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Motivation

Why hardware ray marching? Conventional GPUs struggle when extreme precision is required: high-detail
fractals like the Mandelbulb|3| demand accurate trigonometric and magnitude operations that either saturate
floating-point precision or incur large performance penalties. Ray marching visualises implicit surfaces by stepping
along a ray until it approaches the signed distance function (SDF). Hardware implementations can use fixed-point
arithmetic and deep pipelining to sustain interactive rates.

e High-precision arithmetic is necessary to explore deeply zoomed fractals.

e GPUs offer limited precision and poor energy efficiency for these workloads.

e F'PGAs provide scalable precision and deterministic latency using shift-add algorithms.

Contributions

e 3D CORDIC core: A fully pipelined extension of the CORDIC algorithm capable of converting Cartesian coordinates to spherical coordinates
and back using only shift—add operations. Precision scales linearly with the number of iterations.

e Hardware ray marcher: A generic architecture that reuses an SDF block within a data-flow loop, injecting new rays as soon as previous rays
finish and supporting dynamic step sizes based on the current distance.

¢ Mandelbulb SDF pipeline: An unrolled and deeply pipelined (more than 1000 pipeline stages) implementation of the Mandelbulb SDF using
the 3D CORDIC core together with the BKM|2| algorithm for logarithms and CORDIC division for reciprocals.

e Evaluation: Implementations on Artix-7 and VU9P FPGAs are compared against an RTX 3080 GPU, showing superior precision and energy
efficiency with comparable frame rates.
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Hardware Ray Marcher

The hardware ray marcher approximates the intersection of a ray with a surface by iteratively
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