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Decoupling Data Layouts from 
Bounding Volume Hierarchies



BVHs are indexes for speeding up spatial queries
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Bounding Volume Hierarchy (BVH)
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BVHs are used in numerous domains!

ray tracing collision detection neighbor searchclosest point query
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BVHs are used in numerous domains!
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BVHs are used in numerous domains!

neighbor searchcollision detectionray tracing closest point query
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Leaf

BVHs are physically represented many different ways
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BVHs are physically represented many different ways
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struct Node { 
  uint8 tag; 
  AABB bbox; 
  union { 
    Leaf leaf; 
    Interior interior;  
  }; 
};



BVHs are physically represented many different ways
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struct Node { 
  AABB bbox; 
  uint1 tag; 
  union { 
    Leaf leaf; 
    Interior interior;  
  }; 
};

Intra-Node Optimization



BVHs are physically represented many different ways
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Inter-Node Optimization



BVHs are physically represented many different ways
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BVHs are physically represented many different ways
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BVHs are physically represented many different ways
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Cache-friendly



BVHs are physically represented many different ways
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Space-efficient



Implementation of BVHs should minimize two objectives

  memory footprint
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The objectives are dependent on three factors

Algorithm

collision detection

neighbor search

Data

PRIMARY SECONDARY

Machine
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Each prior work is one point in this design space
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Each prior work is one point in this design space



Physical Specification
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PRIMARY SECONDARY
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Goal: design a system that aids this exploration

            Algebraic Data Type 

         Traversal Algorithms

C

D E

A

B

Physical Specification

(                    )
PRIMARY SECONDARY

            Algebraic Data Type 

         Traversal Algorithms

C

D E

A

B             Algebraic Data Type 

         Traversal Algorithms

C

D E

A

B

24



Physical Specification
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System Overview

Traversal IR

Performance Engineer 
or Autoscheduler

Physical Layout

Application Developer

Tree Traversal 
Algorithm

Algebraic Data Type Compiler
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Constructor Specialization 
Destructor Specialization 

Domain-Specific Optimizations
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Constructor Specialization 
Destructor Specialization 

Domain-Specifi

Efficient tree traversal algorithms are automatically generated from Bonsai



Specifying the logical interface

type BVH layout BVH
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machine code



BVH applications can be written agnostic to physical representation

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]); 

func closest_hit(ray: Ray, bvh: BVH, best: mut (f32, Triangle)) = 

  match bvh: 

  | Interior(bbox, L, R) -> 

   if worth_exploring(ray, bbox, best): 

    closest_hit(ray, L, best); closest_hit(ray, R, best) 

  | Leaf(bbox, n, data) -> 

   if worth_exploring(ray, bbox, best): 

     closest_triangle(ray, n, data, best)
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Specifying the physical interface

type BVH layout BVH
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machine code



Defining a layout
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layout LinearBVH(i: u32) { 
 M: u32; 
 △s: Triangle[M]; 
}

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
    
 } 
}

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N::
 △s: Triangle[M]; 
 group Nodes[N] by i { 
    
 } 
}

a b a b a b a b

group G1[4] by i { a: f32; b: i8 }

type AABB(low: f32xx

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N::
 △s: Triangle[M]; 
 group Nodes[N] by i { 
    
 } 
}

a b a b a b a b

group G1[4] by i { a: f32; b: i8 }

i = 0

type AABB(low: f32xx

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N::
 △s: Triangle[M]; 
 group Nodes[N] by i { 
    
 } 
}

a b a b a b a b

group G1[4] by i { a: f32; b: i8 }

i = 1

type AABB(low: f32xx

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N::
 △s: Triangle[M]; 
 group Nodes[N] by i { 
    
 } 
}

a

b

a

b

a

b
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b

group G1[4] by i { a: f32 } 
group G2[4] by i { b: i8  }

type AABB(low: f32xx

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N::
 △s: Triangle[M]; 
 group Nodes[N] by i { 
    
 } 
}

a a b b a a b b

group Go[4] by i { 
  group Gi1[2] by j { a: f32 } 
  group Gi2[2] by j { b: i8  } 
}

type AABB(low: f32xx

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
 } 
}

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout

39

layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { } 
       0 -> Interior { } 
   } 
 } 
}

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N::
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; //
   split n { 
     > 0 ->
       0 ->
   } 
 } 
} Leaf

Interior

n

> 0

= 0

type AABB(low: f32xx

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}

derived fields

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   16; 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);



Defining a layout
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   16; 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}

PBRT LinearBVHv4

type AABB(low: f32x3, high: f32x3); 

type BVH = Interior(bbox: AABB, left: BVH, right: BVH) 

         | Leaf(bbox: AABB, n: u16, data: Triangle[n]);
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Sufficiently expressive to realize many layout optimizations
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wlow: f32x3; whigh: f32x3; bins: f32x3; 
group qnodes[N] by i { 
 q_min: u30; q_max: u30; 
 n: u4; 
 low  = fadd_rd(wlow,  dequantize(q_min, bins)); 
 high = fsub_ru(whigh, dequantize(q_max, bins)); 
}

Δₑ

Sufficiently expressive to realize many layout optimizations

Bounding Volume Quantization
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Sufficiently expressive to realize many layout optimizations
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Sum of Arrays

offset = index[5:63]; 
split index[0:1] { 
  0b’11 -> AABB from AABBs[offset]; 
  0b’01 -> OBB  from OBBs[offset]; 
  _     -> Leaf { 
    n = index[1:4] + 1; 
    data = △s[offset : offset + n]; 
  } 
}

AABBNode

OBBNode

AABBNode

AABBNode

OBBNode

offsettag n
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axis: u2; 
slo: f32; shi: f32; 
parent.plo[axis] = slo; 
parent.phi[axis] = shi;

32B
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lo: f32x2 
hi: f32x2

Sufficiently expressive to realize many layout optimizations
Shared Slab Optimization



Automatically specializing the layout

type BVH layout BVH
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machine code



Destructor Specialization

| Interior(box, left, right) -> 
  … 
  closest_hit( 
    ray,  
    ?right?,  
    best 
  ) 
…

49



Destructor Specialization

| Interior(box, left, right) -> 
  … 
  closest_hit( 
    ray,  
    ?right?,  
    best 
  ) 
…
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}



Destructor Specialization

| Interior(box, left, right) -> 
  … 
  closest_hit( 
    ray,  
    LinearBVH,  
    best 
  ) 
…
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}



Destructor Specialization

| Interior(box, left, right) -> 
  … 
  closest_hit( 
    ray,  
    LinearBVH.Nodes[i],  
    best 
  ) 
…
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}



layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}

Destructor Specialization

| Interior(box, left, right) -> 
  … 
  closest_hit( 
    ray,  
    LinearBVH.Nodes[i].as(Interior),  
    best 
  ) 
…
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Destructor Specialization

| Interior(box, left, right) -> 
  … 
  closest_hit( 
    ray,  
    LinearBVH.Nodes[i].as(Interior).right,  
    best 
  ) 
…
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}



Destructor Specialization

if (!(LinearBVH.Nodes[i].n > 0)) 
  … 
  closest_hit( 
    ray,  
    LinearBVH.Nodes[i].as(Interior).right,  
    best 
  ) 
…

55

layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior {  
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}



Destructor Specialization

let _x0 = LinearBVH.Nodes[i] in 
if (!(_x0.n > 0)) 
  … 
  closest_hit( 
    ray,  
    _x0.as(Interior).right,  
    best 
  ) 
…
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layout LinearBVH(i: u32) { 
 N: u32; M: u32; 
 △s: Triangle[M]; 
 group Nodes[N] by i { 
   bbox: AABB; 
   n: u16; // # triangles 
   split n { 
     > 0 -> Leaf     { 
       idx: u32; 
       data = △s[idx : idx + n];  
     } 
       0 -> Interior { 
       right: u32; 
       left = i + 1; 
     } 
   } 
 } 
}



We also perform Constructor Specialization
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build BVH[order=pre] { 
  build Interior(bounds: AABB, left: BVH, right: BVH) { 
    build bounds; 
    build n = 0; 
    build left; build right; 
    return this; 
  } 
  build Leaf(bounds: AABB, n: u16, data: Triangle[n]) { 
    build bounds;  
    build n; 
    build o = append(data, n); 
    return this; 
  } 
}

(see paper for details)



These techniques are ~parity with SoTA
(higher is better)

Closest Point Query Collision Detection
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Design Space Exploration: Closest Hit Ray Tracing
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  memory footprint
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Design Space Exploration: Closest Hit Ray Tracing
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Design Space Exploration: Closest Hit Ray Tracing

The Pareto-optimal layout is  
algorithm-, machine-, and data- specific!

61



Our work enabled us to rapidly explore novel layouts

PBRT-Q16

LinearBVH implicit indexing and bit stealing

Snapped-grid extent quantization AABB de-quantization scheme

62



Our work enabled us to rapidly explore novel layouts
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Our work enabled us to rapidly explore novel layouts
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Pareto-Optimal in 35 of 42 evaluation contexts.

~5x faster

~2x less memory



Conclusion
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Performance Engineer (or AI, I guess)
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