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Figure 14.1. Example of diffuse global illumination.

14.1 Introduction

Global illumination is a key component in creating a realistic and immersive
gaming experience. The techniques described in this article are directly used
in our in-house rendering framework called Breda, which we use in our upcom-
ing benchmark called Evolve, as well as the recent demo for Samsung on their
latest XClipse 940 GPU, powering the S24. Trying to accurately capture all of
the scene’s bounce light from numerous light sources in real time is a difficult
task. Typically the frame budget only allows a very limited amount of rays to be
traced, which would require heavy denoising in order to somewhat reliably esti-
mate indirect lighting in a scene. Conserving micro detail while keeping a stable
and responsive image has proven to be particularly challenging. In order to ad-
dress these challenges, ReSTIR [Bitterli et al. 20, Ouyang et al. 21, Wyman and
Panteleev 22] is used for both the secondary rays and irradiance cache, amortiz-
ing the workload both spatially and temporally. Some trade-offs are made that
sacrifice correctness, however in return we get highly responsive and detailed
indirect diffuse lighting. To cache indirect lighting in world space, we chose to
go for a ReSTIR-based clipmap irradiance cache [Stachowiak 22].
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14.2 Clipmap Irradiance Cache

The main purpose of an irradiance cache is to answer queries that require indirect
lighting information at a given intersection. These contributions are cached,
saving a lot of computation time for any system that needs to sample indirect
lighting. Clipmap cascades are used to keep the entry cell size roughly constant in
screen space regardless of the distance to the camera. The cache is not temporally
stable and lacks resolution for an accurate direct representation of irradiance in
the scene, however it performs very well when sampled indirectly from paths at
a relatively low cost. Entries are allocated on demand and trace four candidate
paths along with four additional validation paths every frame. (See Table 14.1.)
With an upper bound of 65,535 entries, this would net a total of 524,280 rays in
the worst-case scenario. In reality, the cache barely reaches this upper bound,
typically running around 20,000 active allocations.

Timings Bounce Rays Shadow Rays
Update Lifetimes 14 µs
Reproject Cascades 110 µs
Trace Candidates 232 µs 4 4
Trace Validate 315 µs 4 4
Build SH 46 µs
Total 717 µs 8 per entry 8 per entry

Table 14.1. Clipmap irradiance cache running in Breda on an RTX 3060.

14.2.1 Initialization

The clipmap consists of 12 cascades, each containing 32 × 32 × 32 cells that
represent an indirection to an irradiance cache allocation. Each cell utilizes a
16-bit index to the underlying irradiance cache entry along with an additional
2 bits for flagging the cell as occupied and available for sampling. The remaining
12 bits are unused, allowing for a potential increase in the number of irradiance
cache allocations if so desired. The underlying irradiance cache can hold up
to 65,535 entries, where each entry has a lifetime, trace origin, ReSTIR sample
data, and L1 spherical harmonics (SH) to store the total irradiance contribution.
(See Listing 14.1.)

� Clipmap cells: This is the only buffer that needs double buffering. The
clipmap relies on history data that’s potentially indexed with different
positional data.

� Entry pool: Available allocation entries are stored in the form of a FIFO
queue. The pool is initialized by setting the value to the index. An atomic
counter is used to fetch and recycle allocation indices.
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struct IrradianceCacheSample {
Reservoir reservoir;
float3 incomingRadiance;
float hitT;
float3 sampleDirection;

};

struct IrradianceCacheEntryData {
// Samples for 4 x 4 octahedron mapping
IrradianceCacheSample samples [16];

};

Listing 14.1. Irradiance cache data per entry.

� Entry lifetimes: Each entry has a lifetime that is used to recycle the
entries back to the entry pool. A special value is assigned here to mark
entries as deallocated, which is also used to initialize the entire buffer.

� Entry origins: Each irradiance cache entry traces rays from a probe
origin; to avoid self-intersection, the origin is moved back along the ray
direction from which it was allocated. The surface normal is used here in
order to later scale down samples that would result self-lighting.

� Irradiance samples: Entries are represented in a 4× 4 octahedral map-
ping, where all of the samples hold a ReSTIR reservoir, incoming radiance,
hit distance, and sample direction.

� Spherical Harmonics: A single L1 SH is stored per entry.

To address the memory footprint, the data is compressed from 640 bytes to
256 bytes. This is done using octahedron encoding [Cigolle et al. 14] for the
sample directions and R9G9B9E5 is used for the incoming radiance. Finally
the reservoir is compressed to 32 bits: 16 bits for the sample count (M) and
16 bits for the contribution weight (W). The lighting contribution and sample
direction are already known, thus the full reservoir can be reconstructed using
the reservoir M and W. (See Listing 14.2.)

Reservoir reconstructReservoir(float selectedWeight , uint
packedReservoir) {

Reservoir result;
result.M = f16tof32(packedReservoir & 0xffff);
result.W = f16tof32(packedReservoir >> 16u);
// W was initially constructed from
// wSum / (M * selectedWeight), so the logic can be
// reversed to reconstruct wSum. This assumes
// `W` is > 0.
result.wSum = selectedWeight * M / W;
return result;

}

Listing 14.2. Reservoir reconstruction from 32 bits.
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uint computeCascadeIndex(float3 cameraPositionWs , float baseCellSize
, uint cascadeResolution , float3 samplePositionWs) {

float3 relativePosition = samplePositionWs - cameraPositionWs;
float greatestDistance = max(max(abs(relativePosition.x),

abs(relativePosition.y)), abs(relativePosition.z));

float cascadeCenterToEdgeDistance = (baseCellSize * (float)(
cascadeResolution - 1)) * .5;

uint cascadeIndex = 0;
if (greatestDistance >= cascadeCenterToEdgeDistance) {

cascadeIndex = (uint)log2(greatestDistance /
cascadeCenterToEdgeDistance) + 1;

}

return clamp(cascadeIndex , 0, kMaxNumberOfClipmapCascades - 1);
}

Listing 14.3. Cascade index.

14.2.2 Cache Lookup

When querying the clipmap, the associated cell needs to be loaded in order to
determine if the indirection points to a valid allocation. This is done by convert-
ing the query position in world space to a local coordinate within the clipmap.
First off, the relative distance to the clipmap cell is measured, which is used
to calculate the cascade index (Listing 14.3). The resolution of the clipmap
cascade is reduced by 1 during sampling for a very specific reason: the origins
of the cascades are based on the cell size, but don’t always align properly. By
conservatively sampling from a higher cascade, sampling outside of the cascade
is prevented.

Since all of the clipmap cells are located linearly in a buffer, a 3D index
within the current cascade needs to be converted to a linear buffer index. We
know that all of the cascades are centered around the camera, however to find
the cell index within the cascade, the cascade origin needs to be known, as well
as the cascade bounds (Listing 14.4).

float3 calculateCascadeOrigin(float3 cameraPositionWs , float
baseCellSize , uint cascadeIndex) {

float cascadeCellSize = (float)(1U << cascadeIndex) *
baseCellSize;

return floor(cameraPositionWs / cascadeCellSize) *
cascadeCellSize;
}

Aabb calculateCascadeBounds(float3 cameraPositionWs , float
baseCellSize , uint cascadeResolution , uint cascadeIndex) {

float3 cascadeOrigin = calculateCascadeOrigin(cameraPositionWs ,
baseCellSize , cascadeIndex);

float cascadeSize = baseCellSize * (float)cascadeResolution * (
float)(1U << cascadeIndex);

Aabb result;
result.minBounds = -cascadeSize * 0.5 + cascadeOrigin;
result.maxBounds = cascadeSize * 0.5 + cascadeOrigin;

return result;
}

Listing 14.4. Cascade origin and bounds.
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The sampling position can then be converted to a relative index within the
cascade. After this, all that’s left to do is to linearize the relative index and
account for the size of all cascades that come before the current cascade, which
gives the global index. (See Listing 14.5.)

uint computeBufferLocation(float3 cameraPositionWs , float
baseCellSize , uint cascadeResolution , float3 samplePositionWs) {

uint cascadeIndex = computeCascadeIndex(cameraPositionWs ,
baseCellSize , cascadeResolution , samplePositionWs);

// Note that the bounds are in world space.
Aabb bounds = calculateCascadeBounds(cameraPositionWs ,

baseCellSize , cascadeResolution , cascadeIndex);

if (any(samplePositionWs < bounds.minBounds) || any(
samplePositionWs > bounds.maxBounds)) {

return ∼0u; // Position is out of bounds.
}

float3 cascadeSize = bounds.maxBounds - bounds.minBounds;
uint3 relativeIndex =

uint3 ((( samplePositionWs - bounds.minBounds) / cascadeSize)
* cascadeResolution);

// Linearize to global buffer index.
uint location = cascadeIndex * cascadeResolution *

cascadeResolution * cascadeResolution;
location += relativeIndex.x;
location += relativeIndex.y * cascadeResolution;
location += relativeIndex.z * cascadeResolution *

cascadeResolution;
return location;

}

Listing 14.5. Calculating buffer location.

With the clipmap cell index known, the metadata is loaded to determine if
the cell is free or occupied. If the cell is free, an InterlockedOr is performed to
see if the query is the first one to touch the cell. This is extremely important as
multiple sources might be trying to allocate an irradiance cache entry; not being
careful here can result in oversubscribing the irradiance cache. If the result is not
yet flagged as occupied, the query can safely proceed with allocating an entry. If
the allocation has succeeded, a new probe origin and hit normal is stored. (See
Listing 14.6.)

In a scenario where most of the queries are trying to sample/allocate the same
clipmap cell, contention may become a very big problem. This is especially true
when the irradiance cache has a low resolution, increasing the odds that queries
are performed on the same cell. To mitigate this problem, the cell metadata is
loaded up front. If the cell is marked as occupied, the atomic will be skipped,
which will drastically reduce contention. This does however come at a slight cost
when cells are unoccupied, as both a memory load and dependent atomic are
performed.

When the cell both is occupied and contains valid sampling data, the en-
try SH is resolved based on the hit normal [Hazel et al. 15]. Additionally, a
new probe origin is also stored for the cell, which serves as a way to prevent
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uint clipmapCellLocation = computeBufferLocation(cameraPositionWs ,
baseCellSize , cascadeResolution , samplePositionWs);
uint metadata = clipmapCellBuffer.Load <uint >( clipmapCellLocation *
sizeof(uint));

bool isOccupied = (metadata & kAllocatedBit) == kAllocatedBit;
// Only perform the InterlockedOr if the cell is free to reduce
// contention.
if(! isOccupied) {

clipmapCellBuffer.InterlockedOr(clipmapCellLocation * sizeof(
uint), kAllocatedBit | kJustAllocatedBit , metadata);

bool wasFirstToAllocate = (metadata & kAllocatedBit) !=
kAllocatedBit;

if(wasFirstToAllocate) {
const uint counterOffsetInBytes = 0u;
const uint dataOffsetInBytes = sizeof(uint);
// First request an available pool entry.
uint freeIndex;
entryPool.InterlockedAdd(counterOffsetInBytes , 1u, freeIndex

);
// Retrieve the actual allocation index.
uint allocationIndex = entryPool.Load <uint >(

dataOffsetInBytes + freeIndex * sizeof(uint));

// Pack the new allocation index and update the cell
// metadata.
metadata |= allocationIndex << 16u;
clipmapCellBuffer.Store <uint >( clipmapCellLocation * sizeof(

uint), metadata);
.. // Store associated data using the allocationIndex.

}
}

bool justAllocated = (metadata & kJustAllocatedBit) ==
kJustAllocatedBit;
// Early out if no sampling data is available.
if(justAllocated) {

return 0;
}

uint allocationIndex = metadata >> 16u;
// Proceed to sample SH data at allocationIndex.
..

Listing 14.6. Cache lookup and allocation.

potentially bad probe origins from persisting throughout many frames. Note
that atomically allocating probe origins using a “first come first served” princi-
ple is not deterministic. If determinism is desired, an alternative probe origin
allocation scheme is needed.

Lifetimes are updated for allocation indices each frame, ensuring no stale
allocations survive longer than necessary. During this process we proceed to
deallocate any entries that no longer have a valid lifetime. All associated data
related to the allocation is cleared upon deallocating an entry, which includes all
ReSTIR reservoir data, tracing origins, and spherical harmonics. For simplicity
we avoid directly updating the clipmap references here, as the reprojection pass
will already take care of invalid references by validating the associated lifetimes.
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Figure 14.5. Light leak caused by tracing the origin, potentially originating from either
side of the geometry.

Figure 14.6. Rejecting trace origin candidates that have a greater rank compared to
the entry rank.
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Figure 14.11. Tracing selection with a moving camera: green indicates that validation
logic should be executed, and red indicates candidates generation.

stored selected contribution with the validated contribution value. This will
make the temporal reservoirs very responsive to changes.

14.3.4 Spatial Resampling

Two spatial reuse passes are used in order to share as many unique reservoirs
between pixels as possible. The first pass is aimed at less-complex geometry
and resamples six neighbor reservoirs in a radius up to 42 pixels. The second
pass is aimed toward scenarios where geometry is slightly more complex, such
as vegetation or thin objects, and resamples up to five neighbor reservoirs in a
radius up to 20 pixels. This second pass relies on the results of the first spatial
reuse pass, effectively extending the search radius from the first pass while taking
care of smaller details. The sampling radius is based on a fitted curve for each
of the spatial reuse passes:

first pass radius =

(
sampleIndex

numSamples

)0.5

· maxRadius,

second pass radius =

(
sampleIndex

numSamples

)1.5

· maxRadius.


















