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Abstract

Images of a real scene taken with a camera commonly differ from synthetic images
of a virtual replica of the same scene, despite advances in light transport simulation
and calibration. By explicitly co-developing the Structured-Light Scanning (SLS)
hardware and rendering pipeline we are able to achieve negligible per-pixel
difference between the real image and the synthesized image on geometrically
complex calibration objects with known material properties. This approach
provides an ideal test-bed for developing and evaluating data-driven algorithms
in the area of 3D reconstruction, as the synthetic data is indistinguishable from
real data and can be generated at large scale by simulation. We propose three
benchmark challenges using a combination of acquired and synthetic data
generated with our system: (1) a denoising benchmark tailored to structured-light
scanning, (2) a shape completion benchmark to fill in missing data, and (3)
a benchmark for surface reconstruction from dense point clouds. Besides,
we provide a large collection of high-resolution scans that allow to use our
system and benchmarks without reproduction of the hardware setup on our website:

https://geometryprocessing.github.io/scanner-sim

1 Introduction

Reconstruction of 3D geometry from real world measurements is a fundamental task in computer
vision and data-driven methods are emerging as a promising approach to increase the reliability and
quality of the reconstruction by leveraging data priors to compensate for noise or missing data. Due
to the wide availability of low cost and low accuracy scanners, most of the benchmarks, datasets and
algorithm development in 3D reconstruction rely on this type of data. In this work, we propose the
first large scale data generator, dataset, and benchmarks for high resolution and high accuracy 3D
reconstruction from structured-light scanning.
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Real Simulated Mask Difference

Figure 1: From left to right: the image of the Pawn (inverted colors) acquired by a camera is faithfully
reproduced by our scanning simulator after hardware calibration. The mask shows that pixel-wise
difference rarely exceeds 5% of the average brightness in the middle of the white checker highlighted
by the green rectangle which is used to normalize the images (i.e. 100%, or 1:0). More information
about remaining sources of errors can be found in Section 7 with a close-up view of the highlighted
red region shown in Figure 17. The height of this model is 152:5 mm.

With rapid improvements in consumer sensors and 3D reconstruction methods the demand for high-
quality 3D reconstruction will also grow rapidly. The high resolution regime poses a different set
of challenges compared to low-accuracy 3D reconstruction, and its objective evaluation is more
challenging, as it is impossible to rely on the data from a high resolution scanner as the ground
truth, as done in some existing benchmarks (Section 2). As an alternative, we propose an approach
in which, instead of attempting to acquire ground truth data at yet higher resolution, which is
increasingly impractical, we use objects for which ground truth is known, as these are fabricated
at high accuracy from CAD models. As the number of objects that can be precisely fabricated and
scanned is necessarily limited, we couple this fabrication-based approach with an advanced simulator,
calibrated using these high-accuracy real-world objects, capable of producing an unlimited amount of
synthetic data closely approximating what our hardware setup would produce. We have three major
contributions:

1) Data Generator. We introduce a hardware design for a structured-light 3d scanner paired
with a simulator that produces accurate replicas of the images acquired by the scanner camera after
calibration (Figure 1). This is achieved by combining careful hardware choices, modern light transport
algorithms, precisely fabricated calibration geometry, and restricting the material and lighting setting.
The outcome is a system that allows to create 3D scanning datasets for structured-light (a popular
choice for both high-end photogrammetry scanners, and for the low cost real-time scanners commonly
used in vision and robotics applications such as the Kinect or RealSense sensors) targeting both the
high-resolution and high-accuracy regime, and low-accuracy settings, where the high accuracy of the
simulator can then be used to quantitatively measure reconstruction errors and capture real-world
sources of noise.

2) Dataset of Real Scans. We provide a dataset of real scans equipped with ground-truth geometry,
which enable to use our data generator and benchmarks without requiring to reproduce the hardware
setup. Any algorithm developed, trained, and evaluated with our system, can then be tested on this
dataset of real scans to evaluate its generalization to real-data with minimal efforts. The dataset
contains 4 precisely-machined calibration objects and 7 color-textured 3D printed objects scanned
with 30 degrees rotating stage intervals, for a total of � 0:5 terabytes of data.

3) Benchmark Tasks. We combine our data generator and real scans to introduce three benchmarks
for different surface reconstruction tasks of increasing complexity: a. filtering of scanner noise from
a single range scan, b. completion of missing parts from a single range scan, and c. conversion of a
collection of range scans into a triangulated surface. The first two tasks are ideal for convolutional
neural networks that can exploit the regularity of the range scans and treat them as images, while
the last task is much more challenging since it needs to support varying in- and output data sizes,
and has both (a) and (b) as subtasks. For each benchmark we provide synthetic training and test data,
real-world test data (to evaluate generalization), a procedure for evaluation, and the implementation
of a baseline method.
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The hardware blueprint for the scanner, the manufacturing protocol for the calibration objects,
the reference implementation of the simulator, the datasets, and the benchmarks are available at
https://geometryprocessing.github.io/scanner-sim.

2 Related Work

We refer to the additional material for an overview of structured light scanning hardware and
reconstruction algorithms. We focus here specifically on datasets and benchmarks for 3D scanning.

Stereo Reconstruction. A popular dataset in stereo reconstruction has been introduced in [19] by
constructing a stereo scanner and combining it with a projector to collect ground truth annotations
using structured light. This approach however is challenging to scale to the generation of large
datasets as the acquisition time and effort is high. This motivated the development of the SyB3R
data generators by [13] which uses a photorealistic rendering system to synthesize annotated data.
However, these synthetic datasets still can not replace real word datasets but complement them by
guiding the design of the physical setup. A number of setups use additional mechanical components,
such as robotic arms [9] or a spherical gauntry [20]; while substantially expanding the size of the
dataset that can be obtained, these approaches might introduce additional sources of errors [4]. Our
work aims to combine the best of both worlds, allowing acquisition of real data and the synthetic
generation of data that is indistinguishable from the one acquired in the real world, opening the door
to train models on synthetic data and to test them on real data. Extending our work to generate stereo
data is one of the avenues of future work, as it will only require us to add an additional camera to
our system. In fact, a variety of configurations can be tested without the need to build the actual
error-prone physical replicas because of the high quality simulation of these setups.

Laser and Structured Light. [1] introduced a synthetic benchmark for surface reconstruction
algorithms, using a simplified rendering model simulating a laser scanner. The approach is validated
by 3d printing and scanning an object with a NextEngine laser scanner and qualitatively comparing the
results. They do not calibrate their synthetic scanner to exactly match the NextEngine scanner, in part
due to the lack of details on the internals of the NextEngine scanner. [14] present a similar synthetic
benchmark for structured light reconstruction algorithms with the goal of measuring the effects of
illumination artifacts, including projector defocus, inter-reflections and subsurface scattering. They
build a synthetic simulator using photo-realistic rendering (implemented with PBRT) that takes an
object and its BRDF into account. They show that some of the discoveries made with the simulator
apply to a physical scanner, but there is no attempt to match the results of the simulator and of the
real scanner. To the best of our knowledge, our work is the first proposing a simulator that creates
indistinguishable results from the physical scanner, thus allowing to generate large, faithful training
datasets without having to scan manually thousands of objects.

Synthesis of Realistic Images. In terms of side-by-side comparisons between rendered and pho-
tographed images, Phong’s [17] seminal paper was first in using visual comparison of the rendered
image of a sphere to a photograph to highlight the quality of his shading model. Meyer et al. [15]
performs two detailed studies: comparing radiometric measurements between physical and rendered
models, and a perceptual study comparing rendered images shown on a color TV monitor to the
physical model using the Cornell Box [5]. Pattanaik et al. [16] calibrates a CCD camera to compare
real and synthetic imagery of the Cornell Box, and attribute image differences to “mismatch between
the numerical description of the scene geometry and the actual geometry”. We are not aware of any
existing work able to achieve a faithfulness comparable to our approach, especially on geometrically
complex objects. The problem of designing a perceptual model to compare real and synthetic images
has been pioneered by Rushmeier et al. [18]. In our setting, we opt for direct pixel-wise difference
as our goal is to generate replicas of images to faithfully simulate a 3D reconstruction instead of
producing perceptually similar images.
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