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ABSTRACT

We present an implementation of curved ray traversal through volumes of
spatially varying refractive indices. Our work is motivated by problems in
gradient field tomography, including simulation, reconstruction, and
visualization of unknown compressible flows. Reconstruction, in particular,
requires computing, storing, and later retrieving sample points along each
ray, which in turn necessitates a multi-pass traversal algorithm to overcome
potentially burdensome memory requirements. The data structures and
functions implementing this algorithm also enable direct visualization,
including rendering of objects with varying refractive indices. We highlight a
GPU implementation in OWL, the OptiX 7 Wrapper Library, and demonstrate
sampling for reconstruction and interactive rendering of refractive objects.
We also provide source code, distributed under a permissive open source
license, to enable readers to explore, modify, or enhance our curved ray
traversal implementation.

INTRODUCTION

Geometric optics, or sometimes ray optics, models light propagation as
independent rays traveling through and interacting with different optical
media according to a set of geometric principles. Here, a ray is simply a line
or curve perpendicular to the propagation wavefront.

Geometric optics makes several assumptions about these rays to provide a
straightforward but practical model of the underlying physics. In particular:

> Rays follow straight paths in a homogeneous medium.
> Rays follow curved paths in a medium with varying refractive indices.

> Rays bend (and, in some circumstances, split) at the interface between
two different media.

> Rays can be scattered or absorbed by a medium as they propagate.
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Figure 36-1. Curved ray traversal. We present a multi-pass algorithm for curved ray traversal
through volumes of spatially varying refractive indices, which we use for simulation,
reconstruction, and visualization of unknown compressible flows (left images), as well as for
interactive rendering of refractive objects (right images).

Many computer graphics algorithms employ geometric optics to capture
common illumination effects including image formation, reflection, and
refraction. Here, we leverage geometric optics to implement curved ray
traversal through volumes of spatially varying refractive indices. We apply this
implementation to problems in gradient field tomography and interactive
rendering.

We are exploring these areas to support near real-time decision-making in
industrial imaging applications—including simulation, reconstruction, and
visualization of unknown compressible flows. Reconstruction, in particular,
requires computing, storing, and later retrieving sample points along each
ray, which in turn necessitates a multi-pass traversal algorithm to overcome
potentially burdensome memory requirements. The data structures and
functions implementing this multi-pass algorithm also enable direct
visualization, including interactive rendering of objects with varying refractive
indices. Figure 36-1 depicts several images rendered by our implementation.

In the remainder of this chapter, we briefly review the physical basis of curved
ray traversal to provide context for our algorithm and we highlight its utility in
sampling for reconstruction and interactive rendering of refractive objects.
We then review a GPU implementation of our multi-pass variant in OWL [24],
the OptiX 7 Wrapper Library. We also provide the full source code [5],
distributed under a permissive open source license, permitting readers to
explore, modify, or enhance our foundational curved ray traversal
implementation.
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BACKGROUND

We leverage curved ray traversal to solve problems in gradient field
tomography and interactive rendering. Importantly, our ability to interactively
render high-fidelity images originates from the same physical principles
governing gradient field tomography: the propagation of light as it travels
through and interacts with different optical media.

REFRACTION

Refraction in optical media is governed by Fermat’s principle [3], which
provides a link between geometric optics and wave optics. Loosely, Fermat’s
principle states that light traveling between two points follows the path of
least time.

To illustrate, consider two media of different but homogeneous refractive
indices, as in Figure 36-2a. Given a point A in the first medium and a point B in
the second, the point P at which refraction occurs is the one that minimizes
the time required for light to travel the path ,@ This phenomenon is
expressed by the law of refraction, or Snell’s law:

sinfp vy
sin (91 V1 ny

' (36.1)

where each 6; is the angle measured from the boundary normal, v; is the
velocity of light in each medium, and n; is the refractive index of each medium,
respectively.

n.

L Y:] B n,

(a) Refraction at an interface (b) Continuous refraction

Figure 36-2. Schematic illustration of Fermat's principle and the law of refraction. Fermat’s
principle states that light traveling between two points, A and B, follows the path of least time.

(a] Given points A and B in two media of different but homogeneous refractive indices, point P is
the point that minimizes the time taken by light to travel the path AB. The law of refraction, or
Snell’s law, relates the angles 61 and 0, to the velocities vi and v, or, equivalently, to the refractive
indices ny and ny. (b] The path A? follows a curve in a medium for which the refractive index
varies spatially, as in a compressible flow field.
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Data BOS Deflection Tomography Interactive
Acquisition Computation Reconstruction Visualization

Figure 36-3. The PowerFlow? pipeline. PowerFlow?P is a prototype system for acquiring,
processing, and visualizing 3D structure in experimental flows. PowerFlow®® combines modern
high-performance computing with existing methods for acquisition, reconstruction, and
visualization of 3D flow features to help reveal critical information about the underlying structure
of unknown flows.

However, for a medium in which the refractive index varies spatially, the path
,ﬁ itself changes continuously, as illustrated in Figure 36-2b. For such a
medium, then, refracted light follows a curved path. In our context, this
behavior manifests as light traverses a compressible flow field, where the
refractive index at any point varies according to fluid density.

GRADIENT FIELD TOMOGRAPHY

Our multi-pass curved ray traversal algorithm supports PowerFlow3P [6], an
end-to-end prototype system for acquiring, reconstructing, and visualizing
the underlying structure of unknown flows. PowerFlow?P is based on work by
Atcheson et al. [1], which describes both an apparatus for measuring
refractive indices of compressible flows using an array of video cameras [i.e.,
2D deflection sensing) and a methodology for computing 3D refractive index
gradient fields (i.e., 3D tomographic reconstruction). The PowerFlow3P pipeline
is illustrated in Figure 36-3.

Both 2D deflection sensing and 3D tomographic reconstruction are based on
the image formation process for background-oriented schlieren (BOS)
methods [20], which are governed by continuous refraction for optically
inhomogeneous media. In particular, the propagation of light in such media is
described by the ray equation of geometric optics:

d dx
E (nds> = Vn, [362]
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where n is the refractive index field, x is the position of a photon traversing the
ray, and ds is the differential path length along the ray. Several works in the
computer graphics literature—for example, those authored by

Stam and Langénou [22], Gutierrez et al. [8], and lhrke et al. [11]—leverage
the ray equation reformulated as a system of coupled first-order ordinary
differential equations to describe curved ray paths:

dx dd

= d, e vn. (36.3)
In this formulation, d describes the local ray direction scaled by the local
refractive index. Integrating this equation relates the refractive index gradient

to 3D ray deflections in tomographic reconstruction:

d°ut = /Vn ds+d", (36.4)
Cc

where c is the curved ray path and d™ and d°"! denote the incoming and
outgoing ray directions with respect to the medium.

Importantly, the ray equation naturally incorporates straight and curved ray
paths to simulate phenomena like reflection and refraction—phenomena with
significant impact on correctness in gradient field tomography and on visual
fidelity in rendering.

For tomographic reconstruction, the unknown vector-valued function Vn is
discretized by a set of normalized basis functions ®; with unknown coefficient
vectors n;:
[ 2
Vn=[Sne | =) oy (36.5)
i P i

This formulation relates 3D ray deflections to 3D refractive index gradients as
= P ds = . . ds = t [
/C Vnds = /C Zn,cb, ds = Zn, /C ©;ds =dpy) - dp} ), (36.6)
1 ]

where n; = [nj-(, n{, nf] is a three-component coefficient vector independently
parameterizing the three gradient components in each dimension. The
discretization results in a system of linear equations over curved ray paths c,

one for each gradient component:
_ gout in
sn[X‘y‘Zl = d[X.y.Z] - [lelz]. [367]
Solving these systems for the coefficient vectors n; recovers the refractive

index gradient field vn.
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1 Compute deflection vectors dlxyz] - '[Qyz];

2 Set initial estimate Vn = 0;
repeat

3 Compute curved ray paths c;

4 Construct matrix S;

5 Solve linear system Sny, , ) = deL")t,’Z] - {Q.y.zl;
until convergence;

6 Integrate Vn to recover n;

Figure 36-4. Gradient field tomography: reconstruction.

Typically, these steps are repeated in an iterative manner until some
termination condition is met. Finally, integrating the gradient field vn yields
the refractive index field n. This process is analogous to computing a surface
from normal vectors using a discretized form of the Laplacian operator,

An =YV -Vn. (36.8)

Here, the left-hand side is discretized, whereas the right-hand side is
computed using the recovered Vn, and the resulting Poisson equation is
solved for n.

The reconstruction algorithm is outlined in Figure 36-4. High-performance
and memory-efficient curved ray traversal (Figure 36-4, step 3] is a critical
component of the overall reconstruction process.

We use Eigen [7, 12] to implement numerical processing within the
PowerFlow3P pipeline—the linear system solution and Poisson integration
processes supporting tomographic reconstruction, specifically. Eigen is a
library of C++ template headers for linear algebra, matrix and (mathematical)
vector operations, and numerical solvers. Eigen exploits vector processing
with SIMD operation on modern CPUs, avoids dynamic memory allocation,
unrolls loops when possible, and pays special attention to cache-friendliness
for large matrices. Together, these characteristics make Eigen an ideal
library for prototyping the numerical processing required by PowerFlow3P,

Tractability of reconstruction relies on a sparse formulation of matrix S. In
particular, the entries of matrix S consist of line integrals over basis
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functions ®;:
fm By ds fc1 dyds - jq Dy, ds
_ fcz <1.>1 ds fCZ ‘I?z ds sz (I)'Nb ds ' (36.9)
chm ;I>1 ds fovm ;Dz ds ... fCNm <I;Nb ds

where N, is the number of deflection measurements across all views
simultaneously and Ny is the number of basis functions. The matrix S is thus
quite large: Ny x Np entries, with Ny, = width x height x N, for width x height
images and Ny views, and N = Ny x Ny x Nz voxels in the reconstruction
volume.

Assuming a dense, 64-bit double-precision floating-point format, our fidelity
goals dictate that matrix S alone would consume several petabytes of
memory, thereby overwhelming even typical distributed-memory
supercomputing platforms. Following Atcheson et al. [1], we thus use basis
functions with finite support to impose sparsity on matrix S.

In particular, we use radially symmetric linear basis functions

®; = max(0, 1 - r) for radius r. These functions preserve sparseness while
allowing interpolation in the 3D solution space. Basis functions are aligned to
a regular grid, excluding those with support completely outside a conservative
visual hull. This so-called visual hull restricted tomography was introduced for
flame reconstruction [10] and is necessary to reconstruct refractive index
gradients from a sparse set of input views with reasonable resource
requirements.

Given basis functions ®;, we then carefully and efficiently construct and solve
the resulting sparse linear system (Figure 36-4, steps 4-5) using Eigen’s
sparse least-squares conjugate gradient (LSCG) numerical solver. Although
Eigen exploits only SIMD operation within any particular invocation of the
LSCG solver, we leverage multithreaded processing in step 5 by executing
three solver instances—one for each gradient component in (x, y, zJ—across
multiple CPUs simultaneously.

Likewise, we integrate the reconstructed gradient field Vn to compute the
refractive index field n by solving a Poisson equation (Figure 36-4, step 6)
using Eigen’s supernodal lower-upper (LU) factorization solver. Here, too,
Eigen exploits SIMD operation within the solver, but unlike the linear system
solution in step 5, Poisson integration does not afford opportunities to
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leverage even explicit multithreaded operation. Nevertheless, the overall
runtime of our current PowerFlow3P prototype is limited by the linear system
solution in step 5, rather than curved ray traversal in step 3, matrix
construction in step 4, or even Poisson integration in step 6. Interested
readers are referred to the work by Gribble et al. [6] for additional details
regarding PowerFlows3P.

INTERACTIVE RENDERING

Our multi-pass curved ray traversal algorithm supports not only tomographic
reconstruction but also direct visualization of 3D refractive index gradient
fields.

Within PowerFlow?P, we exploit this functionality for both interactive
visualization and high-fidelity simulated data capture. In the former, we use
direct visualization to reveal the underlying structure of complex flows, as in
Figure 36-5a. In the latter, we use the data capture simulator both to generate
ground-truth data for reconstruction-related research and development tasks
and to qualitatively assess discrepancies between our physical data
acquisition apparatus and its ideal virtual counterpart, as in Figure 36-5b.

At the same time, interactive rendering of objects with complex optical
properties remains a central theme of realistic image synthesis. As noted by

(a) Interactive visualization (b) Simulated data capture

Figure 36-5. Direct visualization of 3D refractive index gradient fields. In addition to tomographic
reconstruction, we leverage curved ray traversal for both interactive visualization and high-fidelity
simulated data capture in PowerFlow®P. (a] Direct visualization reveals the underlying structure of
complex flow fields, for example, using pseudo-color mappings of gradient magnitude, as shown
here. [b] Direct visualization also supports high-fidelity simulated data capture, which is used to
generate ground-truth data for development, debugging, and validation tasks; here, comparing an
actual capture image (left] to the corresponding image generated by our simulator [right] enables
qualitative assessment of potential alignment discrepancies in the physical apparatus.



CHAPTER 36. CURVED RAY TRAVERSAL

T,

A

Figure 36-6. Interactive rendering of refractive objects. Our ability to simulate the visual qualities
of objects with complex optical properties originates from the same physical principles governing
gradient field tomography: the propagation of light as it travels through and interacts with
different optical media. Here, we use the same application supporting direct visualization in
PowerFlow? to interactively render refractive objects with full path tracing.

Ihrke et al. [11], the interaction of light with different optical media induces
the striking visual beauty of our environment:

[This beauty] has its physical origin in the interplay of the involved
light/matter interaction processes that take place while light
passes material boundaries, while it travels through the interior
of an object, and even while it interacts with the object’s
surroundings.

As illustrated in Figure 36-6, the same application used for direct
visualization in PowerFlow3P enables interactive rendering of refractive
objects, in this case using path tracing [13]. Although only primary visibility is
required for tomographic reconstruction, our algorithm supports path tracing
and thus integrates with typical ray-based renderers. As discussed in
Section 36.3, we represent the volume extent as a scene object using a cube
as the bounding (or proxy) geometry. The cube itself comprises 12 triangle
primitives, which exploits hardware acceleration for initial ray/volume
intersection queries on RTX-enabled GPUs [16].

Curved ray traversal—and the multi-pass algorithm that we describe in the
next section—captures the complex interactions of light with different optical
media and thus plays a critical role in both gradient field tomography and
interactive rendering.
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IMPLEMENTATION

We implement our multi-pass curved ray traversal algorithm using OWL [24],
the OptiX 7 Wrapper Library. Recently, many high-performance graphics
application programming interfaces (APIs), including NVIDIA's OptiX, have
shifted toward providing lower-level control of graphics resources [14]. This
shift allows experienced developers to retain full control while still leveraging
the benefits of highly optimized APls—albeit at the cost of additional
application-level complexity.

In contrast, OWL wraps the new CUDA-centric OptiX 7 APl in a higher-level
interface to provide the convenience of the classic OptiX APl. OWL makes
porting existing OptiX applications easier and aids developers in getting new
OptiX 7 applications running quickly to enable easy experimentation.

We use OWL as the basis for our curved ray traversal implementation.
Though OWL is required to build our example application from source, the
supporting device-side data structures and ray tracing programs themselves
can be adapted to other GPU- or CPU-based frameworks that provide similar
ray tracing abstractions. We highlight our implementation components in the
remainder of this section.

OVERVIEW

As noted, tomographic reconstruction requires computing, storing, and
retrieving sample points along curved ray paths. The number of samples
along any one ray is not known a priori, particularly because the paths
become increasingly accurate from one iteration of the reconstruction
algorithm to the next. To avoid dynamic memory allocation on the device
(which is potentially expensive), and to avoid intentionally overprovisioning
memory resources (which is potentially wasteful and does not necessarily
cover all use cases), we instead employ a preallocated fixed-size buffer for
each ray when collecting sample points and implement a multi-pass
algorithm, as outlined in Figure 36-7.

In particular, we allocate memory based on a user-controlled runtime
parameter specifying the maximum per-ray sample count for a single pass. If
any ray requires more samples to complete traversal, we execute another
pass—there is no sharing of unused buffer entries across rays within a pass.
Although only unfinished rays actually execute subsequent passes, this
straightforward but practical approach does incur the overheads associated
with pass setup/teardown, whether there are many or few such

unfinished rays.
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Host-Side Processing Device-Side Processing
1 Initialize samples, done buffers; 1 if pass = 0 then
2 pass < 0; 2 Initialize curved ray paths c;
3 Launch device-render(pass, .. .J; 3 donec + trace-pathlc, .. .J;
4 Copy samples buffer; 4 else
5 Ncomplete < Sum-reduce(donel; 5 if done, then
6 While neompete < Ntotar d0 6 L return;
7 pass <— pass + 1;
. 7 Load curved ray paths c;
8 Launch device-renderlpass, .. .J;
8 donec < resume-pathlc, .. .J;
9 Copy samples buffer; L
10 Ncomplete < Sum-reduce(done];

Figure 36-7. Multi-pass curved ray traversal.

This approach is not intended to balance samples across rays, but to ensure
that traversal always completes while respecting memory constraints.
Though more sophisticated memory-management schemes could be used,
sampling is not the current bottleneck in PowerFlow3D, and whether or not
the complexities of such schemes eliminate enough of the subsequent passes
to outperform our current approach remains unclear. These and similar
questions make for an interesting performance study, but this avenue of
exploration remains as future work.

Critical to our multi-pass variant is the ability to postpone (and later resume]
a ray mid-flight—in particular, when its sample buffer is full. We first
highlight the core data structures supporting our multi-pass algorithm in
Section 36.3.2, and then we highlight the OptiX 7 ray tracing programs and
helper functions that leverage these data structures to implement the
device-side processing in Section 36.3.3.

In contrast to reconstruction sampling, curved ray traversal for interactive
rendering does not require multiple passes—sample points are not stored for
later processing, so efficiency concerns related to memory management are
less acute in this context. However, the data structures and ray tracing
programs we describe in the remainder of this section also enable interactive
rendering, and thus provide a high-performance, memory-efficient
foundation for applications requiring both sampling and direct visualization,
including our PowerFlow3P prototype.
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In practice, we use a combination of static and dynamic polymorphism to
invoke the necessary variant of our curved ray traversal algorithm: types and
behaviors are specialized for sampling, where necessary.! These differences
are most clearly evident in the ray tracing programs discussed in

Section 36.3.3, though some data structures include elements that support
only reconstruction sampling and are not used for interactive rendering. A
more highly optimized version of curved ray traversal is, in theory, possible
with an implementation supporting only interactive rendering. Our multi-pass
implementation provides a basis for this possibility, but we focus on the
elements that support sampling for reconstruction in the discussion that
follows. Even so, our implementation achieves over 12 million samples per
second (or nearly 7 frames per second) with volumes up to 224 x 224 x 224
voxels and framebuffers up to 768 x 768 pixels in resolution using a single
NVIDIA Quadro RTX 8000 GPU. Additional optimizations targeting
interactive-rendering-only use cases are left as an exercise to the reader.

CORE DATA STRUCTURES

We now outline the core data structures used to implement the multi-pass
algorithm in Figure 36-7; the OptiX 7 ray tracing programs implementing
device-side processing are highlighted in Section 36.3.3.

In the code listings that follow, we include only the most relevant data
members; some data members (and all member function declarations) are
omitted for brevity. The full source code for these and other implementation
elements is available online.

VOLUMEGEOMDATA STRUCTURE

We encode refractive index gradients in a 3D rectilinear grid of (x, y, ) triples,
VolumeGeomData. This structure also encodes auxiliary information used
throughout traversal. The VolumeGeomData structure definition is shown in
Listing 36-1.

We represent the volume extent as a scene object using a cube as the proxy
geometry; the cube itself comprises 12 triangle primitives. This
triangle-based representation not only exploits hardware acceleration on

"In fact, our source code distribution supports a third color-mapping variant that uses multiple passes to first

gather data about volume sampling and then map particular elements from this data to pixel colors. Like

reconstruction sampling, this color-mapping multi-pass algorithm variant is implemented using both static

and dynamic polymorphism, but we ignore these details in this discussion for clarity.
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Listing 36-1. VolumeGeomData structure.

struct VolumeGeomData {
box3f bounds;
vec3i dims;

1

2

3

4

5 vec3f* vertex;
6 vec3i* index;
7

8

vec3f* gradient;
9 int* ior_mask;

0 };

RTX-enabled GPUs, but also allows for extensions to our current
implementation with arbitrary bounding geometries [22, 11, 23], which can
give tighter ray/volume traversal bounds for interactive rendering. An OptiX 7
closest-hit program translates ray/triangle intersection information to a
volume entry point and initiates volume traversal, as described in

Section 36.3.3.

TRAVERSALDATA STRUCTURE

To postpone and later resume path traversal, we must store and later load the
traversal-related state for incomplete ray paths between each pass of our
algorithm. This state is encoded in the per-path TraversalData structure
shown in Listing 36-2. The TraversalData structure includes both the
general traversal state and elements specific to volume traversal. These
device-side components are initialized or loaded at the beginning of each
pass and updated throughout traversal, as described in Section 36.3.3.

Listing 36-2. TraversalData structure.

struct TraversalData {
Random random;

1

2

3

4 int pidx;
5 int depth;
6

7

8

9

Interaction::Event event;
vec3f org;

10 vec3f dir;

" vec3f atten;

13 const VolumeGeomData* vptr;

15 float eta;

16 int ndata;
17 float distance;
18 };
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PERRAYDATA STRUCTURE

Additional per-ray data, such as path attenuation and traversal outputs, is
stored in the PerRayData structure shown in Listing 36-3. This structure also
holds references to the corresponding TraversalData and random number
generator for convenience. Unlike TraversalData, which persists from one
pass to the next, a new device-side PerRayData object is initialized with each
pass of our algorithm.

Listing 36-3. PerRayData structure.

struct PerRayData {
TraversalData& tdata;

Random& random;

struct {
Path::Status status;
vec3f org;
10 vec3f dir;
1 vec3f atten;
12 } out;
13 };

1
2
3
4
5 vec3f atten;
6
7
8
9

SAMPLEDATA STRUCTURE

The samples buffer in Figure 36-7 stores SampleData elements; this structure
is defined in Listing 36-4. As can be seen, each SampleData entry comprises a
3D sample position and, in our current implementation, a count of the
refractive index gradient elements encountered during volume traversal
(which is used in direct visualization). Though simple, this data structure can
be extended to store additional per-sample data, if necessary; we found this
abstraction to be useful during initial debugging, for example, as it enabled
collection of an additional sample-related state with only local source code
modifications.

Listing 36-4. SampleData structure.

1 struct SampleData {
2 vec3f pt;

3 int ndata;
4

};

For each pass and for each ray path, at most Ns < MaxSampleCount samples
are stored, where MaxSampleCount is the user-controlled maximum per-ray
sample count in each pass. For the duration of a width x height frame, the
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samples buffer comprises width x height x MaxSampleCount entries to avoid
device-side dynamic allocation. Though overprovisioning may still occur
(MaxSampleCount may still exceed the actual number of samples required by
any ray path), users retain full runtime control over MaxSampleCount—and,
thus, over the memory requirements necessary to support any particular
invocation of curved ray traversal. Runtime control not only permits
adjustments throughout the application lifetime, but also allows users to
trade processing time for memory and vice versa.

Any ray path requiring Ns > MaxSampleCount samples is postponed when its
entry in the samples buffer is full—that is, when for path c,

Ns = MaxSampleCount in the current pass—and thus induces an additional
pass. These details are described more fully in Section 36.3.3.

OTHER ELEMENTS

The samples buffer in Figure 36-7 communicates device-side results to the
host for additional processing, if required. For example, in the case of
sampling for reconstruction, per-pass samples populate host-side data
structures that are later passed to downstream processing. In our current
implementation, we store complete ray paths—not just the within-volume
sample points but also the initial origin and all ray/primitive intersection
points along the path—throughout traversal. The host-side processing
discards non-volume samples as it populates host-side data structures for
downstream reconstruction operations, as required.

The done buffer, also shown in Figure 36-7, plays a critical role: this buffer
communicates path traversal progress from device to host. In particular, the
done buffer stores int elements, each of which acts as a flag indicating
whether or not the corresponding ray path ¢ has been traced to completion.
Though more compact representations of these flags could be used—for
example, just a single bit per path—we opt for int values as a straightforward
way to encode these flags on the device. Each path flag, done, is initialized or
loaded in the complete state (done. < 1), and the flag is set to the incomplete
state (donec < 0] only if the corresponding path is postponed mid-flight, as
discussed in Section 36.3.3. Sum-reduction over the done buffer computes
the number of paths completed thus far and serves as the termination
condition for our multi-pass algorithm. Sum-reduction is currently
implemented host-side using OpenMP [4, 18], though device-side
implementation—for example, using CUDA directly or using Thrust, the

CUDA C++ template library [2, 17]—is also possible.
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The example application demonstrating curved ray traversal leverages
several other data structures, including elements supporting direct
visualization and results validation, as well as elements typical of any modern
ray tracing application (framebuffers, accumulation buffers, windowing
components, and so forth). We omit discussion of these data structures for
brevity; for additional information, the interested reader is instead referred to
the many available resources describing modern ray tracing generally [21, 9,
191 and ray tracing with OWL and OptiX 7 specifically [24, 14, 15], as well as to
the application source code itself.

RAY TRACING PROGRAMS

The OptiX 7 API gives a client application full control over many operations
that were managed by the OptiX library in previous versions of the API. OWL,
the OptiX 7 Wrapper Library, hides some of these low-level OptiX 7 operations
behind a clean and easy-to-use higher-level interface reminiscent of the
classic OptiX APl. We use OWL as the basis of our curved ray traversal
implementation.

With OptiX, device code is organized into several ray tracing programs, which
together with the internal OptiX scheduling algorithms and bounding volume
hierarchy (BVH) traversal programs, comprise a full ray tracing kernel. We
highlight the ray tracing programs and critical device-side helper functions
supporting our implementation in this section. We assume a working
knowledge of the OptiX 7 programming model in this discussion, but

Morley [14] provides an in-depth review of the OptiX 7 ray tracing pipeline for
interested readers.

We implement our multi-pass algorithm within a brute-force path tracing
kernel that supports progressive rendering to accumulate pixel samples over
successive frames. The path tracer currently supports Lambertian surfaces
and spatially varying refractive volumes with Beer’s Law attenuation, but can
be extend with support for additional material models in a straightforward
manner. Buffers and parameters supporting or controlling runtime behavior,
including the framebuffer; accumulation buffer; the samples, done, and
TraversalData data buffers; and the current render mode and pass are
communicated through a LaunchParams structure named
optixLaunchParams, referenced throughout the code snippets in this section.
Please refer to the source code distribution for details of these and other
elements, as required.
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RAY GENERATION PROGRAM

The ray generation program provides an entry point to device-side OptiX 7 ray
tracing kernels; in our context, ray generation is invoked by launching the
device-render kernel in Figure 36-7.

As can be seen in Listing 36-5, the actual ray generation program simply
dispatches rayGenFcn: : run, a member function of a class templated over an
enumerated type corresponding to the current render mode. We provide two
rayGenFcn variants: one for interactive rendering and one for reconstruction
sampling. For interactive rendering, the function simply maps its launch index
to a random sample within the corresponding pixel, traces a ray from the
camera through that sample, and accumulates the resulting path attenuation.

Listing 36-5. OptiX 7 Ray generation program.

OPTIX_RAYGEN_PROGRAM(rayGen) () {

1

2 switch (optixLaunchParams.rmode) {

3 case Render::Mode::Normal:

4 rayGenFcn<Render::Mode::Norma1>::run();
5 break;

6

7 case Render::Mode::Sample:

8 rayGenFcn<Render::Mode::Sample>::run();
9 break;

10 }

n o}

The latter variant, shown in Listing 36-6, implements the device-side
processing in Figure 36-7: for each pass, we initialize or load ray paths and
then trace or resume path traversal, as appropriate. The helper functions
tracePath and resumePath implement these operations, as discussed next.

Listing 36-6. rayGenFcn<Render: :Mode: : Sample> class template specialization.

class rayGenFcn<Render::Mode::Sample> {

1

2 public:

3

4 static __device__ void run() {

5 const RayGenData& self = owl::getProgramData<RayGenData>() ;

6 const vec2i pixelID = owl::getLaunchIndex();

7

8 const vec2i& fbSize = optixLaunchParams.fbSize;

9 const int pidx = pixelID.y*fbSize.x + pixelID.x;

10

1 const int& pass = optixLaunchParams.pass;

12 if (pass == 0) {

13 int& nsamples = optixLaunchParams.nsamplesBuffer [pidx];
14 int& done = optixLaunchParams.doneBuffer [pidx];
15 TraversalData& tdata = optixLaunchParams.tdataBuffer [pidx];
16 PerRayData prd(tdata);
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19 tdata = TraversalData(pidx);

20 tdata.random.init (pixelID.x, pixelID.y);

21

22 nsamples = 0;

23 done = 1;

24

25

26 const vec2f screen = (vec2f(pixelID) +

27 vec2f (0.5f, 0.5f))/vec2f (fbSize);
28

29 const vec3f org = self.camera.origin;

30 const vec3f dir

31 = self.camera.lower_left_corner

32 + screen.u*self.camera.horizontal

33 + screen.v*self.camera.vertical

34 - self.camera.origin;

35

36 Ray ray(org, normalize(dir), T_MIN, T_MAX);

37 tracePath<Render::Mode::Sample>(self, ray, prd);

38 ¥

39 else {

40 int& done = optixLaunchParams.doneBuffer [pidx];
41 int& nsamples = optixLaunchParams.nsamplesBuffer[pidx];
42 if (domne) {

43 nsamples = 0;

A return;

45 }

46

47

48 TraversalData& tdata = optixLaunchParams.tdataBuffer [pidx];
49

50 Ray ray(tdata.org, tdata.dir, T_MIN, T_MAX);
51 PerRayData prd(tdata);

52

53

54 nsamples = 0;

55 done = 1;

56

57

58 resumePath(self, ray, prd);

59 b

60 }

61 };

TRACEPATH HELPER FUNCTION

The tracePath helper function in Listing 36-7 implements the iterative path
tracing loop in step 3 of Figure 36-7: for each new ray, the corresponding
TraversalData and PerRayData elements are updated and the sample point
is stored. If the samples buffer is full, the ray is postponed and the function
returns. If the sample is stored successfully, however, we invoke the

owl: :traceRay function to execute the OptiX 7 ray tracing pipeline, including
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acceleration structure traversal, scene geometry intersection, and closest-hit

processing.

Listing 36-7. tracePath helper function.

1 template<Render::Mode Mode>

2 inline __device__

3 vec3f tracePath(const RayGenData& rgd, Ray& ray, PerRayData& prd) {

4 TraversalData& tdata =
tdata.org = ray.origin;
tdata.dir = ray.direction;

vec3f& atten =
int& depth =

prd.atten;
tdata.depth;
1 int MaxDepth = MAX_DEPTH;

13 while (depth < MaxDepth) {

prd.tdata;

14 if (Mode == Render::Mode::Sample) {

15 if (!storeSample(prd))

16 return vec3f (0.f);

17 }

18

19 owl::traceRay(rgd.world, ray, prd);

20

21 if (prd.out.status == Path::Status::Cancelled ||
22 prd.out.status == Path::Status::Postponed)

23 return vec3f (0.f);

2% else if (prd.out.status == Path::Status::Missed) {
25 atten *= missColor(ray);

26 return atten;

27 ¥

28 else if (prd.out.status == Path::Status::Bounced)
29 atten *= prd.out.atten;

30

31

32 const vec3f& org = prd.out.org;

33 const vec3f dir = normalize(prd.out.dir);

35 ray = Ray(org, dir, T_MIN,
36

37 tdata.org = org;
38 tdata.dir = dir;
39

40 prd.out.status =
41

42 ++depth;

3}

4b

45 return atten;

46 X

T_MAX) ;

Path::Status::Invalid;

Once complete, these downstream OptiX pipeline operations return control to
tracePath, which determines the next appropriate action based on the path

traversal outputs:
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> Path::Status::Cancelled indicates that the path has been cancelled;
in our current implementation, only non-primary rays interacting with
the volume geometry are cancelled, which simulates fully opaque
shadowing for volume proxy geometries. However, when extended to
support other material models, rays could also be cancelled as a result
of BRDF sampling.

> Path::Status: :Postponed indicates that the path requires
Ns > MaxSampleCount sample points; in this case, storing the
(MaxSampleCount + 1)-th sample fails, so path traversal is postponed and
induces an additional pass.

> Path::Status::Missed indicates that the path has escaped to the
environment; in this case, the corresponding path attenuation is updated
and returned to the caller.

> Path::Status::Bounced indicates that the ray has intersected valid
scene geometry and should continue propagation. In this case, the
corresponding closest-hit processing has recorded data about the
interaction event—and in the case of our volume geometry, completed
curved ray traversal—so the path attenuation is updated and control
falls through to trace another ray segment for this path.

This process continues until either the current path segment undergoes an

event that returns control to the caller (cancelled, postponed, or missed) or

the maximum path tracing depth, MAX_DEPTH, is reached. In the latter case,

the path is terminated and the corresponding path throughput is returned to
the caller.

RESUMEPATH HELPER FUNCTION

The resumePath helper function in Listing 36-8 implements functionality to
resume a postponed ray path in step 8 of Figure 36-7: each such path’s state
is restored from the TraversalData state stored in the previous pass, and
path tracing continues based on that state.

The appropriate subsequent actions are determined by the path interaction
event tracked and stored in the previous pass:

> Interaction::Event::Exit indicates that the path was postponed just
after completing volume traversal; in this case, control simply falls
through to the tracePath function to continue propagation.
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Listing 36-8. resumePath helper function.

1 inline __device__
2 void resumePath(const RayGenData& rgd,

3 Ray& ray,

4 PerRayData& prd) {

5 if (prd.tdata.event == Interaction::Event::Exit) {
6

7

8 }

9 else if (prd.tdata.event == Interaction::Event::Miss) {
10

"

12 storeSample (prd) ;

13 return;

14 }

15 else if (prd.tdata.event == Interaction::Event::Traverse) {
16

17

18 const VolumeGeomData& volume = x* (prd .tdata. vptr) ;
19 traverse<Render::Mode::Sample>(volume, prd);

20

21 if (prd.out.status == Path::Status::Postponed) {
22

23

24 return;

25 }

26

27

28

29 ray = Ray(prd.tdata.org, prd.tdata.dir, T_MIN, T_MAX);
30 prd.out.status = Path::Status::Invalid;

31 ++prd.tdata.depth;

32

33

34 }

37 tracePath<Render::Mode: :Sample>(rgd, ray, prd);

> Interaction::Event::Miss indicates that the path was postponed
when attempting to store the path endpoint after a miss event in the
tracePath function; in this case, we simply store the path endpoint and
return control to the caller—the corresponding path is complete.

> Interaction::Event::Traverse indicates that the path was postponed
during volume traversal; in this case, the VolumeGeomData-specific
elements of TraversalData are valid and encode the state of the path
within the corresponding volume object. As a result, we invoke the
volume traverse helper function directly to continue traversal. Once
this function returns, we check the path traversal status, as the path may
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have been postponed once again; if so, the path state has been updated
appropriately and we simply return to the caller. If, however, volume
traversal completed successfully, we initialize the next ray segment and
controls falls through to the tracePath function to continue propagation.

Together, the tracePath and resumePath implement the core path tracing
loop within the context of Figure 36-7. Whether we initiate path traversal via
primary rays or resume traversal from a previous pass, we eventually invoke
the tracePath helper function, which in turn calls the owl: :traceRay
function to execute the OptiX 7 ray tracing pipeline.

In this pipeline, acceleration structure traversal and triangle-based scene
geometry intersection are encapsulated within the OptiX 7 runtime, and the
pipeline includes hardware acceleration on RTX-enabled GPUs.

In contrast, closest-hit processing is exposed to the user; we leverage a
closest-hit program specific to our volume scene geometry to implement the
propagation of light through the volume according to the ray equation of
geometric optics, as described in Section 36.2. This program and the
supporting helper functions are described next.

CLOSEST-HIT PROGRAM

After ray traversal and geometry intersection, the closest-hit program
executes for the nearest intersection point along each ray, if any. Closest-hit
programs typically calculate values derived from ray/primitive intersection
data, perform shading operations (where applicable], and pass results back to
the ray generation program.

In our context, the closest-hit program for our volume object simply
dispatches intersect, a function templated over the current render mode,
much like the ray generation program. Unlike ray generation, however, this
program does not require specialization—it simply translates ray/triangle
intersection data to a volume entry point, initializes the appropriate members
of the corresponding TraversalData structure, and invokes volume traversal.
The volume closest-hit program and intersect function template are shown
in Listing 36-9.

TRAVERSE HELPER FUNCTION

Recall that curved ray traversal within volumes of spatially varying refractive
indices is governed by the ray equation of geometric optics, as discussed in
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Listing 36-9. OptiX 7 closest-hit program.

OPTIX_CLOSEST_HIT_PROGRAM(Volume) () {
PerRayData& prd = owl::getPRD<PerRayData>();

switch (optixLaunchParams.rmode) {

intersect<Render::Mode: :Normal>(prd);

1
2
3
4
5 case Render::Mode::Normal:
6
7 break;

8

9

case Render::Mode::Sample:

10 intersect <Render::Mode::Sample>(prd);
1 break;

12 }

13}

15 template<Render::Mode Mode>
16 inline __device__

17 void intersect(PerRayData& prd) {

19 const vec3f org = optixGetWorldRayOrigin();
20 const vec3f dir = optixGetWorldRayDirection();
21 const float thit = optixGetRayTmax();

22 const vec3f hitP = org + thit*dir;

25 const VolumeGeomData& self = owl::getProgramData<VolumeGeomData>();
26 TraversalData& tdata = prd.tdata;

28 tdata.org hitP + (le-6f)*dir;

29 tdata.dir = dir;
30 tdata.vptr = &self;
31 tdata.eta = self.etal;

34 traverse<Mode>(self, prd);

Section 36.2. The traverse helper function shown in Listing 36-10
implements the discretized, first-order differential equations characterizing
the propagation of light through an optically inhomogeneous medium—that
is, through our volume object.

Fundamentally, traverse computes and updates TraversalData values while
sample points along the ray path are within the volume bounds. For each
such point, refractive index gradient values are trilinearly interpolated before
stepping to the next sample along the path. For reconstruction sampling, we
store sample points corresponding to nonzero gradients, postponing rays
when the samples buffer is full; postponed ray paths are resumed in the next
pass of our algorithm.
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Listing 36-10. traverse helper function.

1 template<Render::Mode Mode>
2 inline __device__

3 void traverse(const VolumeGeomData& self, PerRayData& prd) {

4 const vec3i& dims = self.dims;

5 const float ds = 2.f*self.step;

6

7

8 TraversalData& tdata = prd.tdata;

9 tdata.event = Interaction::Event::Traverse;
10

" vec3f& org = tdata.org;
12 vec3f& dir = tdata.dir;

14 while (self.bounds.contains(org)) {

16 const vec3i cell = getCell(self, org);
17 const vec3f weight = org - vec3f(cell);
18 const vec3f grad = fetchGradient (self.gradient, cell, dims, weight);
19

20

21 if (Mode == Render::Mode::Sample) {

22 if (length(grad) > 0.f) {

23 if (!storeSample(prd))

24 return;

25 X

26 b

27

28

29 const vec3f porg = org;

30

31 float& eta = tdata.eta;

32 vec3f& atten = tdata.atten;

33 int& ndata = tdata.ndata;

34 float& distance = tdata.distance;

35

36 org += (ds/eta)*dir;

37 dir += ds*grad;

38 eta += dot(grad, org - porg);

39

40 const float len = length(org - porg);
41 distance += len;

42

43 if (self.ior_mask == nullptr || getMaskValue(self, cell)) {
4 atten *= attenuate(self.absorb, len);
45 ++ndata;

46 ¥

47 }

48

49

50 tdata.event = Interaction::Event::Exit;

52 prd.out.status = Path::Status::Bounced;

53 prd.out.org = org;

54 prd.out.dir = normalize(dir);

55 prd.out.atten = self.albedo*tdata.atten;
5 }
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Ray paths are also attenuated (and samples counted, to support
color-mapping in direct visualization), either always or according to an
optional data mask. Once the ray path exits the volumes bounds,
TraversalData values are updated accordingly, and the per-ray traversal
outputs are stored to support shading operations in the outer path-tracing
loop.

STORESAMPLE HELPER FUNCTION

As described in Section 36.3.1, the ability to postpone a ray mid-flight is
critical to our multi-pass traversal algorithm. The storeSample helper
function, shown in Listing 36-11, implements this behavior.

Listing 36-11. storeSample helper function.

1 inline __device__
2 bool storeSample(PerRayData& prd) {
3 const int& MaxSampleDepth = optixLaunchParams.msd;

4
5 const int& pidx = prd.tdata.pidx;

6 int& nsamples = optixLaunchParams.nsamplesBuffer [pidx];

7 if (nsamples >= MaxSampleDepth) {

8 prd.out.status = Path::Status::Postponed;

9 optixLaunchParams.doneBuffer [pidx] = 0;

10

" return false;

12}

13

14

15 const vec2i& fbSize = optixLaunchParams.fbSize;

16 const int sidx = nsamples*fbSize.y*fbSize.x + pidx;
17 SampleData& sample = optixLaunchParams.sdataBuffer[sidx];

19 sample = SampleData(prd.tdata);

20 ++nsamples;
21

22 return true;
23 }

Recall that, for each pass and for each ray path, at most Ns < MaxSampleCount
samples are stored, where MaxSampleCount is the user-controlled maximum
sample count. For a path with open entries in the samples buffer, the sample
point is stored, the corresponding sample count is incremented, and the
function returns true to indicate a successful operation.

However, for any path acquiring Ns > MaxSampleCount samples in the current
pass, the path must be postponed. Here, the path traversal status is set to
postponed, the done flag is set to incomplete, and the function returns false to
indicate that the operation failed.
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In either case, control returns to the caller and processing continues
accordingly.

MISS PROGRAM

If no intersection is found during ray traversal, the miss program executes; in
our context, the miss program sets the path traversal status and updates the
corresponding TraversalData, as required. These operations are shown in
Listing 36-12.

Listing 36-12. OptiX 7 miss program.

OPTIX_MISS_PROGRAM(miss) () {
PerRayData& prd = owl::getPRD<PerRayData>();
prd.out.status = Path::Status::Missed;

if (optixLaunchParams.rmode == Render::Mode::Sample) {
const vec3f org = optixGetWorldRayOrigin();

1
2
3
4
5
6
7
8 vec3f dir = optixGetWorldRayDirection();
9

10 dir = normalize(dir);

1"

12 prd.tdata.org = org + dir;

13 prd.tdata.dir = dir;

14 prd.tdata.event = Interaction::Event::Miss;
15

16 storeSample (prd) ;

17 }

18}

OTHER ELEMENTS

The example application demonstrating curved ray traversal leverages
several other processing elements—including the driver program and
supporting infrastructure, test scripts for results validation, utility programs,
and so forth. We omit discussion of these elements and instead refer the
interested reader to the application source code for more information.

Using these components, then, our multi-pass curved ray traversal
implementation provides a flexible, extensible, and efficient application
framework supporting both gradient field tomography and interactive
rendering.

CONCLUSIONS

We have presented a multi-pass implementation of curved ray traversal
through volumes of spatially varying refractive indices using OWL, the OptiX 7
Wrapper Library.
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Curved ray traversal is governed by continuous refraction for optically
inhomogeneous media, which models the propagation of light in such media
according to the ray equation of geometric optics. The ray equation naturally
incorporates straight and curved ray paths to simulate phenomena like
reflection and refraction. We demonstrate the utility of our curved ray
traversal implementation using two applications: sampling for reconstruction
and interactive rendering of objects with varying refractive indices.

Our multi-pass variant is motivated by problems in gradient field tomography,
wherein sampling for reconstruction requires computing, storing, and later
retrieving sample points along each ray. We leverage multiple sampling
passes to avoid (potentially expensive) dynamic memory allocation on the
device, as well as (likely wasteful and potentially insufficient) overprovisioning
of device-side memory resources. The data structures, ray tracing programs,
and helper functions implementing our multi-pass algorithm enable not only
simulation, reconstruction, and visualization of unknown compressible flows
in gradient field tomography, but also direct visualization, including
interactive rendering of refractive objects.

The full source code of our application framework, distributed under a
permissive open source license, enables readers to explore, modify, or
enhance our curved ray traversal implementation. This foundational, flexible,
and efficient implementation permits several possible extensions to enhance
both visual fidelity and performance, including more sophisticated volume
proxy geometries, hand-optimized interactive-rendering-only code paths,
more sophisticated memory-management schemes, and advanced rendering
features such as additional materials models and support for multiple volume
geometries.
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