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NormalFusion: Real-Time Acquisition of Surface Normals
for High-Resolution RGB-D Scanning

Hyunho Ha' Joo Ho Lee*

"KAIST

Abstract

Mulriview shape-from-shading (575) fas achieved high-
detatl geometry, but ft5 compuitation iy expensive for sofve
g a mueltiview registration and an ill-posed inverse nen-
dering probles,  Therefore, it has been mainly used for
affline methods. Vilumerrie fusion engbles real-fime soan-
ming wving 4 comentional RGE-D camera, but it geom-
etry resofution has been fimited by the grid resolution of
the volwmetric distemce feld and depel registration ermors,
In this paper, we propose @ real-timee scanning method
tiar can ecguire figh-detal geomerry by bridging volumer-
ric fusten and multiview 5f8 i pwo steps. Fiest, we pro-
prase the first real-time acguisition of phofometnie normals
stored in fexture spoce o aohieve Righ-detadl geomern: We
alge intrelice geomertey-awane fextore mapping, whicl pros
gressively refures geometne registration between the textirre
sperce and the valumesrie distence field by areans of normal
fexture, achieving real-time mufriview 55, We demonsirafe
entir scanming af high-demil geomeney wsing an RGR-I cam-
erd af ~20 fpg. Results verifv thar the geometry qualitg of
o eethod (x strongly competitive with that of afffine nuldsi-
view' SIS methods.

1. Introduction

Shape-from-shading (58) has been commonly used to
enhance geometric details in 30 scanming. When surface
reflectance snd illumination are known, S5 factonzes re-
flected irmadiance of camera signals 1o photometric normals
in the camera’s resolution [12], When o high-resolution
camer 15 used, the geometry gquality can be improved sig-
nificantly by combining buse geometry and normals [20],
However, when reflectunce and illumination are unavail-
able, 518 becomes @ very ill-posed problem. Multiview 578
estimates distributions of ilumination and alhedo by lever-
sging muliview input [1. 10] and then obiains high-detml
normils rom shading. The geometry quality of these mul-
tiview S5 methods is significantly higher than that of real-
time scanning methods using o conventional RGR-D cam-

Andreas Meuleman'

Min H. Kim'

* University of Tuebingen

19,22 s

Conventaonal fusion Our nosmal fusion

Figure 11 Result of our real-time nommal fusion method,
compared with the conventional fusion method thiat accu-
miulates TSDFs of depth maps in the canonical space. Wi
decompose camera signals o photometne normals and ac-
cumulate them in lexture space associated with voxel grids
of TSDFs, enabling high-resolution geometry in real-time,
Refer to the supplemental video for real-time demo.

era. However, when & camera is unstructured and scenes
are uncontrolled, multiview S5 becomes highly under-
determined; therefore, the ill-posed multiview S8 prob-
lem needs to be solved by expensive non-linear optimiz-
fon with strong assumptions of scene and lighting condi-
tons [2%. 28] in addition to multiview registration,

Despite the strong benefits of muoltiview 565 1o high-
resolution geometry, 1t has been hardly achieved in neal-
e RGB-D scanning due 1o several challenges. First, mul-
tiview ¢olor and depth frames need to be registered by it-
erative closest point (1CP) [26] in gencral. However, per-
fiect gevmetric registeanon by ICP is theoretically impossi-
hle with real systems due o noise in depth frames. It results
in blurry reconstruction [18],

Second, 1o handle noise amd inaccurate registration of
depth information, the runcated signed distance function
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TextureFusion: High-Quality Texture Acquisition
for Real-Time RGB-D Scanning

Joo Ho Lee*! Hyunho Ha'

'KAIST

Abstract

Real-time RGB-UY scanming  technigue has  becowe
widlelv wied to progressively scan objects with a hand-feld
senset; Existing omline methods restere. color iformation
per voxel, ard thus thele guality is often lmited By the trade-
aff benwesn spatial resodution and time performance, Alxo,
such methods often suffer from beered arsifocts in the cap-
tured texture. Troditienal offfine rexiwre mapping methods
with mem-rigid warping assume that the recomnstricted ge-
ometry and oll input views are ebtained in advance, and
e aprimization kakes o long time fo compute mesh param-
eferization ond warp parmeters, wiich prevents them from
being used in real-time applications. fa this work, we pre-
frose q progressive lexture-fusion methaod specially designed
for real-time RGB-[) scamning, Tor this end, we firsl des
vige @ pevel wxtune-tile voxel gnd, where textire files are
embedded in the voxel grid of the signed distance func-
tiom, alfivwing for igh-resoliution texture mopyning on te
lenwt-resofution goomeetey vodime, Instead of uving expensive
miesh paramelerizaiion, we associale vertices of implicit pe-
ometry directly with fexiure conrdinates,  Second, we in-
troduce real-time texture warping that applies o spatialiyv-
VEIFYIRE prerspeciive nuapping to inpil images so theal texture
watrping effictently mitgates the mismatch between the e
termediate geometry aond the currens inpal views 0 affows ws
tor erchance Hie guality of texture over fime while updating
the geometry in real-time. The resulty demonsirate that the
gueaality of owr real-time texture mapping (s bighly compet-
itive 1o tht of echaustive offline ledtiore warpiig miethods
Cur methiod i alse capable of being integrated infe existing
RGE-D scanming frameworks,

1. Introduction

Feal-time RGE-D 3D scanning has become widely used
0o progressively scan objects or scenes with a hand-held
RGB-D camera, such as Kinect. The depth stream from the

" Part of work wos dase duning e mtermship in MERA

Yue Dong®

Xin Tong? Min H. Kim'

“Microsoft Research Asia

b Testure represermintion
withowl opinmirsiion

in} Vioxel representation
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Figure I: We compare per-voxel color representation (z)
with conventional texiere representation without oplimiza-
tion (b). Compared with global oplimization only (¢l our
texture fusioni{d) can achieve high-quality color textune
in real-time RGE-D scanning. Reler o the supplemental
video for o real-time denso.

camera 15 used 1o determane the camera pose and 15 accu-
mulated to s voxel grid that contains surface distance. The
truncated depth values in the grid become o surface rep-
resentation through 3 marching cube ulporithm [24]. The
color stream, in genceril, 15 socumalited to the voxel to scan
color representation in a similar manner that captures depth.
Howewver, the current color representation in real-time RGE-
3 scanning remains suboptimal due to the following chal-
lenges: first, since the color information is stoned in each
voxel in the grid, there is an inevitable tradeofl between
sputial resolution and time performance [6, 13, 25, 24]. For
instance, when we decrease the spatial resolution of the grid
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Fig. 1. Three different shyects made of mough conductors {gald, silver, and coppe), with spatially-varging mughness specified by a texture, reradesed with the
Cook-Torvance model (keft) and oor mubliple-scatbering-aware microfacet model (middie) Cook-Torrance asvumes vingle scatiering, which results in signaficant
energy linaes, specially for rough surfsces, 23 sheran in the diffenence image (righth Our model accomints o munnplr scaftering b 5 chosed-Torm analytical
way, therefore conserving engrgy, with a small overhead, and without the negd for costhy stochastac light transport simulstions

Microlacet theory eoncisely models light transport over rough surinces
Sperular reflection s the resubt of single mirror reflections on each facel,
whide cwact comguitation of multiple scattering is cither neglected. or maod
ehed wing coatly impartanee ulnpl-u" t,:,-..'lmlqun Practical but accurate
smmdation of multiple scattering in microlucet theory thas remaing sn open
challenge. In this work, we revisit the traditional Vegroove cavity mosdel
anil derive an -'ahul!uh- al. coit-eflochive silution for I=II-'||Ir|!-'|r sealleTisg i
rough surfaces. Our Ewleidosoopic mode] is made up of both real and virtsal V-
prooves, and allow s os to cabmbate higher-order scattermy in the microfucets
in an analytical Gobion We then extend our moded to ncladie nenymmmse i
prooves, allowing for additsonal degrees of freedom on the surface geometry,
improying multiple reflections at grazimg angles with backward compatibal-
ey to traditional pognaal distribution fasctions. We validate the soousaey of
vy model agninst ground-truth Minge Cordo simmlations, and demanstrate
itn fexibility on anmotropic and textared materialy Char moded is analytical,
dower e Lngponduee signilbeant cost and vanance, can e seambeis imegrateld
I oany |1-r\1|-r;n;.'. CTRFENS, I RETVes Teciprog :11_4- and eneIgy onservation and
Is suwitable for bidirecthonal methods

CO5 Copvepte = Camputing methodalogies —= Rellectance maosdeling
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1 INTRODUCTION

Microfacet theory |Beckmann and Spizzichino 1963; Torrance and
Hpurtqah' I."HrTl 18 aiie of the corferitones af Appeitante ||:|r.|-|l:'||.n.;'q
of real-world objecta. At the mac TORCOME level, the theory postu-
lates thot the sefleciance feld at o surface point s the pesult of
light rellectéons oll several microscale specular facets with random
orientations, defined by a statistical distribution function

Al the core of micrfacet
theory lies the sssumplion
that light scatters on the mi-
cromaurface only once (Mue
rays i Figure 2, This is
adeguate, since simplifies
the computations. Unforta-
nately, it introduces energy
loss, stace multiple scat-
tering instde the microsur-
face 13 grnored {read raya), A
common approsch to compensite this is o introduce & Lumbertian
term that, under the assumplion that mulliple scatlering inside the
mibcrosurfice 18 diffuse, empirically brings back the lost energy.

This in essence troduces a strong assumption: Microlacels.
which are defined as perfectly specular, reflect light diffusely af-
ter the first bounce. Therefore, they present two different types of

Fig. 1 Scattenng ina Y-groove cavity

ACM Trase Geaph, Vol 17, Mo, & Ansls ITE Peldicaties date: Novesrher 2108
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Practical SVBRDF Acquisition of 3D Objects with Unstructured Flash
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1 INTRODUCTION

Acquiring and repeoduucing the appearance of real-world abjects ia
aié al the :||1.||||_|;-1.|l\.ll| comjriter graploce Many dafferent advanced
have been presented recently, from micthods relving on specialized
hardware (e.g. [Ghosh et al 2008 Holrowd et al 20000 Nam et al
2004; Schwartz et al 2103, Turwaltanapongy of al 2003]), 1o mabide
selwps (e.g. [Adttals et al 2015; Hiab et 4l 2037; Reviere el al 2015
11 Howewer, thete 15 an inevitable iradeol between the capa
bilities of these methods gnd ther cost, For instance, while inohile
msethodds are cheap but lmdied 10 aedr-plinar geometries prices fur
professional pequbsition systems, such as Otoy LizghiSiage. X-Rile
TACT and LumiodD), start st $200.000,

Diespite the obvious practical sbvaniages of simpler acguisition
selupd, capluring the SYBEDFs of a fuli :u:-||.|1l.|.|1.|: i abject w ith
an off-the-shell comern, such as a smariphone camera, has not yet
been demonsirated, due 1o is techndeal challenges. First, capluring
SVEREDF information Eeuines carefolly controfled, dense 'l.'l.ll.'liltlﬂ:l:
of the light-view space; this ik usually achseved with professional
supparting structures, such as light domeés, or four-dimensianal

ganiries. Since the Tdl-in Qash of & conventional camera is almoest
colocated with the lona, this leads 1o a severely limited sampling of

WA Tracn Cspls Vel 37 Mo & Amicle 267, Peblcation dabs; Maveiidsrt 2608
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