Purdue University
Purdue e-Pubs

Department of Computer Science Technical

Reports Department of Computer Science

2004

Interactive Modeling from Dense Color and Sparse Depth

Voicu Popescu
Purdue University, popescu@cs.purdue.edu

Elisha Sacks
Purdue University, eps@cs.purdue.edu

Gleb Bahmotov

Report Number:
04-014

Popescu, Voicu; Sacks, Elisha; and Bahmotov, Gleb, "Interactive Modeling from Dense Color and Sparse
Depth" (2004). Department of Computer Science Technical Reports. Paper 1597.
https://docs.lib.purdue.edu/cstech/1597

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.


https://docs.lib.purdue.edu/
https://docs.lib.purdue.edu/cstech
https://docs.lib.purdue.edu/cstech
https://docs.lib.purdue.edu/comp_sci

INTERACTIVE MODELING FROM DENSE
COLOR AND SPARSE DEPTH

Yoicu Popescu
Elisha Sacks
Gleb Bahmutov

Department of Computer Sciences
Purdue University
West Lafayette, IN 47907

CSD TR #04-014
April 2004



Interactive Modeling from Dense Color and Sparse Depth
Voicu Popescu, Elisha Sacks, and Gleb Bahmutov
Computer Science, Purdue University

Abstract

Muny computer graphics applications bencfit (rom interactive
rendering of real-world scenes. The challenge is to build a sceac
made] that is sulficiently detailed w impart visual realisim o lhe
rendered images and is sufficiently compacl to support inlecactive
rendering, A promising approach is o build the seene model from
acquired color and depih daia. Systerns that build bhigh-quality
moedels arc slow (eg. depih from sterco. luser rapgefinding),
require expensive and bulky equipment (e.g. laser rangetinding),
and require manual intervention (c.g. image-based cditing, view
morphing, lour into the picture). Systems that do not suller fram
these disadvantages build simplified scene modzls (e.n. color
panoratuas) hat muwst be viewed from preferred locations.

We present a [ast, casy 1o use, and inexpensive modeling system
that Dbuilds sccne models thal support realistic  inlenictive
rendering from a wide range of viewing locations. Our system
acquires video (rames augiented with sparse depth samples. The
frimes are registered and merged into an cvolving model at the
rate af five frames per sccond. The model is displayed conlinually
lo provide immediate feedback to the operator.

1. Introduction

We present rescarch in scenc modeling. The task is Lo build digrital
models of compiex scenes that support interactive, pholorealistic
rendering. Scenc modeling is the boulencck in computer gruphics
applications runging (rom cultural preservation 1o forensics w
marketing o gaming. Manual modeling is unaceeptably {abor
inlensive. Automated modeling, where calor and depth data s
measured using an acquisition device, is a namral allernative.
Many antomated modeling technigues have been developed, bl
none olfer a completz, st aud inexpensive solution 1o real-world
scetie modeling. The main challenge 15 depth acquisition.

1.1 Frior work in automated scene modeling

Aequired dense depih In ovder to captore the (ull 30 complexity
ola real-warld scene, ong lus to estublish the 30 position af each
surtace sarple. Depth from stereo, and structured-hehie and time-
al-flight lascr rangetinding technologics acquite deuse, aceurate
depth maps that can be converted inlo high-gquality  models,
Examples inclwle the digitization of Michelangelo's  staes
(Levoy 2000, Bemardini 2002], of Jelfersen’s Monticello
[Williams 2003], of cultral reasures of Anciem Euypr [Farouk
2003], of the Parthenon [Stumptel 2003], and of the ancient cily
ol Sagalassos [Pollefeys 2001, 2002

An important disadsuntage common o wll medeling systews thal
acquire dense depth is the long per-view acquisition time. which
limits the number of views. This i tum leads o nweomplete
models, espectally in the inside-laoking-out case where the device
is soroundled by the scene. Another disadvantuse is the high
gquipment cosl.

User-specified course depth Another solmion w 1he depth
acquisilion problem s manual geometry data entry. Au cxample is
the Fagade architectural modeling system in which the uscr
creites a coarse geometric model ol the scenc hat is texture
mapped with photographs [Debevee 1996]. The geometric pan of
the hylxid geometry-image-based representalion is created rom
user input in [Hubbold 2002}, In view morphing [Seitz 1996], the
uscr specifies depth in the form of correspoudences between
reference ines. Another examyle is image-based editing [Anjyo
1997, Oh 2001], which builds 3D mudels by segmenling images
into sprites thal are mapped w separate plancs. User-specilicd
coirse depth syslems take advantage ol the user's knowledge ol
the scene. which allows him 1o waximize the 31 effect while
minimizing the amount of depth dar. The disadvamage of the
approach is tie need Tor manual inpo,

No depth Seme modeling echiniques avoid depth acquisition
illogether. CuickTime VR pancramas [Chen 1995]) are 2D ray
daabases that store a dense sampling af 1he rays passing through
one point. They are constructed by stitching ogether same-center-
of-projection imaues. They support viewing the scene from this
poinl e any desired direction. Panoramas have the advantages of
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Figure | Thiee surlaces acquired Freehand in one cowinuous
sequenee. red highlight in vight image shows deaser sampling.




Figure 2 Acquisition device.

rapid. inexpensive acquisitien and of inferactive photorealistic
renderine, which makes themn popular in online adveriisement.
The disadvantage of panoramas is 1hat (hey do nol suppott view
translations; this deprives the user of motion parallax, which is an
impoenaet cue in 3D scene explaration.

Light Grelds [Levoy 1996. Gortler 1996] are 41 ray dmabases that
allew a scene to be viewed from anywhere in the ray space. An
advaniage of fight lield rendering is support for view depeadent
effects, such as reflection and relraction. Liglht Relds are
constrcted froui a large set of registered phologruphs. Acquiring
and  registeriog  the  pholographs  is  challenging.  Another
disadvantage is that the dambasc is impractically larpe for
coiplex scences.

Interactive modeling € a small pan of the scene is acquired at
each view, the per-view depih acquisition task is stmplified and
can be carried oul by portable devices. Several hund-held depih
acquisition devices have recently been developed.

Oue architectiee is a fixed camera and a mobile light-pattern
source. One variant [Takatsuka 1999] uses a hand-held Taser point
prajector on which three green LED' are mounted. The position
ot the LED's in the camera frame is used 1o infer the position and
urientation of the laser beam. The red laser dot is detected in the
frane and then wriangulated as the intersection benween the pixel
ray and the laser beam. Another variant [Bouguct 1999 extracis
depth trom the shadow of a red captured by w camera uuder
calibraded lighting. Another architecture |Borghese 1998] uses
two cuueras wounted on a tripod and a hand-held laser point
projector. The main problem with these systems is that they arc
limited to a single view by the fixed camera,

ITebert [2001] proposes a system where the operator can lieely
change the view. The device consists af two cameras and a cross-
hair faser light prajeclor. Frame 1o [rame registration is achicved
using a set of (ixed points projected with an addational, fxed laser
svsten. The fixed points arc easy o discem from the cross-hair
and act as fducials. The svstent is not well suited tar lacge scenes,
sinee a large number of (iducials would be needed. [U acquires
depth only over a very narrow licld of view at cach Trame, which
imgplies long acquisition times in the case of complex scenes. Tt
docs nol acquire color.

Rusinkiewscz el al. [2002] presein an object madeling sysiem
Lased on sinietured light. The object is mancuvered in the fields
ol view ol a Niaed projector and camera. The Trumes are registered
woreal tme using an ilerabve closest poind alearithm. The
cvalving model is construcied woreal time and is wendered 10

provide immediate [cedback to the aperater. The system is limited
la the outside-looking-in medeling casc and dues not acquire
color. A similar system is proposed by Koninekx [2003] where
moving or deformable objects are caplured in real time. The
system aequires depth wsing a pattern of equidistant black and
white stripes and a few wansversul colar stripes for decodinz. The
disadvaniapes ol their system are limiled aequisition range due 1o
the fixed camera and projector configuration and the need (or
strict lighting control. Despite their shortcomings, beh systems
demenstrate the advantages of interactive modeling.

1.2 Our approach

We present an interiactive scene mdeling system based upon the

following requirements.

*  Fast madefing The system should model a room in ene hour.

o mmediate fecdbock The system should build the model
merementally and display it continuaily, so that the operator
can validale the model right away,

= Color acquisition The models are intended for rendering, so
hegh-guality color is nceded.

Qur system acquires dense color and sparse depth datz. The data
is registered and merged into au evolving model at the rute of five
feames per second. The model is displayed continually 1o provide
immediate feedback. We demonstrate the system on an office
scene; we obtain meshes of 30,000 triangles w Gve minules.

2. Acqguisition device

Our acquisition device (Figure 2) consists of a digital video
camera enhanced with a laser system that casts a patiern of 7x7
beams 1n s field of view_ The pattem is created by spliving a
main beam with a ditfraction grating [Stockeryale]. The power of
the dnser system places il at the law end of class I-a, which is the
classitication ol common luser potaters, wnd is thos eve safe. A
bright dot is visible in the video frame where a beamn intersects a
scene surface. The dot is located in the video frame and s 3D
posilion is teiangulated by computing the intersection between the
video camera ray and the precalibrated laser beam. We obtain 3
i depth accuraey it Lm,

One design pravides an even depth sunxpling of the video frome.
The depth data is intrinsically registered with the color data, since
depth is inlerred trom color. This is an advantage over systems
thut acquire depth and color from separate devices, hence must
coregister the data. Dot detection is Fast because the dols are
confined o fixed epipolar segments in the video frames (Figure

Figure 3 Frame with 19 dots deeected along ¢pipolar scaments.



3} The lasers are configured to make the epipolar segments
disjoim, which prevens dot deteclion ambiguity,

3. Structured scenes

We model scenes in nwo modes based on their geomelric
complexity. A scene is called siructured when it consists of Targe
smooth surfaces. The laser dots in euch frame (ll on a lew
surfaces. These surface paches can be modeled ro the required
aceuracy by fitting polynomials through 1he dows. For example,
Figure 3 shows one frame from a structured scene comprised ol a
couch, walls, and other lurniture.

Structured scenes are modeled frechand. ‘The operator sweeps the
scene with the canera and e system acquires depih and color,
registers this data in 1he coordinate system of the first frame, and
merges I oo an evolving seene madel, We  compule
transformalions berween conseentive pairs of frames and compose
them o obtain the transtormation from each frame to the ficst
frame. The trunstormation between an old/mew frame pair cquals
the inter-frame camera motion. This motion is computed in three
stages: 1) identify the surfaces i euch frame: 2) compule a
motion thal minimizes the distance benveen the new dots and 1he
old surfuces: and 3) extend the motion 1o minimize the color
difference between selecled new cays and ihe comresponding
points on the old sucfaces.

3.1 Surface identification

The dols i a lame are grouped into surfuces. For example,
Figure 3 conrains three surfaces: the botrom four rows of dats lic
on the couch buckrest, 1he three right dots of the top three cows lie
ou the right wall. and the remaining dots lie on the left wall, Fach
row and column of dots, calied a strip, is examined lor surface
boundaries. The boundary can be a depth discontinuity. such as
where the visible part of the backrest ends and the walls appear. or
a depth derivative disconlnuity, such as where the walls meet.
Given a sttip ol # dots with depths =z, ..., z,, we compule the
second differences o, = z.: 25, | z 10 approximate lhe
curvalure alony the strip. A Jdepth derivative discontinuity aceurs
between dots § and j+J whea o, und d,.; are large, and a depth
discontinuity occurs when they are very large. A threshold of 3 is
used for boundary detection.

Figure 4 plots laged 3) against § for the bottom row, the op row,
and the right column ot Figure 3, using the same dat numbers and
colors. Strips are braken at peaks that cross (he horizontal axis.
The bouom row lics well below the axis, the 10p row has a large
peak at dot 44 where the walls meet, and the right cohamn has a
very laree peak ul dot 21 wihere tie backrest ends.

A dot connectivity graph is constoucted by linking every dol w its
left, right, bottom, and top neighbors then breaking the links that

Figore + Surfuce identification for ttame shown in Figure 3.

span boundurics. Using a depth ficst traversul, the graph is
partitioned into connected components that represent surfaces.
Cubic polynomials z=pfry) are least-squures fied w0 the
surfaces. The dots are mapped 1o surface points by perpendiculur
projection, The frame is rejected it the mean dotipainl distance
exceeds twice the dot detection accuracy. thenwise, the dots are
assigned the surface normals of their surface points.

3.2 Depth regisiration

We perform depth registation by formaulating lincarized depth
equations and solving them by least squares. The depth cquatons
stale that the new dols lic an the surfices of the camesponding old
dots. An equation is formulated for an old/mew dod pair when both
dots have four surfuce ueighbors, which indicales that they are
interior 10 the surface. Dots on sueface boundacies are skipped
because their narmals can be inaccorate,

The old surface is linearized as nmfp-aj - @ with # the surfice
normal, p the new dol, and a the old dot. The motion is mip) =t +
fp with 7 a maslation vector and A the matrix that rotates around
axis d by angle 8. The motiou is linearized as o) =t +p i rx y
wilh » = #d, and then is substituted into the lincarized surface
equation 1o obtain the depth equation w1 r (g x ) = afe-p), The &
depth equations form a system Ax = b wilh 4 a A-by-O malrix, x =
(.t v, rLr) a6 vector, and b a k veclor.

The six clements of x represent the ranskuions and rorations of
the camera around the three coorlinate axes,

A leasl-squares solution is an x that minimizes (he geolnelric
mean dislance from the transformed dots to the surfaces. A
gencric systems has a unique solution when & > 6, which Liolds in
stuctured scenes. Bul symmetric surfaces lead to non-generic
equations that have multiple solutions. A sucface is symmetric
when il is invariant under translatdon along an axis, rolation
around an axis, or conpled transiation and rolation. Examples are
planes, surfaces of extrusion, surlaces of rotation. and spheres,
The distance [rom the dols (0 a symmetcic surtace is constant
when the cimera performs these motions. so adding them 1 a
solution yiclds another solution.

We restrict the depth equations to a 3-dimensional subspace ol x
thal represents asynuuetric mation. Any nomal veclor 10 o
surtace generates three asymmetric motions: Iranshtion along it
and rotation around two perpendicular axes. A prool is obtained
by chiecking the Nnite list of synunetric surlaces. We compute the
notmal al the ceatroid of the old dois and formulaie the depth
equations in a coordinale system where this normal is the z axis.
Thus, x;, x, and x; are possibly symunetrie, while v, v, x, are
always asynunetic. We drop 1he symmetric 1,'s fiom the depth
equations  and  solve for the others by singular  value
deconposition.

3.3 Color regisiration

We compute the symmetric x,s by minimiziag a color emor
tunction. The error ot a pixel in e new frome is the RGB
distance between its color and the color where it prajects i {he
old lrame. The old color is computed by bilinear interpolation
becuuse the pixel projects al fractional coordinates. Small camera
motions produce capicd, erratic changes m color error. We reduce
the variabiliy by convolving cach rame with au F-by-11 box
(ileer. We thew select aset of new pixels and mmimize the sum of




the squares of their errors by the downlull stmplex method. This
melhod is simiple aud does not require derivatives, which are
cXpensive to campulg,

The pixels are selected by seoining every &th row and column (we
used & = 20) ol the mmage and splitting them inte sepments. A
segmenl is a maximal sequence of pixels that are dot free and that
lic on a single surfuce. Dot pixels are excluded because their calor
comes [rom the lasers, rather than from 1he scene. The pixcls arc
assigned depihs by linear interpolation from the three nearest dots.
They ate projected imto the old [came by incremental 30D warping
[(MeMillan 1995, MeMilan 1997]. Warped-image rceconstruction
is unnecessary for crror cvaluation, so this approach docs not
incur the (ull cost of IBR by 31> waming |Popescu 2003].

3.4 Modeling

The scene is modeled s a collection of depth images that are
crealed on demand as modeling progresses. We use depth images
because they can be transtormed and merged efficiently {Shade
1996, Popescu 2003). Tach registered lmme is processed as
follows. The region spanned by the dots is triangulated. Hach
color pixel in the regton is assigncd a depth value trom (e
triungulation. The pixels that are illmminated by the lusers are
exclided. Figure 4 shows the riangles with the exclhided regions.

The color/depth sumples are added 10 the model. When the new
(rame contributes a sample approximately at the same dislance as
a prior sample, the beer sample is retained. The quality meltric is
bascd on the sampling rme of e current sucface (samples per
cenlimeter), Samples that are well hehind or in front of u prior
sample are added to a new image. Samples that project al the
border benween two depth inages are repeated 10 provide overlap.
The depth imnayes are transformed inlo lexture-mapped triangle
meshes that are rendered 10 provide operator feedbuck, The
operator can select a visualization mode that highlights the parts
of the wodel that were acquired below or above the desired
smpling rale,

3.5 Discussion

The  depth-then-color algorithm  exploits the  complementary
properties ol the depth and color errors, Depih ervor arises Irom
motion perpendicular to a surface, while color registration arises
from parallel motion. The depih eror is a smooth analylic
l[unction, so it can be minimized by least squares, whereas ihe
color emor is jageed, so itcralive minimizalion is cequired. Depth
rcgistration makes color registration fast and robust by reducing
(he search space dimension from 6 10 3.

Our algorithm improves upon the ilcrative closest point algorithm
{ICD), which is the siatc ol the art in interactive registrilion
[Rusinkiewicx 2002|. [CP registers tao dense depth samples by
ucratively lorming correspondences between the samples and
minimizing the deptl crror of the corresponding elemers. The
inner loop is essentially our depth registratien algoritium. Hence,
[CT cannot derect motion along symmetry axes. We solve (his
problem with color repistration. dotcover, we make do with
sparse depih. which is casy to acquire and process intecactively
(49 dots versus thousands of depih samples),

4. Unstructured scenes

An unstructured scenc consists of many small surlaces. Each
surlace contuins too few laser dots for an aceurale pelynomial Nt
Figure 9 shaws typical unstructured scenes: a plant, books on a
shelf, and coats on a rack. The depth-then-color registration
algorithm [ils on unstruclured scenes hecause it cannol identify
any surfaces.

We place the cumera in o bracket thut restricts 11s motion 1o
panning and tilling arcund i1s eenter of projection (Figure 3). The
operalor seans the scene by panning and tilling the camera, color
and depth are acquired as helore, (he two camera angles arc
computed from color, and an incremental model is built from the
registered data. ‘The madel, called a depth-enhanced panorania, is
an effective representation for unstructused scenes, which are
difficult to model, Unlike regular panoramas, depth cubanced
panoramas provide motion parallax when the view is translaled
(Figure 8, Tigure 9),
Beflore modeling, the bracket is calibrated w make the rotation
axcs pass through the center of projection. The optimal setting is
indicated by the absence of molion parallax betweew near and far
objects  when  he
camera is rolated. The
bracket pan axis [was
lo be expressed in the
initwal camers
coordinate system.
This  calibration is
perloned
transparently. The
oaly requircmed i
thait the camera be
panned for ar Jeast 13
degrees belore it is
tilted.

Figure 5 Parallax-free pan-tilt bracket.

The frames arc registered the same way images are stitched
logether 1o (onn panoramas, We have develaped a ceal-lime
stitching algarithis that registers the current frame with respect to
the peevious frame using a pattern of horizontal and ertical
segments in the cwrent frame. The algorithm {iods the nwo
camera angles by minimizing & color ereor function, The color
crror is compuled by projecting every pixel of every seoment of
the registration pattern onte Lthe previous frumc and summing the
squared color dilferences, The color at the projection location is
compuied by bilinear interpolation. The pixels are prajected by
projective 1exture mapping, which is less expensive than 3D
warping. Lach scgment is projected incrementally ar an average
cost of 3 additions and 2 divisions.

Unstructuced scenes have great color variation, so the global
minimm valfey is deep (Figure 7). The color error is minimized
by downhill simplex. which quickly (inds the battom of the valley
when started inside it We predict the start point by assoming
coustant angular velocity and extrapolating from the previous
frame. We sample the error in a rectangle around ihis poinl 1o
detect rapid acceleration. Registration is fast and robust. Tn our
experiments, we registee hundreds ol franes belere a registration
(ilure vevwrs. The system potifics the operator who relums w the
latest regastered frame and resnmes modeling from there.

The registered fames wre mrerged intoe a cube map panoama. The
taces of the cube map are subdivided inte tiles, The current hame
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Figure 7 Color errar as a function o’ pan and tilt angles.

updates enly the tiles 1hat fall within its field of view and we nol
yet complete. We allow the camern e adjust its seltings
dynamically 1o avoid under or over exposure. Registralion is
unaliected, cxeept for incrensed ermor values al the adjusied
lramces. The adjustment causes color inconsistency in the merged
panoruma, which is visible in some of the panoramas shown in
Figure 9. This prevents us Irom registering the new frame divectly
against the faces of the cube map, as would be prelerable o avoid
drift. Nevertheless, the drifl is not significant: 3 degrecs in an
experiment where we panned the camera 360 deurees.

The sysiem acquires depth al every registered (came. The
aperalor can oblain a triangulation of the acquired dots in onc
secend (Figure 6). The mesh topology is used 1o gencrate 3D
iriangles that can be rendered from any viewpoinl.

Unstructured scenes are harder lor dot detection because ol laser

scattering, reflection, and  ocelusion, False positives  ure

minimized by requiring that a dot appear at roughly the same
place in k - 3 frames Lefore adding it 10 the model. We also
natrow the tange of potential z values, which shottens the ¢pipolar
segments and {urher reduces false positives. In our unstructured
scenes, 60% of the dols arc derected.

5. Resulis

Figure | shows three
surlaces acquired
frechand in 30s. Figure

depth cuhanced
panoramas acquired
witl: our system, which
conlun between 17 and
55 thousamd  mriangles
and were acquiced in

between 1% and 5
minuies. We refer the
reader 1o the
accompanying  video

tor a good dlusiration
of the motioa parallax
suppetied by depth
enhanced panotamas,

Figure 6 The dots are first iriangulated
in 2D on the face of the panorama

{orangey.  then  ahe connectivity 6. Conclusions
mfered is used o make the 3D mesh We have presented an
(bluc). mlerictive scenge

9 shows 3 examples ol

S

Figure § Depth enhanced panorana viewed from different view.

modeling system based on dense color and spurse depth. The
operaloe scans the scene with a portable acquisition device.
Structured scenes can be scanned treehand, but the device must be
mounted in a pan-till hrackel (o scan unstrectuced scenecs. The
system acquires video [tames. extructs depib samples, registers
the frames, and merges them mio an evolving made] that is
rendercd continuafly (or operater feedback. This pipetine runs at
five fmmes per second. We have demonstrated that fnteractive
wodeling s robusl, We have acquired severl sequences of
thousunds ol feazues without losing cegistrion.

For modeling unsiructured scenes we have introduced depth
enhanced panoramas which keep the advantapes of regular color
panocamas  (fsl. inexpensive  acquisition  and  high-quality
interactive rendaring), and rewove the major limitation of tcpular

Figure ¢ Depth cnhanced panormmas. Images in center column
were tetdered trom the panorama cemter, The et and right
calmmns show views translued away trom cettler,



color panoramas by supporling view tmnslation. We will continuc

lo develop depth enhanced panoramas. One possible path of

future work is affline relinement. Edge delection and edge-aware
triangulation could bring considerable improvement,

Acquiring only 49 depih samples per rame is compensated lor by
the fast pipeline. In one minute of operation our system acquires
about 12,000 depth samples. The eperalor aims the device at (he
parts of 1he scene with higher pcometric complexity, thus mosi of
the depth samples are relevant. This indicates that sparse depth
has (he power lo model complex scenes.

Although cach frame is registered accuralely with respect to he
previous (e, small registration errars can accumulare over long
frame sequences. For the freehand mode, we will atempt to detect
and eliminate dritt using depth erhanced panoramas as a global
reference. To avoid the diilt in the panorama mode, we will
investigate high-dynamie range panoramas, whiclh will eliminate
the oceasional color incousistencies visthle now and will allow
registralion of the incoming frame directly with the [aces ol the
cube map.

The next siep ts Lo construcl complete models of entire rooms. For
this we will develop wols for registering and werging panial
waodels agquired in frechand and panorama mode. A longer term
goal is to design a version ol the sysiem for outdoor use.
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