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What are we talking about?

e Complex closed-form implicit surfaces
o f(x, vy, z)
o Lessthan O — inside the shape
o  Greater than 0 — outside the shape
e Arithmetic and transcendental operations

e Hundreds or thousands of clauses




libfive

Home Studio Download Examples About

libfive is a software library and set of tools for solid modeling, especially suited
for parametric and procedural design. It is infrastructure for generative design,
mass customization, and domain-specific CAD tools.

Studio
Desktop design tool

Bindings
Scheme and Python

Standard library

Shapes and geometric operations

C API

#include <libfive.h>

libfive
C++ library

libfive.com


http://libfive.com

Massively Parallel Rendering of
Complex Closed-Form Implicit Surfaces

Matthew J. Keeter, independent researcher
ACM Transactions on Graphics (Proceedings of SIGGRAPH), 2020

mattkeeter.com/research/mpr


http://mattkeeter.com/research/mpr

Why build something new?

e Findthe “right APIs” for a high-performance implicit kernel
e Experiment with native (JIT) compilation
e 1libfiveishardtohackon
o  40KLOC, mostly C++
o  Buildingis annoying (CMake, Python, code generation)
o  Writing C++is hard
e “Prefer Rust to C/C++ for new code”
o  Safety, performance, correctness
o  Built-in package management and cross-platform builds
o Easytotarget WebAssembly



https://cliffle.com/blog/prefer-rust/
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Crate fidget & source - [-]

-] Fidget is a library of infrastructure and algorithms for function evaluation, with an emphasis
on complex closed-form implicit surfaces.

An implicit surface is a function f(x, y, z),where x, y, and z represent a position in
3D space. By convention, if f(x, y, z) < 0, then that position is inside the shape; if it’s >
0, then that position is outside the shape; otherwise, it’s on the boundary of the shape.

A closed-form implicit surface means that the function is given as a fixed expression built
from closed-form operations (addition, subtraction, etc), with no mutable state. This is in
contrast to ShaderToy-style implicit surface functions, which often include mutable state and
make control-flow decisions at runtime.

Finally, complex means that that the library scales to expressions with thousands of clauses.

docs.rs/fidget



http://docs.rs/fidget

What's included?

e Shape construction
o Trees, graphs, tapes
e Fastevaluation
o Point evaluation (single and array)
o  First derivatives (forward-mode automatic differentiation)
o Interval arithmetic
e What algorithms can we build on top of fast evaluation?
o Rendering (2D, 3D)
o  Meshing (manifold dual contouring)
o  Constraint solving (Levenberg-Marquardt algorithm)



Benchmarking rasterization

Size libfive MPR Fidget (VM) Fidget (JIT)
10243 66.8ms | 22.6 ms 61.7 ms 23.6 ms
1536° 127 ms 39.3 ms 112 ms 45.4 ms
20483 211 ms 60.6 ms 184 ms 77.4 ms




Cross-platform support

Platform
aarch64-apple-darwin
x86_64—-unknown-1inux—-gnu
x86_64—-pc—-windows-msvc
aarch64-unknown-1linux—-gnu
aarch64-pc-windows-msvc

wasm32-unknown—unknown

JIT support
Yes
Yes
Yes
Yes
Yes

No

Cl
Tested
Tested
Tested

I Checked
1. Checked

I Checked



Frontend
Building math expressions



Front-end
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Front-end: Script

® nvim ~

scale;

sin(y)*cos(z) sin(z)*cos(x);

sphere JEC(S ~e (Xx) square(y) square

max (sphere,

[No Name] [+]




Front-end: Tree & Graph

cos
sin
mul
mul square
i add mul sin
02 )
45
add square mul
sub abs add
=
max
\ mul cos
sub sqrt add
— Y cos
(2s)
a mul

square sin



Front-end: SSA Tape

Input(7, 0)
MulRegImm(6, 7, 30.0)
SquareReg(26, 6)
Input(16, 2)
MulRegImm(15, 16, 30.0)
SquareReg(25, 15)
AddRegReg(24, 26, 25)
Input(10, 1)
MulRegImm(9, 10, 30.0)
SquareReg(23, 9)
AddRegReg(22, 24, 23)
SgrtReg(21, 22)
SubRegImm(20, 21, 25.0)
SinReg(19, 6)

(continued)
CosReg(18, 15)
MulRegReg(17, 19, 18)
SinReg(14, 15)
CosReg(13, 9)
MulRegReg(12, 14, 13)
AddRegReg(11, 17, 12)
SinReg(8, 9)
CosReg(5, 6)
MulRegReg(4, 8, 5)
AddRegReg(3, 11, 4)
AbsReg(2, 3)
SubRegImm(1l, 2, 0.2)
MaxRegReg(@, 20, 1)



Front-end: Bytecode

Input(3, 9)
MulRegImm(3,
SquareReg(0,
Input(4, 2)
MulRegImm(4,
SquareReg(2,
AddRegReg (0,
Input(2, 1)
MulRegImm(2,
SquareReg(1,
AddRegReg (0,
SgrtReg(0, 0)
SubRegImm(0,
SinReg(1, 3)

3,
3)

2)
9,

9,

30.0)

30.0)
2)
30.0)
1)

25.0)

(continued)
CosReg(5, 4)
MulRegReg(1,
SinReg(4, 4)
CosReg(5, 2)
MulRegReg(4,
AddRegReg(1,
SinReg(2, 2)
CosReg(3, 3)
MulRegReg(2,
AddRegReg(1,
AbsReg(1, 1)
SubRegImm(1,
MaxRegReg (@,

5)

5)
4)



Backend
Fast, flexible evaluation



Backend: Traits

pub trait Function: Send + Sync + Clone {
type Trace: Clone + Eq + Send + Trace;
type Storage: Default + Send;
type Workspace: Default + Send;
type TapeStorage: Default + Send;
type PointEval: TracingEvaluator<Data = f32, Trace = Self::Trace, TapeStorage =

type IntervalEval: TracingEvaluator<Data = Interval, Trace = Self::Trace, TapeStorage = Self::
Self::TapeStorage> + Send + Sync;
type GradSliceEval: BulkEvaluator<Data = Grad, TapeStorage = Self::TapeStorage> + Send + Sync;

type FloatSliceEval: BulkEvaluator<Data = f32, TapeStorage

// Required methods
fn point_tape(
&self,
storage: Self::TapeStorage
) -> <Self::PointEval as TracingEvaluator>::Tape;

fn dinterval_tape(
&self,
storage: Self::TapeStorage
) —-> <Self::IntervalEval as TracingEvaluator>::Tape;

fn float_slice_tape(
&self,
storage: Self::TapeStorage
) -> <Self::FloatSliceEval as BulkEvaluator>::Tape;

fn grad_slice_tape(
&self,
storage: Self::TapeStorage
) —-> <Self::GradSliceEval as BulkEvaluator>::Tape;

fn simplify(
&self,
trace: &Self::Trace,
storage: Self::Storage,
workspace: &mut Self::Workspace
) -> Result<Self, Error>
where Self: Sized;

Function

Bytecode




Backend: Bulk evaluation

Function

—

Tape
(type-specific)

_—

Input arrays

Evaluator
(per thread)

7

Output arrays




Interpreter Functions and Tapes

Function

Bytecode

(shared pointer)

Tape

Bytecode
(shared pointer)




Backend: Tracing evaluation

Function

—

Tape
(type-specific)

_—

Input values

Evaluator
(per thread)

Output value

7

)
=

Output trace




Backend: What is a trace?

One Choice per min /max clause in the tape

LHS LHS LHS LHS LHS LHS
RHS RHS RHS RHS RHS




Backend: Function simplification

Function

—

A

Tape
(type-specific)

_—

Input values

Evaluator
(per thread)

Output value

7

=7
=

Output trace

L

Simplified
function




Why JIT compilation?

op tape.
op {
e Performance! ; (out, 1)
. e . v[lout] vars[i
e Interpreter overhead is significant
o  Mainopcode switchis an unpredictable branch e (out, arg)
o Values are loaded and stored from arrays vLout] = -vlargl;
o WithallT... '

(out, arg)

o Nodispatch loop vlargl.abs();
o  Values can be stored in machine registers
o  Only spilled to the stack as needed

(out, arg)

viout]

(out, ar

vlarg].




How JIT compilation?

e Start from the same bytecode
o Specialized to N registers, instead of 256
o Bytecode registers correspond to machine registers

e Lots and lots of hand-written assembly:

, out_reg: , lhs_reg:

¢
: fmov s7,
- dup v7.s4, v7.s[0]
s fdiv V{ (out_reg)).s4,

(lhs_reg)).s4




JIT Functions and Tapes

Function Tape

Bytecode > Machine code




Algorithms
What can we build on this?



2D and 3D rendering

Interval Tape Per-pixel
evaluation simplification evaluation

Results and traces Active tiles &
specialized tapes




1 // Scaling

2 let scale = 30;

3 let x = x * scale;

4 Tlet y =y % scale;

5 1let z = z x scale;

6

7 // Rotation

8 let z_ = z;

9 let x_ = x3;

10 let a = 0.3;

11 let z = cos(a) *x z_ - sin(a) * x_;

12  let x = sin(a) * z_ + cos(a) * x_;

13

14  let gyroid = sin(x)*cos(y) + sin(y)*cos(z) + sin(z)*cos(x);
15 let fill = abs(gyroid) - 0.5;

16

17 let sphere = sqrt(square(x) + square(y) + square(z)) - 25;
18 max(sphere, fill)

ok(..) [3D (normals) v] Rendered in 127 ms

mattkeeter.com/projects/fidget/demo


http://mattkeeter.com/projects/fidget/demo

Meshing

Interval
evaluation

-

Tape

simplification :>

Results and traces J

Derivative
evaluation

N
—

Active regions &
specialized tapes

Manifold dual
contouring

Hermite data
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Constraint solving

e Sum-of-squares minimization

e Each constraint is one expression

e Asmany input variables as you want
o Notlimitedtox,y,z

® |levenberg-Marquardt algorithm

Not a serious implementation
o Thisisjustademo!

Derivative
evaluation

Gradient
descent

{

)




mattkeeter.com/projects/fidget/constraints



http://mattkeeter.com/projects/fidget/constraints

Future possibilities

e GPU-based rendering

o Probably as a separate crate, because it doesn’t fit our traits
e Oracles for black-box objects

o Meshes, NURBS, etc

o  Tricky tointegrate with JIT
e Better meshing?
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