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Introduction

Analytical implicit surfaces
fx,y,2) =0

// Sphere

// p : point

// ¢ : center of skeleton

// r : radius

float Sphere(vec3 p, vec3 c,float r

return length(p-c)-r

// Sphere

// p : point

// n : Normal of plane

// o : Point on plane

float Plane(vec3 p, vec3 n, vec3 o

return dot((p-0).n

// Operators

// Union

// a,b : field function of left and right sub-trees
float Union(float a,float b

return min(a,b

Shadertoy uses them extensively
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Analytical implicit surfaces
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Shadertoy uses them extensively

float evalImplicit(vec3 p

return min(max(Box Sphere




Introduction

Interpreter on the GPU
Interval arithmetic
Tape simplification

Full rendering pipeline



Full pipeline

Similar to a algorithm
First pass
64x64 filled tile
| 8x8 filled tile
B 38x8 empty tile
M 8x8 ambiguous tile

Pipeline in 2D
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Full pipeline
Similar to a algorithm

First pass Second pass

Per-pixel evaluation

Pipeline in 2D

64x64 filled tile
8x8 filled tile
B 8x8 empty tile

M 8x8 ambiguous tile



Interpreter on the GPU

Key point: represent the implicit surface as a tape



Interpreter on the GPU

Key point: represent the implicit surface as a tape

max (0.5 — \/x2 + 12, \/x2 + 12 — 1)
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Implicit surface equation



Interpreter on the GPU

Key point: represent the implicit surface as a tape

ey 0.5f
/ SUB %‘ . SQUARE 1hs
2 2 2 2 MAX SORT | ADD "
max (0.5 — 4/x* +y°, \/x*+ys—1 —_— —~ | sy
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Implicit surface equation



Interpreter on the GPU

Key point: represent the implicit surface as a tape

0.5f

| 1w
1 SUB s | SQUARE |l X
s g ~L P g
MAX [ iy SQRT ADD e
SuB \h‘ SQUARE s gl v
1.0f

DAG



Key point: represent the implicit surface as a tape

Interpreter on the GPU

MAX

Py
rhs
T

e o 0.5F
SUB /h/' e | SQUARE [t
E SQRT ADD i
SUB *hs‘ SQUARE lhs
1.0f

DAG

—>
[ Topological sort ]

1hs ! SQRT

SQUARE

Instruction tape

suB

MAX



Interpreter on the GPU

Key point: represent the implicit surface as a tape

e 0.5f
B N o] SOUARE hs g X - s SQUARE s 1
MAX \:T* /‘lhs/' SQRT ADD \’;h_s__‘ N e - rhs ‘-_-_"_i_k 0 rhs MAX
SUB [T s SQUARE |l Y —>
\h‘ : -
o [ Topological sort } Instruction tape

DAG

/[ Slot allocation (greedy algorithm) }

X — —

slot @
Y = B slot 1
SQUARE slot © = slot 0
SQUARE slot 1 = slot 1
ADD slot © slot 1 slot 1
SORT slot 1 = slot 1
SUB slot 1 1.0f slot @
SUB 0.5f slot 1 slot 1
MAX slot © slot 1 slot 1

Tape flat array of clause



Interval arithmetic
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Interval arithmetic

1.00

__—

0.75

[~1.@, -0.5]

0.50 Y - - [0.7, 1.2]
L 0.25 SQUARE =
- SQUARE =

ADD
- —0.25

SQRT =
- —0.50 SUB 1.0f
-0.75 SUB 0.5f
-1.00 MAX

=15 =l =05 00 0.5 1.0 1.5



Interval arithmetic

1.00

__—

[=1.@, 0.5
- 0.50 Y - - (0.7, 1.2]
L 0.25 SQUARE =
SQUARE -
ADD
SQRT =
el SUB 1.0f
-0.75 SUB 0.5f
MAX

Square __—

[-1.9, -0.5]
Y - - [0.7, 1.2]
SQUARE [-1.0, -0.5] - [0.25, 1.0]
SQUARE -
ADD
SQRT -
SUB 1.0f
SUB 0.5f
MAX

0.75

- 0.00

- —0.25

: -1.00
=1.5 -1.0 -0.5 0.0 0.5 1.0 1.5



Interval arithmetic

1.00

__—

0.75

[-1.0, -0.5]
0.50 Y _ = [0.7, 1.2]
[ 025 SQUARE [-1.0, -0.5] - [0.25, 1.0]
- SQUARE  [0.7, 1.2] - [0.49, 1.44]
ADD [0.25, 1.0]  [0.49, 1.44] [0.74, 2.44]
[0 SQRT  [0.74, 2.44] - [0.86, 1.56]
I -050 SUB [0.86, 1.56] 1.0f [-0.14, ©.56]
_0.75 SUB 0.5f [0.86, 1.56] [-1.06, -0.36]

e MAX [-0.14, 0.56] [-1.06, -0.36] (;:E:@.14, @.5%5::]

=15 =l =05 00 0.5 1.0 1.5



Interval arithmetic

1.00

__—

0.75

[-1.0, -0.5]
050 Y _ = [0.7, 1.2]
[ 025 SQUARE [-1.0, -0.5] - [0.25, 1.0]
- SQUARE  [0.7, 1.2] - [0.49, 1.44]
ADD [0.25, 1.0]  [0.49, 1.44] [0.74, 2.44]
[0 SQRT  [0.74, 2.44] - [0.86, 1.56]
- -0.50 SUB [0.86, 1.56] 1.0f [-0.14, ©.56]
_0.75 SUB 0.5f [0.86, 1.56] [-1.06, -0.36]

e MAX [-0.14, 0.56] [-1.06, -0.36] (;:E:@.14, @.5%5::]

Lower Upper

-15 -1.0 -05 0.0 0.5 1.0 1.5



Interval arithmetic

1.00

0.75

- 0.25

0.50

- 0.00

- —0.25

- —0.50

-0.75

: -1.00
=1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

__—

[-1.0, -0.5]
Y - - FORT o
SQUARE [-1.0, -0.5] > [0.25, 1.0]
SQUARE  [0.7, 1.2] - [0.49, 1.44]
ADD [0.25, 1.0] [0.49, 1.44] [0.74, 2.44]
SQRT [0.74, 2.44] - [0.86, 1.56]
SuB [0.86, 1.56] 1.0f [-0.14, 0.56]
SUB 0.5f [0.86, 1.56] [-1.06, -0.36]
MAX [-0.14, 0.56] [-1.06, -0.36] G@.M, @.5@
Lower ‘U\pper

Returns the lower and upper values found in the interval

If lower >0 = Empty interval
If upper <0 => Filled interval
otherwise = Ambiguous



Tape simplification

[-1.0, -0.5]
0.75
Y — — [0.7, 1.2]
- 0.50
SQUARE [-1.@, -0.5] - [0.25, 1.0]
- 0.25
SQUARE  [0.7, 1.2] - [0.49, 1.44]
0.0 - 0.00
ADD [0.25, 1.0]  [0.49, 1.44] [0.74, 2.44]
F—0.25
SORT  [0.74, 2.44] R [0.86, 1.56]
+ —0.50
SUB [0.86, 1.56] 1.0f [-0.14, ©.56]
o SUB 0.5f [0.86, 1.56] [-1.06, -0.36]

el 5 -1.0 -0.5 0.0 0.5 1.0

e MAX [-0.14, 0.56] [-1.06, -0.36]1 < [-0.14, @.56j::]




Tape simplification
__—

[-1.0, -0.5]
Y = = [0.7, 1.2]
SQUARE [-1.0, -0.5] = [0.25, 1.0]
SQUARE  [0.7, 1.2] - [0.49, 1.44]
ADD [0.25, 1.0] [0.49, 1.44] [0.74, 2.44]
SQRT [0.74, 2.44] - [0.86, 1.56]
SUB [0.86, 1.56] 1.0f [-0.14, 0.56]
SUB 0.5f [0.86, 1.56] [-1.06, -0.36]

MAX [-0.14, 0.56] [~1-—06—0-36] (Ezé.14, @'5§i7




Tape simplification
__—

[-1.0, -0.5]
Y = = [0.7, 1.2]
SQUARE [-1.0, -0.5] = [0.25, 1.0]
SQUARE  [0.7, 1.2] - [0.49, 1.44]
ADD [0.25, 1.0] [0.49, 1.44] [0.74, 2.44]
SQRT [0.74, 2.44] - [0.86, 1.56]
SUB [0.86, 1.56] .of [-0.14, . 56]

Slln o G e B rn o 1 el i | [ 6
up . Jdl LY.OU, T L | L I U,

MAX [-0.14, 0.56] [~3—86—=0-36] (::é 14, 0. 5::j




Tape simplification

Use interval results at min/max clauses to detect inactive clauses in a particular region
Construct shortened tape

That tape is valid for all sub regions contained within the parent region



Tape simplification: effectiveness

But this rough magic I
here abjure, and when
I have required some
heaven|y music, which even
now o, to work mine
end upon their senses that
this airy charm is for, 1
break ‘my staff, bury it
certain fathoms in the
earﬂ'\, and deeper than did
ever plummet sound
Tl drown my book.

Original: 6056 clauses
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Tape length



But this rough magic I
here abjure, and when
I have required some
heavenly music, which even
now o, to work mine
end upon their senses that
this airy charm is for, 1
break m¥ staff, bury i
certain fathoms in e
earﬂ'\, and deeper than did
ever plummet sound
T'll drown my book.

Original: 6056 clauses

Tape simplification: effectiveness

White is completely inside/outside

356 £ 125 clauses
First pass (64x64 tiles)

600
500
400
300
200
100

Tape length



But this rough magic I
here abjure, and when
I have required some
heaven|y music, which even
now o, to work mine
end upon their senses that
this airy charm is for, 1
break m¥ staff, bury it
certain fathoms in the
earﬂ'\, and deeper than did
ever plummet sound
T'll drown my book.

Original: 6056 clauses

Tape simplification: effectiveness

White is completely inside/outside

356 £ 125 clauses
First pass (64x64 tiles)

28 £ 13 clauses
Second pass (8x8 subtiles)
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o o ©

100

Tape length



Full pipeline

First pass Second pass Per-pixel evaluation
EEEEEEEEE HE EEEEEEEEEEEEEEEE
EREEEEEEE HE IIIIIIIIIIIIIIII
EEEEEE HE EEEEEEEEER .
R HE IIIIIIIIII 64x64 filled tile
[ HE ] [ T[T
HE O T[T T[] )
BB "EEEEE 8x8 filled tile
HE "HEEN
== .==== B 8x8 empty tile
HE A [ | | B
== === M 8x8 ambiguous tile
2 2
L] [ |

2D pipeline



3D Full pipeline

Encode &
allocate registers

Instruction tape

Send to GPU

Interval Tape shortenin Voxel Output
evaluation P 9 evaluation heightmap

Subdivide & recurse

Calculate
643, 16°, 43 voxel regions normals

EEY >

Output normals




Full pipeline

Interval evaluation of 64x64x64-voxel tiles
Split ambiguous tiles into 64 subtiles (16x16x16-voxels) each

Interval evaluation of subtiles
Split ambiguous subtiles into 64 microtiles (4x4x4-voxels) each

Interval evaluation of microtiles

Per-voxel evaluations of remaining ambiguous microtiles
Per-pixel evaluation, using automatic differentiation to find normals

Optional: post-processing depth + normal buffer to generate final image



Results

Model Clauses CSG Dimensions
Architectural model 961 465 3D
Bear head sculpt 541 27 3D
Text benchmark 6056 2354 2D

Gears 1735 374 Both




Results

Architectural model

Frame time (ms)

Size GeForce GT 750M  GTX 1080 Ti  Tesla V100
2563 34.3 5.5 3.2
5123 73.9 9.9 5.3
10243 189.9 22.6 12.2
15363 331.9 39.3 20.8
20483 510.7 60.6 31.9
Gears (3D)
Frame time (ms)

Size GeForce GT 750M  GTX 1080 Ti Tesla V100

2563 65.0 9.4 6.2

5123 154.5 16.6 9.2
10243 426.2 40.3 23.1
15363 930.3 72.0 39.5
20483 — 115.4 62.0

Bear head sculpt
Frame time (ms)

Size GeForce GT 750M GTX 1080 Ti Tesla V100
2563 111.3 11.3 5.2
5123 503.6 41.1 20.3
10243 2352.1 191.0 88.3
15363 — 504.2 228.3
20483 — 1053.2 437.3



Discussion

Works best with classic CSG operators (min/max)
Lots of GPU memory required

Lack of examples: only three scenes
Complex GPU implementation

Open source, in cuda, macOS only: https://github.com/mkeeter/mpr



https://github.com/mkeeter/mpr

#define
#tdefine
#define
#define
#tdefine
#define

OP(d) (((uint8_t*)(d))[@])

I oUT(d) (((uint& t*)(d))[11)

I _LHS(d) (((uint8_t*){(d))[2])
I_RH5(d) (((uint& t*)(d))[31)
IMM(d) (((float*)(d))[1])
JUMPITARGET (d) (((int32_t*)(d))[1])

https://github.com/mkeeter/mpr



https://github.com/mkeeter/mpr
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