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Editing Compact Voxel Representations on the GPU
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Sparse Voxel Octree

Voxel Octree Recursively subdivide space into evenly sized 23 regions

Sparse Don’t subdivide empty regions
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Sparse Voxel Octree (SVO)

Node
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Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
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Scene SVO SVDAG [KSA13]

Citadel 128K3 (No Materials)
13.7B occupied voxels 15,117 MiB 980 MiB 15.4x

Citadel 128K3 (4-bit Materials)
13.7B occupied voxels 22,516 MiB 5,997 MiB 3.7x

San Miguel 64K3 (4-bit Materials)
10.3B occupied voxels 14,865 MiB 2,929 MiB 5.0x
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Memory Usage
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Editing Compact Voxel Representations on the GPU



Make modifications to existing SVDAG file

Performance considerations

• Editing  CPU (Multi Threaded)

• Rendering GPU
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HashDAG [CBE20]



Hash table size heuristically determined at start-up:

• Number of buckets

• Maximum size of each bucket

Custom virtual memory system to store the hash table.
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HashDAG [CBE20] – Fixed-Size Hash Table



• Limited scalability due to mutex locking

• CPU  GPU copy of scattered data

• Designed for local edits
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HashDAG [CBE20] – Limitations



• Limited scalability due to mutex locking

• CPU  GPU copy of scattered data

• Designed for local edits
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Addressing These Limitations
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Our Work
Editing on the GPU



Node

1. Construct a Sparse Voxel “Octree” of the modified scene
• Point to existing SVDAG for unchanged regions
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Conceptual Overview

Node NodeNode

NodeNode NodeNode

Existing SVDAG SVO after editing
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Stored in hash tables Stored in contiguous arrays
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Top-Down SVO Construction
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Top-Down SVO Construction
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Top-Down SVO Construction
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Top-Down SVO Construction
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Top-Down SVO Construction
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Top-Down SVO Construction



1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree
• Use hash table to find duplicates
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Conceptual Overview
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree
• Use hash table to find duplicates
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree
• Use hash table to find duplicates
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Conceptual Overview
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree
• Use hash table to find duplicates
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Conceptual Overview
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree
• Use hash table to find duplicates
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Conceptual Overview
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree

3. Merge into existing SVDAG
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Conceptual Overview
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree

3. Merge into existing SVDAG
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Conceptual Overview
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree

3. Merge into existing SVDAG
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Conceptual Overview

Old SVDAG SVO after editing

Stored in hash tables Stored in contiguous arrays
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1. Construct a Sparse Voxel “Octree” of the modified region

2. Remove duplicates within this Octree

3. Merge into existing SVDAG
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Conceptual Overview

Old Root New Root

Stored in hash tables
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GPU Hash Table



Matches most of our requirements:

• Optimized for the GPU 

• Pointer stability under insertion

• Must support “large” items (>64 bits)
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SlabHash [AFCO18]



ha es sc

ni ip bi no bu vi id
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SlabHash [AFCO18] - Terminology
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SlabHash [AFCO18] - Terminology

Linked list of 32-slot groups (aka slabs)

Shown as slabs of 8 slots for brevity
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SlabHash [AFCO18] - Terminology
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Empty slots are indicated by a reserved special value (typically “0”).

Atomically swapped with the to-be inserted item.

Supports multiple operations in parallel:

• Insertion

• Search

• Removal
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Parallel Operations
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Extending SlabHash



Extending SlabHash [AFCO18] to store large items (of uniform size)

We propose three hash table designs:

1. 64-bit Atomic Compare-and-Swap

2. Ticket Board

3. Acceleration Hash (both 8-bit and 32-bit)
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Extending SlabHash
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Inner Node Encoding

Node

0 1 2 3 4 5

11110011 0 1 2 3 4 5

• 32-bit header (8-bit child mask)

• 32-bit pointers to non-empty children
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Leaf Encoding (43 voxels)

01010101… 01010101…

• 64-bit bitmask
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Leaf Encoding (43 voxels)

01010101… 01010101… stone grass stone water grass grass stone water water

• 64-bit bitmask

• 4-bit material per occupied voxel



Note: items never start with 64-bit “0”

• Leaf must have at least 1 filled voxel

• Nodes must have at least 1 child

Atomically swap “0” to insert or remove
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Hash Table Insertion and Removal



0 128 256 384 640 768512

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED

• Store first 64 bits (8 bytes) of each slot
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64-bit Atomic

52

1 2 2 0 3

Node

0 1 2 3

11110011 0



0 128 256 384 640 768512

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
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64-bit Atomic

53

1 2 2 0 3

Node

0 1 2 3

11110011 0



0 128 256 384 640 768512

• Store first 64 bits (8 bytes) of each slot

• Store item remainders at the end of the slab
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64-bit Atomic

54

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED

11110011 0

Node

0 1 2 3

1 2 2 0 3



Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED

0 128 256 384 640 768512

• Store first 64 bits (8 bytes) of each slot

• Store item remainders at the end of the slab
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64-bit Atomic

55

11110011 0

Node

0 1 2 3

1 2 2 0 3



0 128 256 384 640 768512

• Store first 64 bits (8 bytes) of each slot

• Store item remainders at the end of the slab

• 31 slots per slab to improve memory alignment
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64-bit Atomic

56

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED



0 128 256 384 640 768512

Search for the following node:
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64-bit Atomic - Look-Up Efficiency

57

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED

10110111 3 0 2 2 1 1 Node

3 0 2 1



0 128 256 384 640 768512

Warp of 32 ↯ threads ↯ collaboratively check first 64-bits of each item
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64-bit Atomic - Look-Up Efficiency

58

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED

10110111 3 10110111 310110111 310110111 310110111 3

↯ … ↯ ↯

Node

3 0 2 1

0 2 2 1 1



0 128 256 384 640 768512

Warp of 32 ↯ threads ↯ collaboratively check first 64-bits of each item

Only test remainder for potentially matching slots
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64-bit Atomic - Look-Up Efficiency

59

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED

0 2 2 1 1

Node

3 0 2 1

0 2 2 1 10 2 2 1 1
0 2 2 1 1

0 2 2 1 1



Visiting a node often requires loading two cache lines
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64-bit Atomic – SVDAG Traversal Performance

60

Node

0 1 2 3

0 128 256 384 640 768512

Slot 0
Bytes  0…7

Slot 30
Bytes  0…7

UNUSED
Slot 0
Bytes 8…

Slot 30
Bytes 8…

Next Pointer
+ UNUSED

11110011 0 1 2 2 0 3



Inspired by Stadium Hashing [KBGB15]

• 32-bit mask M to indicate slot usage

• No alignment padding

61

Ticket Board

61

M Slot 0 Slot 31

0 128 256 384 512 640

Node

0 1 2 3

11110011 0 1 2 2 0 3



Inspired by Stadium Hashing [KBGB15]

• 32-bit mask M to indicate slot usage

• No alignment padding
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Ticket Board

62

M Slot 0 Slot 31

0 128 256 384 512 640

Node

0 1 2 3

11110011 0 1 2 2 0 3



M Slot 0 Slot 32

Look-ups require loading the entire slab from memory
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Ticket Board - Look-Up Efficiency

63

0 128 256 384 512 640

11100111 4 1 2 5 0 3

10110111 3 0 2 2 1 1 Node

3 0 2 1

11110011 0 1 2 2 0 3

↯ ↯ ↯ ↯ ↯ ↯ ↯ ↯ ↯ ↯



• Items are contiguous in memory (SVDAG traversal)

• Fast hash table look-ups

• Low memory overhead

Our solution: “acceleration hash”
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Best of Both Worlds



ℎ𝑎𝑎𝑎𝑎ℎ𝑎  = 

• 32-bit secondary hash of each slot

• Fast look-ups by first comparing secondary hash

• 31 slots per slab; aligned to cache line

65

Acceleration Hash (32-bit)

65

Hash
Slot 1 … Hash

Slot N
UNUSED Slot 0 Next Pointer

0 128 256 384 640 768512

11110011 0 1 2 2 0 3 17631763



ℎ𝑎𝑎𝑎𝑎ℎ𝑎  = 

• 32-bit secondary hash of each slot

• Fast look-ups by first comparing secondary hash

• 31 slots per slab; aligned to cache line
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Acceleration Hash (32-bit)

66

Hash
Slot 1 … Hash

Slot N
UNUSED Slot 0 Next Pointer

0 128 256 384 640 768512

11110011 0 1 2 2 0 3 1763

1763 11110011 0 1 2 2 0 3



ℎ𝑎𝑎𝑎𝑎ℎ𝑎  = 

• 32-bit secondary hash of each slot

• Fast look-ups by first comparing secondary hash

• 31 slots per slab; aligned to cache line
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Acceleration Hash (32-bit)

67

Hash
Slot 1 … Hash

Slot N
UNUSED Slot 0 Next Pointer

0 128 256 384 640 768512

11110011 0 1 2 2 0 3 1763

1763 11110011 0 1 2 2 0 3

↯ … ↯ ↯



• 8-bit secondary hash to reduce memory overhead

• 32 slots per slab; no alignment padding
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Acceleration Hash (8-bit)

68

H0 … H
31 Slot 0 Slot 31

0 128 256 384 640512

17 11110011 0 1 2 2 0 3

ℎ𝑎𝑎𝑎𝑎ℎ𝑎  = 11110011 0 1 2 2 0 3 17
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Evaluation



Implemented inside the HashDAG framework [CBE20]

Using the same test scenarios as previous work

Machine: Nvidia RTX4080, AMD 7950X3D, PopOS 22.04
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Evaluation
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Memory Usage



Scene Method Memory
Citadel 128K3 (No Materials)
SVO          15117 MiB
SVDAG    980 MiB

Atomic U64 1199 MiB (+22.3%)

Citadel 128K3 (With Materials)
SVO          22516 MiB
SVDAG    5997 MiB

Atomic U64 7164 MiB (+19.5%)

San Miguel 64K3 (With Materials)
SVO          14865 MiB
SVDAG    2929 MiB

Atomic U64 3509 MiB (+19.8%)
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Memory Usage



Scene Method Memory
Citadel 128K3 (No Materials)
SVO          15117 MiB
SVDAG    980 MiB

Atomic U64 1199 MiB (+22.3%)
Ticket Board 1155 MiB (+17.9%)

Citadel 128K3 (With Materials)
SVO          22516 MiB
SVDAG    5997 MiB

Atomic U64 7164 MiB (+19.5%)
Ticket Board 7082 MiB (+18.1%)

San Miguel 64K3 (With Materials)
SVO          14865 MiB
SVDAG    2929 MiB

Atomic U64 3509 MiB (+19.8%)
Ticket Board 3461 MiB (+18.2%)
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Memory Usage



Scene Method Memory
Citadel 128K3 (No Materials)
SVO          15117 MiB
SVDAG    980 MiB

Atomic U64 1199 MiB (+22.3%)
Ticket Board 1155 MiB (+17.9%)
Acceleration Hash (32-bit) 1400 MiB (+42.9%)
Acceleration Hash (8-bit) 1203 MiB (+22.8%)

Citadel 128K3 (With Materials)
SVO          22516 MiB
SVDAG    5997 MiB

Atomic U64 7164 MiB (+19.5%)
Ticket Board 7082 MiB (+18.1%)
Acceleration Hash (32-bit) 8685 MiB (+44.8%)
Acceleration Hash (8-bit) 7404 MiB (+23.5%)

San Miguel 64K3 (With Materials)
SVO          14865 MiB
SVDAG    2929 MiB

Atomic U64 3509 MiB (+19.8%)
Ticket Board 3461 MiB (+18.2%)
Acceleration Hash (32-bit) 4269 MiB (+45.7%)
Acceleration Hash (8-bit) 3622 MiB (+23.7%)
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Memory Usage
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Hash Table Trade-Offs

Memory Usage

64-bit Atomic +

Ticket Board +

32-bit Acceleration Hash -

8-bit Acceleration Hash o
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Editing Performance
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Placing Large Spheres
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Frame Time (Without Materials)
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Merge SVO with SVDAG (Without Materials)
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Merge SVO with SVDAG (With Materials)
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Hash Table Trade-Offs

Memory Usage Editing

64-bit Atomic + +

Ticket Board + -

32-bit Acceleration Hash - +

8-bit Acceleration Hash o +
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Rendering Performance
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Path Tracing – Inside of Stanford Bunny 16K3
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Path Tracing – Interior of Stanford Bunny 16K3
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Hash Table Trade-Offs

Memory Usage Editing Ray Tracing

64-bit Atomic + + o

Ticket Board + - +

32-bit Acceleration Hash - + +

8-bit Acceleration Hash o + +



Memory Usage Editing Ray Tracing

64-bit Atomic + + o

Ticket Board + - +

32-bit Acceleration Hash - + +

8-bit Acceleration Hash o + +
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Hash Table Trade-Offs

Most compact with good 
editing performance

Fast rendering and editing, at 
the cost of memory usage.



• Using materials reduces SVDAG compression ratio significantly

• More advanced Garbage Collection

89

Limitations & Future Work
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Details can be found in the paper & supplemental material

Planning to release the code on our website and GitHub:
https://publications.graphics.tudelft.nl/papers/13

https://github.com/mathijs727/ 
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Closing Remarks

https://publications.graphics.tudelft.nl/papers/13
https://github.com/mathijs727/

	Editing Compact Voxel Representations on the GPU
	Slide Number 2
	Editing Compact Voxel Representations on the GPU
	Sparse Voxel Octree
	Sparse Voxel Octree
	Sparse Voxel Octree (SVO)
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Sparse Voxel Directed Acyclic Graph (SVDAG) [KSA13]
	Memory Usage
	Editing Compact Voxel Representations on the GPU
	HashDAG [CBE20]
	HashDAG [CBE20] – Fixed-Size Hash Table
	HashDAG [CBE20] – Limitations
	Addressing These Limitations
	Our Work
	Conceptual Overview
	Top-Down SVO Construction
	Top-Down SVO Construction
	Top-Down SVO Construction
	Top-Down SVO Construction
	Top-Down SVO Construction
	Top-Down SVO Construction
	Conceptual Overview
	Conceptual Overview
	Conceptual Overview
	Conceptual Overview
	Conceptual Overview
	Conceptual Overview
	Conceptual Overview
	Conceptual Overview
	Conceptual Overview
	GPU Hash Table
	SlabHash [AFCO18]
	SlabHash [AFCO18] - Terminology
	SlabHash [AFCO18] - Terminology
	SlabHash [AFCO18] - Terminology
	Parallel Operations
	Extending SlabHash
	Extending SlabHash
	Inner Node Encoding
	Leaf Encoding (43 voxels)
	Leaf Encoding (43 voxels)
	Hash Table Insertion and Removal
	64-bit Atomic
	64-bit Atomic
	64-bit Atomic
	64-bit Atomic
	64-bit Atomic
	64-bit Atomic - Look-Up Efficiency
	64-bit Atomic - Look-Up Efficiency
	64-bit Atomic - Look-Up Efficiency
	64-bit Atomic – SVDAG Traversal Performance
	Ticket Board
	Ticket Board
	Ticket Board - Look-Up Efficiency
	Best of Both Worlds
	Acceleration Hash (32-bit)
	Acceleration Hash (32-bit)
	Acceleration Hash (32-bit)
	Acceleration Hash (8-bit)
	Evaluation
	Evaluation
	Memory Usage
	Memory Usage
	Memory Usage
	Memory Usage
	Hash Table Trade-Offs
	Editing Performance
	Placing Large Spheres
	Frame Time (Without Materials)
	Merge SVO with SVDAG (Without Materials)
	Merge SVO with SVDAG (With Materials)
	Hash Table Trade-Offs
	Rendering Performance
	Path Tracing – Inside of Stanford Bunny 16K3
	Path Tracing – Interior of Stanford Bunny 16K3
	Hash Table Trade-Offs
	Hash Table Trade-Offs
	Limitations & Future Work
	Slide Number 90
	Closing Remarks

