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1 billion voxels 93.8 million particles

4x NVIDIA Quadro P6000

Total 512 GB CPU memory Total 96GB GPU memory



Saving memory on simulation states

On a single particle:
e Position (X, vy, z)
e\elocity (u, v, w)

e Deformation gradient F3x3
o

Full-precision: 68 B Quantization 1: 40 B Quantization scheme 2: 40 B

RE

x: fixed21 vy: fixed21 z: fixed2 x: fixed21 vy: fixed21 z: fixed2

u: float32 v: float32
w: float32 F IO R - fix11

F11:ﬂX1O F11:fiX11 F112fiX11 F11:fiX10 F11:fiX11 F11:fiX11

u: frac19 v:frac19 w: frac19 exp?

F11Z fixed1 §) F11I ﬁxed1 §) F132 fixed1 §) F21I fixed1 §)

Fzz: fixed1 6 F23I fixed1 §) F31Z fixed1 6 F32: fixed1 §)

F33: fixed16 mat: int16 color: uint32



Programming Quantized Simulation

Manual Engin.ee.ring. Quantization library Language &
& Low-level optimization Compiler (ours)

template <int exp, int frac> . float(exp=4, frac=4)

f = int(x & 32767)) x (1 / 32767.0f) class Float {..}

changing only 3% LoC

Performance X

Productivity

X



Quantization Scheme Computation

Tl 68 B X Game of Life
a2 |y oass [P oatsz ] s a2 _ 7.0 GB memory
T otz | o oz Gol 20,554,956,900 cells

m material: int32 SV D P
ercell: 2 B—=20.25 B
| Fu:floats2 | Fu:floats2 [l color: uint32 [N . NeoHookean
T T ¥ = (8.0x)
! MacCormack
Quant 1: 40 B Quant 2: 40 BX [\it((]e:;gl(]
x: fixed21 v: fixed21 z: fixed21 x: fixed21 v: fixed21 z: fixed21 . -

. COPIC Advectl.on
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e [ 29.3 GB memory

mat: int16 m mat: int16 421 ,1 3 4, 3 3 6 V OX e I S

Per voxel: 110 B—70 B

MLS-MPM

16.6 GB memory
234,527,481 particles

Per particle: 686B—40B
(1.7%)

Domain-Specific Optimization
Store Fusion / Thread Safety Inference / Bit Vectorization

High-Performance Code Generation

Quantized type encoding & decoding




Taichi: DSL embedded in Python
Data-oriented, imperative, sparse, and parallel

@ti.kernel
def saxpy(a: ti.f32):
for 1 1n x:
# Parallel for loop over
# active i1ndices of x

z[1] = a *» x[1] + y[1]

@ti.kernel
def conditional_stencil():
for 1, j 1n y: # 2D parallel for loop
if y[1, J] < O:
yl[i, j1 = x[i-1, jl - 2*xx[i, j] + x[i+1l, j]



Type System



Customized Data Types

| i5 = ti.quant.int(bits=5)
ﬂ’[egel’S ul9 = ti.quant.int(bits=19, signed=False)

fixedl7 = ti.quant.fixed(frac=17, range=3.14)

F' d . # Range [-3.14, 3.14)
IXE pOInt ufixed5 = ti.quant.fixed(frac=5, signed=False, range=2)
# Range = [0, 2)

18

Floating-point ¢,

ti.quant.float(exp=4, frac=14)
ti.quant.float(exp=6, frac=16, signed=False)

/y(: 7, 121 = ti.quant.int(bit=21, compute=ti.i164)
OmpUte type bfloatleé = ti.quant.float(exp=8, frac=8, compute=ti.f32)



Tree-based Type System

bit_struct
custom int (ci): 6 bits exponent: 5 bits fraction: 5 bits
e Two new families of types B
- Bit struct s
- Bit arra fixed-point: 8 bits custom int: 8 bits
o | 10101010 WOA0T0H0
e Extends Taichi’s hierarchical SNode system bit_array
e Decompose hardware-native data types o i L. 3



Bit struct

Divide hardware-native types
(e.g., 132) into smaller pieces

velocity_component_type =
ti.quant.float(exp=6, frac=8, compute=ti.f32)
velocity = ti.Vector(3, dtype=velocity_component_type)

# Since there are only three cell categories,
# 2 bits are enough
cell_category_type =
ti.quant.int(bits=2, signed=False, compute=ti.i32)
cell_category = ti.field(dtype=cell_category_type)

% The bat SErict for 5172x512x7256 voxers
voxelt =t st reoEdenseitmbike (51120851025 6
.bit_struct(num_bits=32)

# Place three components of velocity into the voxel,
# and let them share the components.
voxel.place(velocity, shared_exponent=True)

# Place the 2-bit cell category
voxel.place(cell_category)

cell category type

shared exp: 6 bits v, fractions 8 bits vy fractions: 8 bits v, fractions: 8 bits 2 blts

RENEENENEHERE - o o HERpNEREN .




Bit array

bin_value_type = ti.quant.int(num_bits=4, signed=False)

7 The it areay o Silxasi o o valiies
dEEay = S rcoEridenselGE SE e (512 G4))
DA G R S [ R PR ES = 52)

# Place the unsigned 4-bit bin value into the array
array.place(bin_value_type)

bin value type

ci4 ci4 ci4 ci4




Bit pointers: addressing bits

byte-level pointers Legend
* * *
l l l 1 byte x byte pointer

AERRNRAN RRRNARER | 10t A bit pointer

classical data type: uint16

bit-level pointers

T T v
11000001 BEiAEAAD 111 11 BRiiNAAE

bit_struct(ci5, ci6, cib) bit_array(ci3x5)



Real Number Types

X y
! 1.00090 ©.0000

SigNy  expPx fracy

X (IEEE 754 “float”) ©060111111100000000000000000000000

signy  expy fracy

y (IEEE 754 “float”) ©0000000000000000000000000000000

X X, y: ti.quant.float expxy signx  fracx  signy  fracy
(exp=6, fraction=13) B1111101000000000000000000000000

shared exponent
expx signy  fracy expy signy  fracy

X, y:ti.quantfloat  54999000000000000000000000000000
(exp=5, fraction=11)

Signy fracy signy fracy

X, y:ti.quant.fixed  o1000000000000000000000000000000
(fraction=16, range=2.0)



Real Number Types

X y
! 0.0000 1.0000

SigNy  expPx fracy

x (IEEE 754 “float”) ©0000000000000000000B00VVBBBBB00O

signy  expy fracy

y (IEEE 754 “float”) ©00111111100000000000000000000000

X X, y: ti.quant.float expxy signx  fracx  signy  fracy
(exp=6, fraction=13) B1111100000000000000100000000000

shared exponent
expx signy  fracy expy signy  fracy

X, y:ti.quantfloat  ga550000000000000111100000000000
(exp=5, fraction=11)

Signy fracy signy fracy

X, y:ti.quantfixed  g5000000000000000100000000000060
(fraction=16, range=2.0)



Real Number Types

y X Y
0.99/4 0.0100

SIZNyx  €XPx
X (IEEE 754 “float”) ©601111116111111161010116011601101

signy  expy fracy

y (IEEE 754 “tloat”) ©0111100001001000100001110011011

X X, y: ti.quant.float eXpPxy Signy signy fracy
(exp=6, fraction=13) B1111661111111101610006000101601

shared exponent
. expx Signy expy signy  fracy
X, y: ti.quantfloat — 594996911111110110100006100160076
(exp=5, fraction=11)
Signy signy fracy

X, y:ti.quantfixed  55449111110101100000000010100100
(fraction=16, range=2.0)



The impact of

float32 reference Round towards zero  Rounding up Round to nearest



Large-Scale Demos

All run on a single GPU with at most 32 GB memory
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Game of Life
with 2048x2048 OTCA meta cells

20,554,956,900 cells
Per cell 2 B—=0.25 B

8x compressed storage

53.0s / frame
7.0 GB memory allocated
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234,527,481 particles
Per particle 68B—40B
76.2s / frame
16.6 GB memory allocated
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x: fixed21 vy: fixed21 z: fixed2

v: frac19 w: frac19 exp7

F13Z fixed1 §) F21: ﬁXQd] §)

_ F31I fixed1 6 F322 ﬁXQC” §)

Fss: fixed16 color: uint32




Advection-reflection
fluid simulation

421,134,336 voxels
Per voxel 110 B—=70 B

68.8s / frame

Full precision: 84 B Quantized: 44 B

u;: fixed21 v fixed21  w; fixed21
U, q: fixed21 v, : fixed21 w,,;: fixed21
B 0. ¢ ez o,y e

R,y frac9 G,,,: frac9 B,,: frac9 exp5
| 4B

Uyt fixed21 v, ;: fixed21 w,,;: fixed21




Advection-reflection
fluid simulation

421,134,336 voxels
Per voxel 110 B—=70 B

58.3s / frame

Full precision: 84 B Quantized: 44 B

u;: fixed21 v, fixed21  w;: fixed21
 PETTII
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G,,,: frac9 B,,,: frac9 exp5
4B |
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O, all © &) O, all © &)

MLS-MPM
Using float32 on grid nodes| Using fixed32 on grid nodes
on 26 FPS 36 FPS (1.4x)

IPhone XS
=

FPS FPS

36K particles
256x256 grid

1.4x speed up

float32 atomics is slower than fixed32
(essentially int32) atomics during P2G.




Example failure case

sing fixed16 leads to fluid volume gain

The solution is to simply add more bits.
float32

fixed16 fixed23



Performance



Partial-Bit Stores:
Moditying part of a hardware native type (e.g., int32)

bits to store old value mask
ololololoflelaiifololifolili o]l [fofolol: ]
Itwise anc
llef‘t shift

| % . bitwise or |

nn ' nnn new value

Note: may need atomicRMW for thread safety!



Domain-Specific Optimizations

+ Bit-struct store fusion (1.91x faster)

@ Stores to multiple components of a single bit struct can be
fused into one

+ Thread-safety inference (2.15x faster)
® No need to atomicRMW if we know a store is thread-safe

+ Bit array vectorization (150x faster on Gol)
e Let each 132 register represent 32xi1 (32-wide vectorization)



End-to-end Performance

+ Factors
e Encoding/decoding takes time (slower)

e But quantization reduces memory bandwidth consumption
(faster)

+ In reality those two factors fight against each other and one
will win
@ MPM: 1.03-1.14x faster with quantization
e Stable fluids: 1.27x slower (shared exponent is slow)



Quantization on Taichi
Conclusions

+ Saves space (1.57~8x)

+ Easy to use (3% LoC modification)
e Flexibly switching between different quantization schemes

+ Good performance (comparable, or even faster than full-
precision)
@ Domain-specific memory access optimizations are important

+ No significant visual quality degradation (more details in paper)



Thank you!

+ QuanTaichi is now officially part of Taichi
e Compiler: https://github.com/taichi-dev/taichi

@ Demos and microbenchmarks: https://github.com/taichi-dev/
quantaichi

+ More about Taichi: https://taichi.graphics

€ Taichi

Programming Language



https://github.com/taichi-dev/taichi
https://github.com/taichi-dev/quantaichi
https://github.com/taichi-dev/quantaichi
https://taichi.graphics

