Interactive Construction of 3D Models from Panoramic Mosaics

Heung-Yeung Shum Mei Han Richard Szeliski
Microsoft Research Carnegie Mellon University Microsoft Research
Abstract The TotalCalib systef on the other hand, estimates the

This paper presents an interactive modeling system th4tndemental matrix from a few selected matched points
constructs 3D models from a collection of panoramic im-[BR97]. I,t then predicts other p053|’ble matqhmg points
age mosaics. A panoramic mosaic consists of a set dfoM one image to others. In Becker's modeling system
images taken around the same viewpoint, and a transfof'€ Problem of lens distortion (encounted in images taken
mation matrix associated with each input image. Our sys¥ith wide field of view lens) is also considered [BBIS].
tem first recovers the camera pose for each mosaic frorfpy €MPloying the known structure of building exteriors,
known line directions and points, and then constructs thdn€ Facade systéhirectly recovers a solid 3D model
3D model using all available geometrical constraints. WelPlocks) from multiple images [TDM96]. .
partition constraints inteoftandhardlinear constraintsso  OUr system differs from previous interactive modeling
that the modeling process can be formulated lassarly- ~ SyStems in that we use multiple panoramic image mosaics
constrained least-squargsoblem, which can be solved (therefore large f|_elds of V|_ew), instead ofm_ult|ple images
efficiently using QR factorization. The results of extract- (9enerally small fields of view). A panoramic mosaic is a
ing wire frame and texture-mapped 3D models from Sing|ecollect|on of images taken from the same viewpoint, and

and multiple panoramas are presented. registered together to form one large image. Panoramas
_ offer several advantages over regular images. First, we
1 Introduction can decouple the modeling problem into a zero baseline

roblem (building panoramas from images taken with ro-
A great deal of effort has been expended on 3D sceng._ .. . .
rer?onstruction from image sequenczs (with calibrated orat'r!g camera) and aW|d¢ baseline stereo or structure from
uncalibrated cameras, e.g., [FS85]) using computer vi- motion problem (recovering 3D model from_one or more:
sion techniques. Unfortunately, the results from most aupanoramas). Second, the camera calibration problem is

. ; ! o . Implicitly recovered as part of the panorama construction
tomatic modeling systems are disappointing and unrehablflasm95 KW97, SK97]. Due to recent advances, it is now

due to the complexity of the real scene and the fragility of ossible to construct panoramas even with hand-held cam-

the vision techniques. Part of the reason is the demand fdiras [SS97b].

accurate correspondences (e.g., point correspondence) re- : , .

) N . Previous work on 3D reconstruction from multiple
quired by many computer vision techniques such as stereg ;
and structure from motion. Moreover, such corresponbanoramas [MBOS, KS96] has not attempted to exploit

S ' ; P important regularities present in the environment, such
dences may not be available if the scene consists of large . : '
X as walls with known orientations. Fortunately, the man-

untextured regions. : : :
L . made world is full of constraints such as parallel lines,

Fortunately, for many real scenes, it is relatively

straightforward to interactively specifv correspondin lines with known directions, planes with lines and points
ag w : vely specify esponding them, etc.. Using these constraints, we can construct a
points, or lines, or planes. For example, building inte-

riors and exteriors provide vertical and horizontal Iinesfairly complex 3D model from even a single panorama. Of
and parallel and ef endicular planes. These constrain ourse the model recovered is only up to a scale, unless we

P perp P " : ave some knowledge of the scene (e.qg., length or width of
have been exploited in several interactive modeling sysy

. s room). Using multiple panoramas, more complete and
e Cometticis 3 models fom svera magen. us2Ccurate 3D models can be consincied
9es, We introduce our interactive modeling system in Sec-

ing photogrammetry techniques and manually specified
points. Explicit camera calibration is therefore necessary. 2www.inria.fr/robotvis/personnel/sbougnou

3sheck.www.media.mit.edu/people/sbeck
Iwww.photomodeler.com “www.cs.berkeley.edu/debevec/Research




normal,d is the distance to the origin, and- x + d = 0
or(n,d) - (x,1) = 0. A plane consists of a set of vertices
and lines on it.

(R/ World Goontinato Each “2D” model consists of a set of “2D” points and
lines extracted from a panorama. A panorama consists

Os e of a collection of images and their associated transforma-

f_> tions. A 2D pointx (i.e., on a panorama) represents a

T, ray going through the 2D model origin (i.e., camera optical

center)’ Likewise, a 2D line (represented by its line direc-
tion m) lies on the “line projection plane” (with normal
Figure 1: Coordinate systems. n,) which passes through the line and 2D model origin
(Figure 2)% Therefore, a line direction in a 2D model can
tion 2, eXplain how to estimate camera orientations US'not be unique|y determined by two points in 2D model.
ing known line directions in Section 3, recover line direc- Note that line directions and p|ane normals have a Sign

tions and plane normals in Section 4, and recover camerambiguity. These ambiguity problems will be discussed
translations in Section 5. Section 6 presents our approagh Section 3.

of combining all possible constraints to form a linearly- .

constrained least-squares problem. Techniques for build?-2 Modeling steps

ing models from multiple panoramas are discussed in Sedvlany constraints exist in real scenes. For example, we

tion 7. Examples of 3D models from single and multiple may have known quantities like points, lines, and planes.

panoramas are shown in Section 8. We close the papedr we may have known relationships such as parallel and

with a discussion of potential extentions to the system. vertical lines and planes, points on a line or a plane. With
. . multiple panoramas, we have more constraints from cor-

2 Interactive mOde“ng SyStem responding points, lines and planes.

Our modeling system uses one or more panorairast Some of these constraints are bilinear. For example, a

each panorama, we draw points’ |ineS, and p|anes] set aBOint ona plane is a bilinear constraint in both the pOint lo-

propriate properties for them, and then recover the 30eation and the plane normal. However, plane normals and

model. These steps of interactively drawing geometridine directions can be recovered without knowing plane

items, setting up properties, and modeling can be repeatedistance and points. Thus, in our system we decouple the

in any order to refine or modify the model. The model- modeling process into several linear steps:

ing system attempts to satisfy all possible constraints ina o recovering camera orientatior) from known line
consistent and coherent way. directions

Camera Coordinate Screen Coordinate

2.1 Representation ¢ estimating plane normalaj and line directionsif)

Three coordinate systems are used in our work (Figure o recovering camera translation$ from known points
1). The first is the world coordinate system where the 3D

model geometry (planes, lines, vertices) is defined. The e estimating plane distanced)( vertex positionsx)
. “ %6 .
second is the “2D’ camera coordinate system (panorama  thege steps are explained in detail in the next sections.
coordinates). The third is the screen coordinate system . .
where zoom and rotation (pan and tilt, but no roll) are 3 Recoverlng camera rotation

applied to facilitate user interaction. While each panoramaye discuss in this section how to recover camera orienta-
has a single 2D coordinate system, several views of a givefions from known line directions. The camera poses de-
panorama can be open simultaneously, each with its owBcribe the relationship between the 2D models (panorama
screen coordinate system. coordinate systems) and the 3D model (world coordinate
We represent the 3D model by a set of points, lines angystem).
planes. Each point is represented by its 3D coordirate  To recover the camera rotation, we use lines with known
Each line is represented by its line directisnand points  directions. For example, one can easily draw several ver-
on the line. Each plane is defined by, d) wheren isthe tical lines at the intersections of walls and mark them to

be parallel to theZ axis of the world coordinate system.
50ur system can handle calibrated (non-panoramic) images as well

— these are simply treated as simple, narrow field of view panoramas. “We use the notatiok for a 2D point,x for a 3D point, andk for
However, the recovered estimates (e.g., vanishing points and hence cara-3D point whose position is known. Likewise for line directions, plane
era orientations) will not be as accurate with narrow field of view images.normals, etc..

8Each point (or pixel) on the panorama has only two degrees of free-  8If a pixel has the screen coordinate, v, 1), its 2D point on the
dom because its distance from camera is not known. panorama is represented fy, v, f) where fis the focal length.
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with N > 2, which leads to a maximum eigenvalue prob-
lem using unit quaternion.

However, the resulting camera rotatidt can still be
ambiguous due to the sign ambiguities in line directions
m. We solve this problem by specifying a few vertices

] ] ) o with known coordinates, rather than asking the user to
Figure 2: Camera rotation from 3 line directions. specify a direction for each line.

3.1 Minimum condition 3.3 Line direction from parallel lines

Lemma 1 (Minimum condition) Given two vertical \ 4 generally, the line direction recovery problem can be
lines and a horizontal line, the camera rotation matriX ¢y mulated as a standard minimum eigenvector problem
can be recovered. Because each “line projection plane” is perpendicular to

) o ) ~ the line (i.e.n,; - m = 0), we want to minimize
Each line forms a projection plane (with normaj)

through the camera origin. Given two poirts andx, . Z<ﬁ ‘
on a line, the plane normal can be computed by the cross P
productn, = X; x X, (Figure 2). The length ofy, is a
good confidence (or certainty) measure of the nommal  Thjsjs equivalent to finding the vanishing point of the lines
Let the camera rotatioR = [r,r,r.]. Each vertical [cw90]. The advantage of the above formulation is that
line parallel to theZ axis (and the plane formed with the the sign ambiguity ofi,; can be ignored. When only two

m)? =m' (Y hpf)m (2)

%

origin) gives a constraini,, - r, = 0. parallel lines are given, the solution is simply the cross
From two known vertical linesa,; - r. = 0, andn,s - product of two line projection plane normals.

r, = 0, we haver, = n,; x . Note that there is a sign . .

ambiguity for the recovered.. If we have more vertical 4 Estimating plane normals

lines, we can formulate the recovery of as a standard - 5ce e have camera pose, we can recover the scene ge-

minimum eigenvalue problem. ometry (i.e., points, lines, and planes). Because of the bi-
With a known horizontal line (e.g., parallel to 7€ jinear nature of some constraints (such as points on planes),

axis), we have a constraint an (n,; - r, = 0). ThUS \ye recover plane normala) before solving for plane dis-

r; = r; X n,; because, -r, = 0. Againthereisa (ancesq)and pointsk). If anormalis given (north, south,

sign ambiguity for the recoverad. Finallyr, =r. xr, 5 down, etc.), it can be enforced as a hard constraint (see

completesR. _ Section 6.1). Otherwise, we compute the plane nommal
Obviously, the camera rotation can also be computecﬂ)y finding two line directions on the plane.

if two horizontal lines (e.g., parallel to th¥ axis) and a If we draw two pairs of parallel lines (a parallelogram)

vertical line are known. on a plane, we can recover the plane normal. Because

. R has been estimated, and we know how to compute a
3.2 Overconstrained problem line direction m) from two parallel lines, we obtaim =
Lemma 2 (General condition) Given at least two sets of R”m. From two line directionsn; andms, on a plane,
parallel lines of known directions, the camera rotation ma- the plane normal can be computedms m; x ms.
trix can be recovered. A rectangle is a special case of parallelogram. We can
recover the plane normal of a rectangle if we have 3lines of
We now show how to incorporate all constraints to re-the rectangle. As with the parallelogram, we get one line
cover camera pose using unit quaternion. As shown abovelirectionm; from 2 parallel lines. Andbecause; -my =
if we have a pair of parallel lines with “line projection 0 andn,; - ms = 0, wheren,, = R”n,,», we obtain the
plane” normals as1,; andn,y, the line directionm; can  other line directiorm; = m; x n,,. Unlike [Har89], we
be estimated af,,; x n,;. Again, rather than normaliz- do not need to know specify all four corners of a rectangle.
ing m;, we can leave it unnormalized since its magnitude Using the techniques described above, we can therefore
denotes own confidence in this measurement. Given theecover the surface orientation of an arbitrary plane (e.g.,
true line directionm; in the world coordinate, we can for- tilted ceiling) provided either we can draw a parallelogram
mulate the camera pose recovery as (or rectangle) on the plane.



5 Recovering camera translation

. [ Type | Constraint [ n [ Soft | Hard ]
A point on a 2D model (panorama) represents a ray from - =
- . . : Known point | x; 3 X
the camera origin through the pixel onthe image. This con- Known olane | 4. 1 «
straint can be expressed in different ways. For example, i p?anes ane d? —d 1 o
D . ; — d;
we can relate each pointin 3D model to its 2D counterpart | 5o timodel (x—1t) - p; =0 2| x
by a scalé, i.e., Point/plane | x; - fix + d, = 0 1 X
e Point/plane | x; -ng +dp =0 1] x
(x—t)=kR"x. 3 Points/line (xi —x;) xm=0 |2 X
] ) ) Points/line | (xi —x;) xm =0 |2 | X
Alternatively, the 3D point should lie on the ray repre- known length| x; — x; = crh 3 X
sented by the 2D point, known length| x; — x; = cm 3| X
(x—t) x RTx =0, (4)

Table 1: Hard and soft constraints (the third column
which is equivalent to represents the number of constraints)

be considered as either hard or soft. It is a design deci-
sion why and when those constraints should be considered
hard. Table 1 lists all constraints used in our modeling sys-
tem. Again, we use the notatiofisandn to represent the
given line directionm and plane normah, respectively.
Take a point on a plane for an example. If the plane
rmalny, is given, we consider the constrait; (- nny +
r = 0) as hard. This implies that the point has to be on
the plane, only its location can be adjusted. On the other
hand, if the plane normai, is estimated, we consider the
constraint k; - nx + dp = 0) as soft. This could lead to
an estimated point that is not on the plane at all. So why

ink( - = 2
For a single panorama, the translatiois set to zero if not make the constraink( - ny, + d; = 0) hard as well

no pointin 3D modelis given. Thisimplies thatthe camera, Thereasonis thatwe may end up with a very bad model

coordinate coincides with the 3D model coordinate WeIf some of the estimated normals have large errors. One
; L ' has to be cautious not to have too many hard constraints,
should point out that it is not necessary to recover camer

M o €% hich could conflict with one another or make other soft
translation independently; it can be solved for along with

plane distance and points as shown in the next section. constraints insignificant.

. . 6.2 Equality-constrained L-S
6 Estimating the 3D model mquatty )
To satisfy all possible constraints, we formulate our model-

6.1 Hard and soft constraints ing process as an equality-constrained least-squares prob-

Given camera pose, line directions, and plane normaldem. In other words, we would like to solve the linear

recovering plane distance$)( 3D points &), and camera System (soft constraints)

translatiort if desired, can be formulated as alinear system

consisting of all possible constraints. By differentiating Ax=b (6)

hard cons_traints frgm soft ones, we obt'afin a Ieast—s'quarc—~chbjeCt to (hard constraints)

system with equality constraints. Intuitively, the differ-

ence between soft and hard constraints is their weights in Cx=q (7)

the least-squares formulation. Soft constraints have unit

weights, while hard constraints have very large weightsvhereA ism x n, Cisp x n.

[GV96]. A solution to the above problem is to use the QR fac-
Some constraints (e.g., a point is known) are inherentlyforization [GV96]. Suppos€ is of full rank. Let

hard, therefore equality constraints. Some constraints

(e.g., a feature location on a 2D model or panorama) are cT=qQ { R } (8)

most appropriate as soft constraints because they are based 0

on noisy image measurements. But most constraints can L T )
be the QR factorization o€* whereQ (n x n) is or-

9The third constraint with minimurtip;||2 is eliminated. thorgonal,QQ” = I, andR is p x p. If we define

(x—t)-(R"p;)=0,j=0,1,2, (5)

Wheref)() = (_.’1527$1,0), 151 = (_J;?)?O?‘rl) andlsZ =

(0, —z3,x2) are three directions perpendicular to the ray
x = (z1,z2,23). Note that only two of the three con-
straints are linearly independehtThus, camera transla-
tion t can be recovered as a linear least-squares problem |
we have two or more given points. Given a single known
point, t can be recovered only up to a scale. In practice
it is convenient to fix a few points in 3D model, such as
the origin (0,0,0). These given points are also used to
eliminate the ambiguities in recovering camera pose.




QTx = X1 ,AQ = (A1, A,), whereA, ism x p, 3. prpject the existing model onto the new panorama
X2 using the rough camera pose
Asism x (n—p),x1isp x 1,andxz is (n — p) x 1 we

can recovek; because is upper triangular and 4. fix up the predicted feature locations by dragging

them to the right positions

_ Ty _RTy. —
Cx=CQQ x=R'x1 =q. ©) 5. recover a new model using all constraints available in

Then we obtaink, from the unconstrained least-squares the multiple panoramas.

2
[A2xs — (b — A1x)[|” because To recover the 3D model using multiple panoramas, we
B B T. use bundle adjustment, i.e., either we upddie, t) using
Ax—b = AQQ'x-b linear least-squares, or we also upd®em, n) using full

= Aixi+Asx;—b bilinearly constrained non-linear least-squares. However,
= Aoxs— (b—A1x3). to better handle feature measurements taken from different
viewpoints, it is more optimal [Zha97] to modify Eq.(5)
Finallyx =Q | ™' |. St
—t
. X2 x=t) (RTp;) =0, =0,1. (10)
If C is not of full rank, other approaches such as the Ix — t| '

elimination method [SS97a] can be used. 8 Experiments

6.3 Decomposing the linear system _ _
. . . We have implemented our system on a PC and tested it
Before we can apply the equallty-co_nstralned Ilnearsysterovith single and multiple panoramas. The system consists
solver, we must check whether the linear system formed by .\ parts: the interface (viewing the panorama with
all constraintsis solvable. In general, the system may CONaan . tilt, and zoom control) and the modeler (recovering

sist of several subsystems (connected components) whi e camera pose and the 3D model). Figure 3 shows a

can be solved independently. For example, when rnOdeI§pherical panoramic image on the left and a simple recon-

ing a room with a computer mo_r_1itor floating in the SPaCegircted 3D model on the right. The coordinate system on
not connectg?}wﬂh any wall, cglllng or floor, We;"ﬁ( h(;3“/e”the left corner (red) is the world coordinate, and the coor-
a system with two connected components. To find all i 4¢e system in the middle (green) is the camera coordi-
connected components, we use depth first search to stelia The panorama is composed of 60 images using the

through the linear system. For each connected componenis.inod of creating full-view panorama [SS97a]. Corre-

we check that: sponding (6) texture maps (without top and bottom faces)
e the number of equatio&is no fewer than the number are shown in Figure 4. Notice how the texture maps in
of unknowns, Figure 4 have different sampling rates from the original

images. The sampling is the best (e.qg., Figure 4(b)) when
e the right hand side is a non-zero vector, i.e., somehe surface normal is parallel with the viewing direction
minimal ground truth data has been provitfed from the camera center, and the worst (e.g., Figure 4(d))
when perpendicular. This also explains why the sampling
on the left is better than that on the right in Figure 4(a).

If any of the above is not satisfied, the systemis declared Figure 5 shows two views of our interactive modeling
unsolvable, and a warning message is then generated &ystem. Green lines and points are the 2D items that are

indicate which set of unknowns cannot be recovered.  manually drawn and assigned with properties, and blue
lines and points are projections of the recovered 3D model.

7 Multiple panoramas The system is easy to use. It took about 15 minutes for
To build 3D models from multiple panoramas, we do:  the authors to build the simple model in Figure 3. In 30
minutes, we can construct the more complicated model
shown in Figure 6.

2. repeat steps of modeling from a single panorama to Figures 7 and 8 show an example of building 3D models
obtain a rough camera pose for current view from multiple panoramas. Figure 7 shows two spherical
panoramas built from image sequences taken with a hand-
19This includes both hard and soft constraints. held digital video camera. Figure 8 shows two views of
n principle, we can still solve the system without any ground truth reconstructed 3D wireframe model from the two panora-
for multiple panoramas, but this requires finding the unit norm solution . . . . .
of the homogeneous set of equations. mas in Figure 7. Notice that the occl_uded middle area in
12\e can use QR decomposition €f = Q;R1, or Rix = QTq  the first panorama (behind the tree) is recovered because

to check if all zero rows oR.; correspond to zero entries 67 q. it is visible in the second panorama.

e the hard constraints are consist&ht.

1. insert a new panorama




Figure 4: Texture maps (6) for the 3D model.

Figure 7: Two input panoramas of an indoor scene.
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Figure 8: Two views of a 3D model from multiple panoramas.
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