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Figure 1: Our relighting framework can be split into two parts: the preprocessing of the LDR point cloud and the real-time PBGI rendering
of a 3D model inside the acquired environment. In the preprocessing step, our algorithm expands the dynamic range of the point cloud
using an input HDR photo (the inset shows the difference map from the LDR version) and computes the BSH to use in the following PBGI
algorithm. The proposed PBGI algorithm takes advantage of the computation capabilities of the Geometry Shader and of a new mipmapping
operator for the G-Buffer to speed-up the computation of the micro-buffers of each pixel of the viewport. Finally, the collected micro-buffers
are convolved by the BDRF of each unprojected pixel to render the final image.
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Abstract

Acquired 3D point clouds make possible quick modeling of virtual scenes from the real world. With modern 3D capture pipelines,
each point sample often comes with additional attributes such as normal vector and color response. Although rendering and
processing such data has been extensively studied, little attention has been devoted using the light transport hidden in the
recorded per-sample color response to relight virtual objects in visual effects (VFX) look-dev or augmented reality (AR) sce-
narios. Typically, standard relighting environment exploits global environment maps together with a collection of local light
probes to reflect the light mood of the real scene on the virtual object. We propose instead a unified spatial approximation of
the radiance and visibility relationships present in the scene, in the form of a colored point cloud. To do so, our method relies
on two core components: High Dynamic Range (HDR) expansion and real-time Point-Based Global Illumination (PBGI). First,
since an acquired color point cloud typically comes in Low Dynamic Range (LDR) format, we boost it using a single HDR photo
exemplar of the captured scene that can cover part of it. We perform this expansion efficiently by first expanding the dynamic
range of a set of renderings of the point cloud and then projecting these renderings on the original cloud. At this stage, we
propagate the expansion to the regions not covered by the renderings or with low-quality dynamic range by solving a Poisson
system. Then, at rendering time, we use the resulting HDR point cloud to relight virtual objects, providing a diffuse model of the
indirect illumination propagated by the environment. To do so, we design a PBGI algorithm that exploits the GPU’s geometry
shader stage as well as a new mipmapping operator, tailored for G-buffers, to achieve real-time performances. As a result, our
method can effectively relight virtual objects exhibiting diffuse and glossy physically-based materials in real time. Furthermore,
it accounts for the spatial embedding of the object within the 3D environment. We evaluate our approach on manufactured
scenes to assess the error introduced at every step from the perfect ground truth. We also report experiments with real captured
data, covering a range of capture technologies, from active scanning to multiview stereo reconstruction.
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1. Introduction

Relighting a virtual 3D object in the context of a real scene is a chal-
lenging but mandatory process for the realistic integration of digi-
tal assets in augmented reality (AR) applications. One of the main
steps of such a process consists of shading the virtual object with
a model of the lighting that is as close as possible to the real light
field of the scene. Currently, this model takes typically the form
of one or several High Dynamic Range (HDR) environment maps,
reconstructed from several photos or videos of the scene and used
as infinitely distant light emitters [ZL17, RPAC17]. Although effi-
cient at approximating incoming light in outdoor environments, this
Image-Based Lighting (IBL) falls short when nearby light transport
effects and visibility relationships cannot be ignored. Scenarios as
simple as moving an object in a corridor reveals the lack of di-
mensionality of a 2D map quickly when used as a substitute for
the ideal — but intractable — plenoptic light field. Eventually, one
needs to represent the scene’s lighting in three dimensions, with a
lighting model that can capture (dis)occlusion events when mov-
ing the object in 3D space. Interestingly, numerous technologies
exist for quick and automatic acquisition of large 3D point clouds
of environments, either using low budget hardware such as RGB-
Depth cameras (Microsoft Kinect, Intel RealSense, StructureSen-
sor, etc.) [WSG 16, DNZ 17] or even simple RGB cameras to-
gether with multiview reconstruction algorithms [SF16]. These de-
vices provide a dense sampling of the 3D scene, where each sample
carries several attributes (e.g., position, normal vector and color).
Assuming a diffuse scene, we can use the colored point cloud as
an approximate radiance cache and computing its reflection on a
virtual object ends up effectively relighting it.

Starting from this observation, we propose a framework to re-
light virtual objects in real time using a 3D point sampling of a real
scene (Fig. 1). To do so, we address the two main challenges in-
duced by the use of a point cloud as a relighter. First, as captured
colored point clouds typically come in Low Dynamic Range (LDR)
format, we propose a new method to reconstruct an HDR colored
point cloud from an LDR one using a single representative HDR
image of the scene. Second, at rendering time, we need to solve, in
real time, for the visibility between the point cloud and the virtual
object. In particular, given a location on the virtual object, we seek
for the visible subset of the point cloud that should be considered
to shade it. We address this problem by developing a new variant of
the Point-Based Global Illumination (PBGI) algorithm. Combined
with IBL for distant direct illumination and screen-space reflections
for local color bleeding, our approach provides a convincing real-
time solution for a collection of AR scenarios such as games, visual
special effects previz, and computer-aided design.

Contributions. The paper presents two complementary contribu-
tions:

e a method to expand the dynamic range of a colored 3D point
cloud using a single HDR photograph covering a small part of
the environment and without any calibration data; i.e., without
the estimation of the intrinsic and extrinsic camera parameters;

e a rendering pipeline inspired from the PBGI algorithm that can
shade virtual objects using the HDR point cloud in real time,
exploiting the Geometry Shader stage to traverse a spatial hi-
erarchy, indexing the point cloud, efficiently and introducing a

G-Buffer mipmapping mechanism to speed-up the indirect visi-
bility determination.

We report experiments conducted with our framework on captured
and synthetic data to perform ground truth comparisons. We eval-
uate each stage of our framework individually by comparing the
output of the proposed HDR expansion algorithm numerically and
measuring the differences introduced by the HDR point cloud in the
rendering. We also report an exhaustive performance analysis of the
proposed PBGI algorithm, illustrating its use in an AR application
scenario where the rendering of the object is composited with the
original media used for the acquisition of the point cloud (Fig. 11).
In our framework, we never "render" the HDR point cloud but use
it as a radiance cache for relighting virtual objects.

2. Related Work
2.1. Inverse Tone Mapping

Inverse/reverse tone mapping operators (ITMOs/RTMOs)
[RWP 10, BADC17] expand the dynamic range of LDR im-
ages/videos to obtain content that can be employed in HDR
applications such as HDR visualization or Image-Based Light-
ing [Deb98]. Typically, they can be classified into three main
classes: global, expand map-based, and user-based. A global
ITMO expands the dynamic range of LDR content using a
per-pixel function, such as a linear scale [AFR 07] or power
function [Lan02, MSG15], with global statistics. Expand map-
based operators [BLDC06, RTS 07, KO14] increase the dynamic
range using a global function (i.e., linear, inverse sigmoid, etc.)
that varies locally using an expand map (i.e., a map with values
in [0;1]), which controls the areas need to be expanded and
the relative intensity. Finally, user-based operators expand the
dynamic range of LDR content with user inputs such as classifying
areas [DMHSO0S] or cloning details from well-exposed areas into
under-exposed and over-exposed regions [WWZ 07]. Recently,
deep learning has been employed with success for expanding
LDR content [EKD 17, EKM17, ZL17, MBRHDI18]. However,
these approaches are not straightforward to apply to point clouds
because large training sets (i.e., point clouds with HDR color data)
are challenging to acquire and there are very few publicly available
datasets. A general framework for enhancing (including dynamic
range) videos using reference photos was proposed by Baht et
al. [BZS 07]. Starting from a set of reference photos of the entire
scene, the framework requires Structure-from-Motion and a dense
Multi-View Stereo to transfer the details in the video. In our case,
we have only a single HDR input photo to reduce acquisition time
with a lightweight framework without camera calibration.

2.2. Point Based Global Illumination

For a survey on real-time global illumination methods, we refer the
reader to the state-of-the-art report by Ritschel et al. [RDGK12]
and to the work of Silvennoinen and Lehtinen [SL17] for a recent
overview. In our context, working with dense point clouds naturally
led us to adopt the Point-Based Global Illumination framework.
Introduced by Christensen [ChrO8], who built upon surfel-based
ambient occlusion [Bun05] and LightCuts [WFA 05], the PBGI
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algorithm generalizes the idea of z-buffered rasterization in a 2- with the estimation of the position of the main light sources ex-
step process. At caching time, the 3D scene is densely sampled, theploiting the scene's geometry and specular regions. This estimation
sample set is shaded and a multiresolution structure, e.g., bound-makes possible the insertion and rendering, with coherent lighting,
ing sphere hierarchy or octree, is generated over it. At rendering of synthetic objects in augmented reality applications.
time, for each receiver, e.g., unprojected nal image pixXgl,a
so-calledmicro-buffer(a low resolution color+depth hemispherical
buffer aligned to the shaded point normal) is generdtgdin adap-
tive light cut is searched in the PBGl tree, diiJ the retrieved cut ~ Our goal is the real time relighting of a virtual object inside a real
nodes are splatted into the micro-buffer, solving for visibility using scene using an acquired colored point cloud of the environment.
the depth component. The nal receiver response, e.g., pixel color, The inputs of our method arf@® P_pr, the colored point cloud of
then sums the convolution of its micro-buffer by its BRDF with  the environment(ii) I5pr, an HDR photograph of a representative
its direct illumination response. This algorithm is free from noise, portion of the scene free from registration (intrinsic and extrinsic
accounts for long-range indirect lighting and reproduces an impor- camera parameters are unknown), &iidO, the 3D polygon mesh
tant subset of Gl effects. Its evolutions demonstrate high scalability of the object to relight equipped with material properti@gr can
for parallel architectures [RE®9, HREB11] and out-of-core ex-  be acquired automatically using inexpensive hardware such as an
ecution [Tab12], robustness to compression [BB12] and factoriza- RGBD camera [DNZ17], or with a simple RGB camera together
tion [WHB 13], the ability, to a certain extent, to cope with non-  with a multiview stereo software [SF16]. Since the output clouds of
diffuse effects [WMB15], and scalability to render complex scenes these devices come with LDR color data, the rst component of our
from a very large number of viewpoints [KBLE19]. Our key obser- framework is a procedure designed to expand the dynamic range
vation is that a 3D scanning colored point cloud already provides of the overexposed regions Bfpr usinglypr (Sec. 4). Then, at
the input of a PBGI tree avoiding the signi cant amount of work  rendering time, the resulting HDR point clollpr is used for
requested at caching time. At the same time, its 3D spatial em- relighting the 3D model of the virtual obje@ using the second
bedding allows accounting for near- eld effects and local visibility component of our framework: a new PBGI algorithm bootstrapped
relationship when used to relight a virtual object. directly fromPypr and designed to achieve real-time performance
(Sec. 5). Fig. 1 shows an overview of the proposed algorithm.

3. Algorithm Overview

2.3. Relighting
4. HDR Expansion of Point Clouds
Relighting synthetic objects using natural real-world lighting (e.g., ]
HDR environment maps) is an important topic in computer 10 expand the dynamic range Bfpr, we assume thatipr pro-

graphics, sparking a vast literature from the seminal work on Vides a representative distribution of the dynamic range in the 3D
IBL [Deb98]. Over the years, researchers have worked on different SCEN€, acquiring some of the overexposed areas. We do not esti-
subtopics: increasing the realism of classic IBL to have local effects Mate the intrinsic and extrinsic camera parameters to djigR
(e.g., local shadows, shading, and caustics) by densely sampling thd® the point cloud, making the capture process easy, dinsR

environment [UKL 13], editing the lighting [Pel10, BCDL3], in- can be taken completely independentlyFbbr. For the same rea-
serting virtual objects in single photographs [KHFH11, K34, son, we do not calibrate the response function of the acquisition
GSY 17,HSH 17] or in a single RGB-D frame [XLL18]. Many devices, but we remove only the gamma correction from the input

methods are limited to the portion of the scene which is visible in images and point clouds assumigg 2:2. To inject the dynamic
the photograph. They are based on the extraction of the most im-a@ng€ oflpr in A pr, we propose a new algorithm (Alg. 1) which
portant light sources, visible or invisible, ignoring the lighting con- leverages an ef_ cient maFChlng metho_d running in 2D and propa-
tribution of the other part of the scene, that can be critical for the 9ate the dynamic expansion to the entire 3D point cloud. In the rst
lighting of, e.g., glossy objects. Moreover, these methods focus on St€P (Sec. 4.1), we extend the dynamic range of &5s&tLDR

the estimation of the lighting environment, relying on a nal ren-  fénderings of pr using a randomized matching method before
dering, based on ray tracing, that does not aim at real-time perfor- Packprojecting the resulting HDR images Bipr. In the second
mance. For a complete overview of this topic, we point the reader St (Sec. 4.2), we |l the missing or corrupted HDR values in the
to the survey by Kronander et al. [KB@5]. gradient domain, yieldin@Hpr.

Research more focused on our work is MR360 by Rhee et algorithm 1 Point Cloud HDR Expansion

glé(gRPACﬂ],'an !nteractlve mixed reality system _based onanlLDR Input: LDR point cloudPLpm, HDR photolon
60 panoramic video. They employed a S|mple inverse tone map- Output: HDR point cloudPyor

ping operator to enhance the LDR panoramic video reproducing 1.'s  creaTeLDRRENDERINGSPLoR)
only lighting effects due to directional lights. Zhang et al. [ZCC16] 2. |,z FINDBESTEXPOSURKIHDR; PLOR)
presented a system for capturing scenes using RGBD scanners 3: p,,,  Ror
tailored for emptying and refurnishing indoors. Starting from an  4: forall § 2 Sdo
RGBD scan, it produces a scene model of the empty room, itslight- 5:  NNF  GENERALIZEDPATCHMATCH(S;;ILpR)
ing emitters, and its materials. Although they integrate asetof LDR 61 Sior ~ HDRMAPPING(NNF; IHDR)
photos with auto-exposure, the method cannot return the entire dy- 7: Bypg ~ PROJECTSHDR)
namic range of the scene. Finally, Whelan et al. [W$6] in- 8. Pupr  GRADIENTDOMAININFILLING (Pypg)
troduced ElasticFusion, a real-time dense visual SLAM algorithm
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4.1. HDR Expansion and Backprojection Finally, we backproject the expanded HDR values fr§nto
the point cloud, using the camera matrix stored for each intage
(Alg. 1 line 7). We consider only over-exposed areas, i.e., points
with an original LDR luminance above the threshpld 0:9 where
the camera sensor starts to acquire poorly, as shown in [B1]S
%or all the other points, we assign the original LDR color as HDR
color assuming that the input point cloud was acquired with a rea-
sonable exposure, as is usual for video acquisition devices. Since
over-exposed areas have the dominant contribution during relight-
ing, we expand these regions only, leaving unchanged the under-
exposed ones. For points visible in more renderings, we compute
a weighted average of the candidate HDR values, using the qual-
In the next stage, we seek an LDR versigpr of Iqpr with ity eld to weight more heavily candidates with a low SSD. In the
an exposure as close as possible to the one used for the color acbackprojection, we apply the exposure value computed for gener-
quisition in P pr, So thatl, pr can act as a good indirection to re- ~ ating I pr to align the black values dfipr to P pr. This avoids
late Inpr andPLpr (Alg. 1 line 2). We proceed by looking for the  abrupt color/luminance changes near the boundary between regions
best exposure valuethat minimizes the Wasserstein distaive with the original LDR color and regions with the projected HDR
between the histogramd of P pr and the histograni of |, pr, color.
resulting from a simple tone-mapping bfpr based on the ap-
plication of the exposure and a simple clamping operation (see
Eq. 2). Computing the histograms on the luminance channel of the
XYZ color space using 128 bins, we set the following minimization

In this step, we want to estimate the HDR data in the overexposed
regions of a set of unlit LDR renderingsof P pr. The render-
ings have to be taken from reasonable points of view so that they

if there exist solutions to extract these points of view automati-
cally [DBGBR 14], we merely proceed manually, letting the user
navigate the scene and generate freeflg. 1 line 1). We per-
form the actual rendering by point splattiRgor onto 1024 1024
viewports, storing the camera matrix for future backprojection
needs.

Our HDR expansion can run in two distinct modes by either
extending the luminance range or the entire color figypr. In
the latter case, the overexposed areas remain closer to the original
ones instead of leaning toward boosted whites, which is instrumen-

problem: tal when the acquisition hardware introduces chromatic color shift
argmin W (H (PLor); H (ILor(€))) 1) artifacts. For instance, expanding only the luminance range is use-

log,(€)2 [a;b] ful when PatchMatch introduces artifacts due to colors in the point

ILor(€) = clamp(e Inpr;0:0; 1:0). @) cloud which are not present in the HDR image. Fig. 2 shows the

differences between both modes.
We nd the solution of Eq.1 with a simple iterative procedure,
where at each step we sample uniformly (100 samples) the log-
space of the exposure ran@eb], and we select the exposure value
that produces the minimum Wasserstein distance. At each iteration,
we half the range search, centering it around the exposure value se-
lected in the previous one. We iterate the procedure until conver-
gence i.e., the error does not decrease or a maximum number of
iterations has been reached (10 in practice). We initialize the whole
process using the exposure rarigd] of the images retrieved us-
ing the exposure fusion operator [MKRO7] bypr. As a result, we
obtainl pr with a color range that is closer BpR, increasing the
performance of the upcoming matching process. (8)LDR (b) HDR lum  (c) HDR color (d) Ref.

Then, we expand the dynamic range of each renderigith Figure 2: Expanding the color as in (c) leads to results closer to the
Ipr throughl pr, without any calibration data. We propose a ground truth (d) than expanding only the luminance (b). (a) shows
new alternative strategy to the state-of-the-art inverse tone map-the rendering with the LDR point cloud.
ping solutions, that our experiments proved to be more robust to
the incomplete and noisy nature of a point cloud (see Sec. 6.2 for
a comparison). In particular, we run the generalized PatchMatch
algorithm [BSGF10] between each renderf@ndl| pr, leverag-
ing its robustness to rotation and scale due to a multi-resolution The output of the previous steps is a partially HDR point cloud
approach (Alg. 1 line 5). For each pixel 8, we compute the off- P+pr Where some regions may lack valid HDR colors either be-
set inl pR to retrieve the most similar patch, de ning the nearest cause there are not visible in any rendering or because the 3D points
neighbor eld (NNF), and a quality eld as the Sum of Squared Dif- receive HDR colors with low con dence, detected by a high patch
ferences (SSD) between patches. Then we use the (LDR-de ned)error (SSD above a threshdjg= 1 in all our experiments). There-
NNF to fetch HDR values froniypr and substitute LDR values  fore, we propose to reconstruct the flllpr by propagating the
in §, yielding expanded HDR renderings (Alg. 1 line 6). Note that HDR color from valid neighbors in the gradient domain [PGBO03]
the matching procedure can create blurry imagedue to the size (Alg. 1 line 8). LetWbe the set of invalid HDR point§Wthe set
of the patches. This effect is indeed not a problem for our frame- of the points on the boundary of the target regions (with valid HDR
work, because we are interested in the global distribution of the real color), G the k-nearest neighbors graph of the points (in our experi-
radiance in the point cloud to obtain a coherent object relighting. ments we always ude= 16),Np the set of neighbors of the poipt

4.2. Gradient-domain HDR In lling
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in the graphG, H(p) andL(p) respectively the HDR and the LDR
color of the pointp. The nal HDR colorH(p) for the points inW
is computed by solving a Poisson problem:

8p2W  jNpjH(p) & H(@= A H@+Ar pa
RNA\W 2N\ W 2Ny

®3)

wherer pq is the local gradient of the LDR colors between the
points p andq de ned asr pq= (L(p) L(g)). Again, we can
propagate either the luminance only or the entire RGB color.
Fig. 3 shows a rendering ¢#,pg, the invalid area anpr af-

ter gradient-domain propagation.

Figure 3: After the projection of the HDR data to the point cloud
(left image), some points can miss HDR values or receive invalid
HDR color (magenta points in the center image) stemming from
low PatchMatch con dence. The image on the right shows the nal
result, after the gradient-domain reconstruction.

5. Real-Time PBGI

We can now us@4pRr to lit a synthetic objec© using a new real-
time PBGI algorithm. Sinc®ypr already contains an approxima-
tion of the diffuse indirect lighting of the environment, we skip the

the normal vectors (stored as directiag and half cone aperture
apa), and two indices for the children nodes. A leaf node contains
the position, color, normal and radius. Alg. 2 shows the main steps
for the tree construction.

Algorithm 2 BSH Construction

Input: HDR point cloudPypr
Output: Bounding Sphere Hierarchy

1 GETMORTONCODEYPpR)

PARALLEL SORT(V) (by [HKS09])
CREATELEAFNODEYV )
CREATEINNERNODESH) (by [Kar12])
FiLL INNERNODES(H)

PRUNING(H)

ok
ITTI<<

First, we voxelize the point cloud in its bounding box using a
64 bits Morton code and average the data for the cell containing
more than one point. Second, the resulting nodes are Morton-sorted
with the GPU method proposed by Ha et al. [HKS09], a parallel
pre x sums [HSOO07]. Third, we create the inner nodes using the
algorithm of Karras et al. [Kar12]. Fourth, we propagate the leaves'
attributes to the inner nodes: the color is propagated as a simple
average of the children colors, while the position and the radius are
computed with an approximate smallest sphere [FGKO03], forcing
the parent node always to contain its children. For the normal cone,
we use the algorithm by Barequet et al. [BEO5] to compute the
minimum cone bounding a set of vectors. Finally, we prune the
hierarchy by collapsing the sub-trees containing points with similar
color and normal to speed up the visitidfat rendering time. In
all our experiments, we use the same pruning thresholds: a color
variance below; = 0:01 and an average dot product of the normals
abovet, = 0:98. As shown in Fig 4, the approximation introduced
by the pruning step is negligible in the nal rendering.

expensive shading caching phase of the PBGI and run the algorithm

directly fromPypRr. Our method runs in three steps:

1. the construction of the bounding sphere hieratdrstructuring
PHDR, at loading time (Sec. 5.1),

the adaptive tree cut searchHhto Il every per-pixel micro-
buffer (Sec. 5.2),

the convolution of the resulting micro-buffer by the pixel's

BRDF, yielding the nal pixel color value (Sec. 5.3).

2.

3.

To achieve real-time performance in the second step, our PBGI al-
gorithm exploits intensively the GPU geometry shading stage and

a new G-Buffer mipmapping mechanism. In this way, it alleviates

the main PBGI bottleneck, the pixel shading, where each pixel re-

quires lling a speci ¢ micro-buffer. In the following, after explain-
ing our implementation of the classical PBGI algorithm (Sec. 5.1
and 5.2), we will present our contributions: MIP-PBGI and Cross-
PBGI (Sec. 5.2.1).

5.1. Hierarchy Construction

We compute a Bounding Sphere Hierarchy (B$H)f Ppr from
which per-receiver cuts will be gathered to Il micro-buffers at ren-

Figure 4. Comparison of the renderings using the original BVH
(left) and the clustered version (center). On the right the map with
the probability to perceive differences between them computed with
HDR-VDP-2.2.

5.2. Micro-buffer Rasterization

At rendering time, we uskl to gather, in real time, the incoming
radiance from the surrounding scene over each rasterized point of
0. To do so, we extend the concept of micro-buffers [RB& with

a new mipmapping operator designed for the G-Buffer resulting
from the rasterization oD. The G-buffer contains, for each pixel

(i; ), the positionpjj, the normalnjj and the material attributes

dering time. Using the data of all the points in the node, each inter- brdfj; of the rasterized object. Intuitively, the algorithm stores the

nal nodeA stores the average colog, the average positiopa and
the radiug p of the bounding sphere, the bounding cone containing

© 2019 The Author(s)
Computer Graphics Forum © 2019 The Eurographics Association and John Wiley & Sons Ltd.

incoming radiance in a set of small environment maps, the micro-
buffers, one for each rasterized object point in the G-Buffer. The






