle ): # loading
displacement1 = [-2.0*xradius, offsetY, 0.0]
else:
displacement1 = [-2.0*xradius+2.0*xradius*((t+self.dt)-3.0*subcycle) /subcycle,
offsetY+sideStep* ((t+self.dt)-3.0*subcycle) /subcycle, 0.0]

for i in range(self.bucket_particle_num): # gy PRI EER
pos = ( self.bucketX0[i] - center )
p0 = Ry0 @ pos + displacement0 + center
pl = Ryl @ pos + displacementl + center
mpm.x| self.particleID[i] | = p0 # ZZT
mpm.v[ self.particleID[i] ] = (pl - p0) / self.dt # HfEE

. mlsmpm08.py
EiT77 401

import taichi as ti

import numpy as np # number BA# D py # np & L T4 YK —F
import utils #INBRATZoT?

import os #linux 2= ¥ N%Z2%> 9. mkdir

import glob #

from moviepy import ImageSequenceClip ~ # Hjji

from engine.mpm_solver import MPMSolver # engine/mpm_solver.py ® 7 7 4 + & MPMSolver 7 7
A% A VFE—F

from VTU import VT Uclass #VTU H

from motion import Motionclass # Motionclass H

# Parameters

SimulationTime = 60 # [s] vlal—va VIERH

CalculationSpace = 4 #[m]  FHEZER 4%4*4m"3 Z O®RAEH

Resolution = 64 # RBITMRRFE, 4m/64=6.25cm 2%, DEM 28 10cm 2D TEZN IV H x o
EhT D

dt = 2e-4 # [sIFtEZ A, M e WRTF BTy P EREIRIT 2.

fileName = "001bucket.obj" #CAD 7740

VTUinterval = 100 # VTU saving interval: png & VTU D{RFERIFE

dt*VTUinterval=2ms %

bucket = { #NT Yy FRNTA—R
"translation": [3.2, 1, 1.4], # BENE
"scale": [10.0, 10.0, 10.0], # f5¥%. 1/10 €7 A% DTx,y,z J7AIC 10 %

"cycle": 30.0, #lsl: 1H A7 Bl=4 T
"sideStep": 1.0, # [m] y-direction offset intercal i iERFHfE
"xLocomotion": 1.1, #[m] fEEIG 58S
"zLocomotion": 0.9, #[m] ETNHAEHE
"relax": 0.1 # RRUREL, o Tk
}
ti.init(arch=ti.cpu) # GPU % Vulcan % {#H$HFIE X CPU T |

# Ki1rik. 77V » Mb. 518U,
RS vector @ AT EBROHEERZERD TV S
FHEZER Y 4 X (size) : BT dx=size/reso[0] Z D 2 DI - T\ 3 7717,



BT822 30 EE CRETE R XA -2TWER, 2077 4TIGHRDTEELY.,
mpm = MPMSolver(res=(Resolution, (int)(0.8*Resolution), Resolution), size=CalculationSpace,
max_num_particles=2 ** 19, use_ggui=True)

# Wk ForER. 518U,

VSR D —> DTE A vector ¢

LR D ¥ 4 X vector -

ME W, fthicix, 5, K, Eibk, BERS S 5.

mpm.add_cube(lower_corner=[0, 0, 0], cube_size=[4, 3.2, 0.5], material=MPMSolver.material_sand)

# CAD £ 7 A Z il A CHBHRDORFICT 5. §Ffflix, Eid7 7 4 v,

size ratio=0.5 1ZHFRFN G310 > T W ABIREE, W20 XRIT LD T0.251C LT
H5. EBEMICIE, 0.5 TATy POREICH L TRT 21ME, 0.25 TF v PRI LR 4 i
mpm.add_CADmodel(fileName, offset=bucket["translation"], scale=bucket["scale"],
material=MPMSolver.material_elastic, size ratio=0.25)

mpm.set_gravity((0, 0, -9.8))

@ti.kernel # tEE
def set_color(ti_color: ti.template(), material_color: ti.types.ndarray(), ti_material: ti.template()):
for I in ti.grouped(ti_material):
material_id = ti_material[I]
color_4d = ti.Vector([0.0, 0.0, 0.0, 1.0])
for d in ti.static(range(3)):
color_4d[d] = material color[material_id, d]
ti_color[I] = color_4d

res = (1024, 760) #TAATVLAHRE

window = ti.ui.Window("Real MPM 3D", res, vsync=True)
canvas = window.get_canvas()

scene = ti.ui.Scene()

camera = ti.ui.make_camera()

camera.position(-2, -10, 10) # HATHE
camera.lookat(1, 1, 1) #
camera.up(0, 0, 1) # 1H(IE 7 1]
camera.fov(16) # 1T
particles_radius = CalculationSpace / Resolution / 4.0
# ground lines # i oo i
N_ground = 20

ground_vbo = ti.Vector.field(3, dtype=ti.f32, shape=4*(N_ground+1))
ground_verts = np.zeros((4*(N_ground+1), 3), dtype=np.float32)
for i in range(N_ground+1):
x =1 * CalculationSpace / N_ground
ground_verts[4*i+0] = [x, 0, 0]
ground_verts[4*i+1] = [x, CalculationSpace, 0]
ground_verts[4*i+2] = [0, x, 0]
ground_verts[4*i+3] = [CalculationSpace, x, 0]

def draw_ground(scene):
ground_vbo.from_numpy(ground_verts)
scene.lines(ground_vbo, width=1, color=(0.1,0.1,0.1))

def render(): # R O
camera.track_user_inputs(window, movement_speed=0.03, hold_key=ti.ui. RMB)
scene.set_camera(camera)
scene.ambient_light((0, 0, 0))
set_color(mpm.color_with_alpha, material_type_colors, mpm.material)
scene.particles(mpm.x, per_vertex_color=mpm.color_with_alpha, radius=particles_radius)
scene.point_light(pos=(-0.5, 1.5, 0.5), color=(0.7, 0.7, 0.7))



scene.point_light(pos=(-0.5, 1.5, 1.5), color=(0.7, 0.7, 0.7))
draw_ground(scene) # ground z = 0 plane
canvas.scene(scene

def show_options(): #GUL flioThw
global particles_radius

window.GULbegin("Solver Property", 0.05, 0.1, 0.2, 0.10)
window.GUItext(f'Current particle number {mpm.n_particles[None]}")
particles_radius = window.GULslider_float("particles radius ", particles_radius, 0, 0.1)

window.GULend()

window.GUILbegin("Camera", 0.05, 0.3, 0.3, 0.16)

camera.curr_position[0] = window.GULslider_float("camera pos x", camera.curr_position[0], -10,
10)

camera.curr_position[1] = window.GULslider_float("camera pos y", camera.curr_position[1], -10,
10)

camera.curr_position[2] = window.GULslider_float("camera pos z", camera.curr_position[2], -10,

10)

camera.curr_lookat[0] = window.GULslider_float("camera look at x", camera.curr_lookat[0], -10,
10)

camera.curr_lookat[1] = window.GULslider_float("camera look at y", camera.curr_lookat[1], -10,
10)

camera.curr_lookat[2] = window.GULslider_float("camera look at z", camera.curr_lookat[2], -10,

10)
window.GUIend()

material_type_colors = np.array([ # #FlD@EE : RGB+i&EHE

[0.1,0.1, 1.0, 0.8], # K
[236.0 / 255.0, 84.0 / 255.0, 59.0 / 255.0, 1.0], # A=y g~
[1.0, 1.0, 1.0, 1.0], # &K
[1.0, 1.0, 0.0, 1.0] 1) # b
os.makedirs("image", exist_ok=True) #7417 b VIERK
# os.makedirs("VTU", exist_ok=True)
vtu = VT Uclass() # - T,
motion = Motionclass(bucket, mpm, dt) # EHEhH Y T 2
t=0.0
cnt=0
cnt2 =0
while t<SimulationTime:
print(f"time={t:.3f}")
motion.excavation(mpm, t) # ZNEENGHE
mpm.step(dt) # KTDh—Ab o CHINF
if cnt%VTUinterval == 0: # FifiE|EE e

render()

# show_options()
window.save_image(f"./image/frame{cnt2:04}.png")
window.show()

# vtu.write_vtuMPMASCII(f"./VTU/SPH{cnt:04}.vtu", mpm )
cnt2 +=1

t+=dt



cnt +=1

# for movie

files = sorted(glob.glob("./image/frame*.png"))

if len(files) > 0:
clip = ImageSequenceClip(files, fps=60)
clip.write_videofile("out.mp4", codec="libx264", audio=False)

(4) 17
taichi % activate L CTEE1T

> source taichi_env/bin/activate

> python3 mlsmpm08.py
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['C','E', 'F', 'F_bound', 'Jp','__class_ ','_delattr_','_dict_',' dir_',' doc_',' eq ',

" format_ ',' ge ',' getattribute_ ',' getstate_ ',' gt ',' hash_ ', init_ |,
' init_ subclass_ ',' le ')' 1t "' module ',' ne "' new_ ' reduce ',' reduce ex ',
'"_repr_','_ setattr_','_sizeof ',' str_ ','_ subclasshook_ ',' weakref ',' data_oriented’,

"_seed_from_ndarray', 'add_CADmodel', 'add_bounding_box', 'add_cube', 'add_ellipsoid', 'add_mesh’,
'add_ngon', 'add_particles', 'add_sphere_collider', 'add_surface_collider', 'add_texture_2d’,
'all_time_max_velocity', 'alpha’, 'block’, 'block_offset’, 'build_pid', 'clear_grid_postprocess',
"clear_particles', 'color’, 'color_with_alpha’, 'compute_max_grid_velocity', 'compute_max_velocity',
'copy_dynamic', 'copy_dynamic_nd', 'copy_ranged’, 'copy_ranged_nd', 'default_dt', 'dim', 'dx’, 'g2p/,
'g2p2g', 'g2p2g_allowed_cfl', 'gravity', 'grid’, 'grid_bounding_box', 'grid_m',
'grid_normalization_and_gravity', 'grid_postprocess', 'grid_size', 'grid_v', 'input_grid’, 'inv_dx’,
'lambda_0', last_time_final_particles', 'leaf_block_size', 'material’, 'material_elastic', 'material_sand',
'material_snow', 'material_stationary', 'material_water', 'materials', 'max_num_particles', 'mu_0',
'n_particles', 'nu', 'num_grids', 'offset’, 'p2¢g', 'p_mass', 'p_rho', 'p_vol', 'padding’, 'particle’, 'particle_info',
'pid', 'quant’, 'random_point_in_unit_polygon', 'random_point_in_unit_sphere', 'read_restart’,
'recover_from_external_array', 'res', 'sand_projection’, 'seed’, 'seed_ellipsoid’,
'seed_from_external_array', 'seed_from_voxels', 'seed_particle’, 'seed_polygon', 'set_gravity',
'set_source_velocity', 'source_bound', 'source_velocity', 'stencil_range', 'step’, 'support_plasticity’,
'surface_separate’, 'surface_slip', 'surface_sticky', 'surfaces’, 't', "total_substeps', 'unbounded’,
'use_adaptive_dt', 'use_bls', 'use_emitter_id', 'use_g2p2¢g’, 'use_ggui’,

v

'v_clamp_g2p2¢g', 'voxelizer', 'voxelizer_super_sample', 'water_density', 'write_particles’,
'write_particles_ply', 'writers',

X

]

TEBEREE

. mpm_solver.py

o R A LT\ B 25, R L C o Ze v, MO MIPEEIC B L < 1 SPH & [IRE, 4 4 X T2
TV v r7InTws, STRARITIITREKR. 7, FE, HEL o MRk, WaKicitE
W, BWAWAEBIELARTNIETRnweE TA03H 55, VT AMcTET 513 EERR23 22020,
Taichi DRI B2 A>T 5D TEITE0EZLDD. DR, mujoco & LDk IaL—xL
DK A MEIT I 5 235, MPM THAS 42 Fb 5 5.

b & s D T — A — & G —HR

# Young's modulus and Poisson's ratio

self.E, self.nu = 1le6 * size * E_scale, 0.2
E = 1.0*106* size * Escale #size = EFEZEEMOH A4 X, E scale=1
v =0.2 # X 03 H7 Y



# Lame parameters FHIEZTZC, HEMiTIIR & AW R ZMTE 2 52D
self.mu_0, self.lambda 0 = self.E / (2 * (1 + self.nu)), self.E * self.nu / ((1 + self.nu) * (1 -2 *
self.nu))

_E
T 2(1+v)

n # 7 ADOHEIER TR G oL F L. FEAEL 220w ERALY TS5 L9

72. Lamé parameters |[$LA T

3= Ev
T (A+v)(A-2v)

In homogeneous and isotropic materials, these define Hooke's law in 3D,
o = 2ue + Atr(e),

where @ is the stress tensor, € the strain tensor, I the identity matrix, and tr the trace function.
Hooke's law may be written in terms of tensor components using index notation as

Oij = 23},53'3' —+ /\a.ijt‘kk,

where 655 is the Kronecker delta.

https://en.wikipedia.org/wiki/Lam%C3%A9_parameters
https://ja.wikipedia.org/wiki/%E3%83%A9%E3%83%A1%E5%AE%9IA%E6%95%B0

# Sand parameters
friction_angle = math.radians(45)
sin_phi = math.sin(friction_angle)

self.alpha = math.sqrt(2 / 3) * 2 * sin_phi / (3 - sin_phi)
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