AUTOMATIC RECTIFICATION OF BUILDING FACADES
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ABSTRACT:

Focusing mainly on the case of (near-)planar bagdacades, a methodology for their automatic ptoje rectification is described
and evaluated. It relies on a suitably configuradibrated stereo pair of an object expected tdatora minimum of vertical and/or
horizontal lines for the purposes of levelling. T$1gRFoperator has been used for extracting and matdhtegest points. The co-
planar points have been separated with two altematethods. First, the fundamental matrix of ttezen pair, computed using ro-
bust estimation, allows estimating the relativeentation of the calibrated pair; initial parametelues, if needed, may be estimated
via the essential matrix. Intersection of validmisicreates aD point set in model space, to which a plane is stjditted. Second,
all initial point matches are directly used for ughly estimating the inter-image homography of pla&, thus directly selecting all
image matches referring to coplanar points; init@ues for the relative orientation parametersedded, may be estimated from a
decomposition of the inter-image homography. Finalll intersected coplanar model points yield dhgect-to-image homography
to allow image rectification. The in-plane rotatimyuired to finalize the transformation is foundassuming that rectified images
contain sufficient straight linear segments to famominant pair of orthogonal directions whichrespond to horizontality/verti-
cality in 3D space. In our implementation, image edges from Caletgctor are used in linear Hough TransforT)(resulting in a
2D array p, 8) with values equal to the sum of pixels belongmghe particular line. Quantization parameter galaim at absorbing
possible slight deviations from collinearity duethdinning or uncorrected lens distortions. By firaposing a threshold expressing
the minimum acceptable number of edge-charactepkaals, the resultingiT is accumulated along thedimension to give a single
vector, whose values represent the number of bifidise particular direction. Since here the dominzair of orthogonal directions
has to be found, all vector values are added iglir /2-shifted counterpart. This function is then cdred with a1D Gaussian
function; the optimal angle of in-plane rotatiomaisthe maximum value of the result. The descridggoroach has been successfully
evaluated with several building facades of varyimyphology by assessing remaining line convergépiagectivity), skewness and
deviations from horizontality/verticality. Mean &sated deviation from a metric result w&s20 Open questions are also discussed.

1. INTRODUCTION ing 3D information for data fusion. In case laser scagisnalso

Homography-based methods, in which images of saplabject
are related to it and/or to each othietdr-image homography
have a wide spectrum of uses, including today’soirtgmt tasks
such as segmentation of multi-planar scenes, capesitioning
for visual navigation in indoor/outdoor scenes, amethods for
vision-based robot control (Mal& Vargas, 2007; Montijan&

Sagues, 2009; Zaheer et al., 2012). Due to thegppetive na-
ture, images also have to be actually rectifiedstigdo ortho-
gonal frontal views) in several single or stered amulti-image
applications, like single view metrology, photoisti¢ render-
ing, image registration and mosaicking, mobile niagpphoto-

texturing of3D city models, and documentation of cultural heri-

tage (Zhang Kang, 2004; Geetha Murali, 2013).

For the purposes of documentation, reconstructiah\asuali-

zation of urban scenes in particular, the standargrojective
transformation always represents a core procedurame rec-
tification. Conventionally, photogrammetric applicais in cul-

tural heritage conservation are based on geodgticeasured
control points for establishing image registratioto the object
coordinate system; in this sense, for tasks suchigisl rectifi-

cation of building fagcades field work and manualmeement
represent a disproportionately large part of thaggmt. A grow-
ing need for minimizing human intervention has proetl sug-
gestions for automating planar rectification, pararly regard-
ing realistic building facades. One possibilityasexploit exist-

involved, extraction of control information from ipb clouds or
their intensity images (Forku® King, 2004) can be considered.
Pu& Vosselman (2009) combine information from terrestia-
ser point clouds and conventional images into a-semomatic
approach for reconstructing building facades; plaigects are
segmented from laser data, while extracted imaggslhelp re-
fine model edges. Such methods, including thoseling seg-
mentation of data from dense multi-view matchinigady re-
quire a significant amount of effort and severahdading prior
steps (especially in view of “modest” tasks likedde rectifica-
tions). On the other hand, single images have ladsm widely
used, in this respect, to exploit purely the geoim@iformation
inscribed in automatically extracted vanishing p®iof known,
typically orthogonal, directions of the plane (Léstitz et al.,
1999). In this context, Zaheer et al. (2012) maske af “angle
regularity” in man-made scenes to rectify imagergo planes
to “fronto-parallel” views while searching for ttmographies
which maximize the number of right angles betwessjguted
line pairs. Yet, methods for removing projectivdéodmation re-
lying exclusively on line directions produce resuensitive to
the number, length, accuracy and distribution wfractable’ li-
near segments; more important, they are rathetddrto cases
where at least two vanishing points can indeecebahly local-
ized (which is not always the case, mostly dueatik lof suit-
able number and distribution of lines on the obj#anhe).

Focusing primarily on planar building fagades, oontribution



describes and evaluates a method for their autorpadiective
rectification using a stereo pair of the objectvési the camera
parameters (and an object dimension or the lengtheoimage
basis), this simplest option of generating in aepuphotogram-
metric fashior8D points in an arbitrarily oriented, albeit proper-
ly scaled, model relies on the powerful geometryetdtive ori-
entation. Points thus established could, in priegifurnish the
missing control for rectification: the model may toensformed
into a suitable system based on inherent objeatactexistics,
namely plane verticality and line verticality andfmrizontality.
It is to note that lines are employed here simphtiie purposes
of in-plane rotation; thus, even one such line mightheory at
least) suffice. Results from manual point selectiod measure-
ment have indicated that, for stereo pairs of biet@onfigura-
tions, the required accuracy can indeed be contifigrtzbtained
(Karras, 2005). Here, this approach has been fuitpmated.

As described in the following sections, a sterew which in-
cludes the planar object is taken. Necessary assumsgwhich
at the same time point to the limitations of theraach) are:

» The scene is recorded with a fully calibrated ea(in-
cluding lens distortions). This can be done befanghby freely
available tools based on chessboards, with theiutest fields,
or via appropriately configured multi-image bundtjustment.

 The stereo pair geometry should represent adredse”
base-to-distance ratio; thus, a (mild) convergarfdmage axes
is recommended. Although excessive perspectivertishs be-
tween the images should be avoided to ensure that match-
ing will not run into difficulty, angles of relatevconvergence in
the range 10°-45° have been used here. Furtheromeeyf the
images should preferably be near-frontal, i.e.adlét for rectifi-
cation. Image scale, i.e. pixel size3ib space (mean “groundel”
size), must comply with the scale of rectificatioif required.

» The planar object of interest should occupy sstaittial
part of the stereo pair, to guarantee feasibilftgenmetric seg-
mentation of the plane of interest.

« It is assumed that the facade includes at leéstvdines
which are predominantly horizontal and/or vertical.

On such images, an operator for feature extraeti@hmatching
is used. Outliers are removed by robustly estingatiie geome-
tric relation which constrains the image pair; miggive geome-
trical models are the fundamental matrix and iimege homo-
graphy. TheM-estimatorsAmple andConsensusMSAC) robust
estimator (Tor& Murray, 1997), a variant G(]ANSAC, as im-
plemented in Matlab has been applied. This withalkelection
and reconstruction of coplanar points; next, theleh@lane is
rendered vertical for images to be rectified (Set). The do-
minant pair of orthogonal directions is, subseglyeirdentified

on the transformed images via an adapted Hougkftan; this
supplies the in-plane rotation required to conclidage trans-
formation (Section 3). The performance of the méttsoevalu-
ated by considering relations among rectified li(&sction 4).

2. HOMOGRAPHY AND IMAGE RECTIFICATION

matrix F of the image pair; th®ISAC robust estimator has been
employed for filtering out matched points whichlaie the epi-
polar constraint. Next, the relative orientationtloé image pair
is found iteratively. For the type of image configtions treated
here, initial parameter values set to zero are rgdéipeadequate
(if needed, approximations can be estimated ligeghrbugh the
essential matrix of the pair). All valid points are subsequently
intersected to generate3a point set in model space. If image
pairs have indeed been taken as indicated abovenajority of
valid points should belong to the object planeall@D points

a plane is fitted robustly to separate the plamgea from irre-
levant points of the scene. The threshol@inspace for elimi-
nating off-plane points is fixed according to tleguired scale.
Outcome is matches of all valaplanar3D model points with
their images: (x,y,2p(i,)).

2.2 ldentifying coplanar points via inter-image homograhy

In cases of planar (or near-planar) scenes tmatrix cannot be
(stably) calculated. It is self-evident that suchilaconditioned
case may well arise in the context of this workmégraphy is
the suitable model for similar failures of the epgr constraint
(Wadenbéack. Heyden, 2013). All initiaBURFmatches are thus
directly employed for robustly estimating tiler-image homo-
graphy matrix Hi, which defines the mapping relation between
images intermediated by recording the s@meurface. Among
all putative matches those referring to coplanantsaare, thus,
directly selected. As here both erroneously matgiadts (out-
liers) and off-plane points are to be discardedrie step, a sig-
nificant part of the putative correspondences shoeifer to the
plane of interest. If the algorithm fails, one nfagt useF for
eliminating actual outliers; however, in our tetts inter-image
homography matrices were always recovered with nodlpm.
The relative orientation of the pair is then defeed by relying
purely on the coplanar matches. This might causétimdles of
image rays to “narrow”, yet the relative orientatiparameter
values will be “focused” on the actual region dferrest. If ini-
tialization for the rotation and translation paraene would ap-
pear as necessary, initial values may be estinfeseda decom-
position of the inter-image homography matrix (Ma et al.,
2003; Malis & Vargas, 2007). Finally, the interssttcoplanar
3D model points produce, here again, the plane-t@éntarres-

pondences (X,y,2p(i,])-
2.3 Restoring plane verticality and image rectification

Coplanar model points (x, y, z), identified in thegeding step,
define a tilted plane (typically expressed in thstem of the left
image), which can be fitted as:

z=ax+hy+c

@

This plane is assumed to represent the (verti¢dat)gp building
facade; hence its tilt has to be removed for rieetion. System
X(xyz) is transformed to a systeX{XYZ) = RTx, such that the
plane equation becomes Z = constanR K ReoRq is the typi-
cal rotation matrix as used in photogrammetry, trotaangles
Q and® (about the x-axis and y-axis, respectively) areaex-

The SURFoperator (Bay et al., 2008) has been applied here f ed from the coefficients of the fitted plane as:

extracting and matching points across the image Paispite
considerable perspective differences within thesp&URF has
functioned quite efficiently; of course, the Affir®FT detector
(Morel & Yu, 2009) could also have been used instead.

2.1 Identifying coplanar points via the fundamental matix

One way to proceed is by robustly estimating thedamental

@ = arctang) Q =-—arctanpcosD) 2)

In this system, point correspondences (%%),j) allow estima-
ting the twoplane-to-imagéhomography matrices, and rectify
the images. The new images are, in principle, éfelgoth pro-
jective and affingistortions, i.e. correct up to a similarity trans
formation. Figs. 1 and 2 give examples for the gdang steps.



Figure 1. Top row: initial image pair (image axesweergence
of 16°). Second row: initisdURFmatches (2189). Third row:
filtered coplanar points (829). Bottom row: autoroally
rectified images.

Figure 2. Top row: initial image pair (image axesweergence
of 40°). Bottom row: automatically rectified images.

2.4 The question of multi-planar facades

The general issue of multi-planar scenes fallsidatthe scope
of this work. As seen in Fig. 2, however, a ‘plariacade might
well consist of more than one (parallel) planessimilar cases,
plane extraction is conditioned by the tolerancéndey inliers
during a robust estimation of plane-fitting (thigdshold is a
distance in3D model space if thé matrix is employed, and a
distance in pixels for the inter-image homography)ig. 3 the

matched coplanar points on the dominant and that-themi-
nant” planes of this facade are seen (the doorarapply repre-
sent further parallel planes).

If in such cases a large tolerance is used foer@cceptance in
order to find the overall best-fitting plane, thetaome will be

in all probability a plan@ot parallelto the fagade. This will in-
duce projective or affine distortions in the ractfion. It would

therefore be safer to keep to strict thresholdsgertbrm recti-

fication adapted to the “dominant” plane (as in ¢thse of Fig.

2); in such instances, planes parallel to it wiltourse be recti-
fied with small errors in scale and translation.

Figure 3. Top row: initiaBURFmatches (1718). Middle rov\):
filtered points of the dominant plane (602). Bottmw: filtered
points of the next-dominant plane (323).

3. IN-PLANE ROTATION OF RECTIFIED IMAGES

As in the context of this work translation/scaliag irrelevant,

the sole remaining transformation towards a metsult is an

in-plane rotation. This may be estimated undempthesible as-
sumption that certain straight linear features witleed appear
on the facade and, predominantly, indicate thezbatal and/or
vertical directions. Since on the rectified imagegtielism and

orthogonality of coplanar object lines have alrebdgn restor-
ed, identification of the dominant pair of orthogbulirections

on this image directly supplies the required amglmtation.

To tackle this problem, the intuitive algorithm Rixa Estima-
tion using Hough TransfornREHT) has been developed. Short-
ly, it consists of three main steps: edge detertitough trans-
form; and, finally, estimation of in-plane rotatiangle K. Edge
detection is performed using the well-known Canngeedetec-
tor, mainly because of its ability to produce “thand reliable
edges. In this step, an edge threshold parametetdsas upper
threshold of the Canny extractor. The default vdtuehis pa-
rameter was set at 0.4 in our tests. One exampledges thus
detected are presented in Fig. 4 (left image optieof Fig. 1).



given the prototype nature of this first implemeiata, it can be
observed that using the default parameter valuleasitreturned
correct angles in % of the cases, while with pragetection of
parameters values it successfully provided (wittenths of a
degree at most) the correct angle in all casesiofests.

Figure 4. Outcome of the Canny edge detector.
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Next step is Hough TransforriT) itself. The Standard Linear ’ ‘ f ” l ! «M‘ |
Hough Transform is used with 2 parameters: angétization LIl i 1
step (default: 0.01°); bin spacing along the pdisrance axis of
the HT diagram (default: 5 pixels). It is to note that first pa-
rameter is generally given small angular valueslzsla strong A

effect on the overall accuracy of the method, whiile second

refers to the thickness of each line in Hiediagram. Taking in- ‘ ‘

to account the fact that remaining radial distertmight be pre- ‘

sent and, also, the thinning process of edge detecelatively ‘ il

large integer values (3-10) should be assigneldisoparameter. N‘ \ h‘
H |

The HT diagram is then thresholded; the thresholding vélje }’

is set using a specific (parameter-controlled) esngombina- ‘
tion of the maximum and median values of the naw-aeibset f f‘

of theHT diagram. Generally, given a typical distributionvaf i ! ’ 1 TA1 A “1
lues in theHT diagram, T-values should be around a 70%-30%
median-max weighted average (corresponding to valdefor
the threshold-controlling parameter). Thresholdsgndispens-
able as the goal is to suitably accumulateHinaliagram along
the polar distance axis (without thresholding sachintegration
would clearly produce a constant valued vectorusTloy using ‘
the thresholdedT, a vectorf (function of angle3, which deno- Rini
tes line inclination) is created; for a giveérangle, thef-value M‘W | ‘ H‘“\L ‘
essentially represents the numbeg-afriented lines which meet w1 / | i {
more than T “edge-characterized” pixels (T-condi}id-urther- ‘J“\“\ I AR Wl i fl
more, due to the assumed existence of a dominanbfpartho- 0 R
gonal directions in the image, a new veajas created as the B
concatenation of the aforementioned vedtand a 90°-shifted il
version of it. This vectog(8) actually represents the number of
lines with direction angles or $+r/2 which meet the T-condi-
tion. Resulting vectog is symmetric for angle offsets of Q0
which leads to a K-angle estimation range withis%4n phy-
sical sense, as horizontal direction the one with dmallers-
angle is assumed). However, such an approach répbten-
tially problematic, since there is no tolerancéath verticality
and horizontality errors. To compensate for thisiction g is
convolved using ab Gaussian function, its standard deviation
being a user-controlled parameter (default: 19)stta weighted
averaging operation is applied to each elementecfor/func-
tion g. Last, as optimdK-angle theargmaxof convolved vector

g is chosen. Fig. 5 illustrates the steps outlineava; Fig. 6 gi-
ves an example of in-plane rotation adjustment.

Figure 5. Estimation of in-plane rotation. Top: teed (accu-
mulation of thresholdeHT diagram). Middle: vectog (conca-
tenation off and its 90°-shifted version; note the Sgmmetry).
Bottom: convolved vector; itsrgmaxgives the optimal estima-

tion of the in-plane angle of rotation (in this eakis -1°.02).

The REHT algorithm has been extensively tested with a wariet
of images of known rotation angle and, in the larmggority of Figure 6. Rectified (cf. Fig.2) and rotated image.
cases, managed to recover them with deviationsfefvahun-

dredths of the degree using the default parameteles. Yet, it  Finally, it is pointed out that cases can occur netiee assumed
is to underline that in certain cases some extitiining of the  dominance of horizontal and/or vertical fagadediienot valid
parameters is needed in order to obtain valid testhis said, (roof edges, for instance, might mislead the atbaor). The pre-



sented approach is general. Nonetheless, for thpppes of the
particular application addressed here the valués-plane rota-
tions are expected to be small as they essentélhct the roll-
angle of the left camera (the plane is reconstdlictéts system)
with respect to the actual fagade. Such rotatioas generally,
small (in the tests of the next section they ditlexa@eed 3°). In
such extreme cases, therefore, the acceptablesarmléd be li-
mited within a short interval around 0° (£5° ornast, +10°),
adding further robustness to the methodology.

4. EXPERIMENTAL EVALUATION

Besides the two image pairs already shown in Figsdl2, our
approach has also been applied to the four paifgsf 7-10.
The resulting six rectifications have been evaldateiefly re-
garding the restoration of line directions. Thaues®f non-uni-
form image scale has not been examined (affine ssahainly
related to errors of the interior orientation pagtens).

Figure 7. Rectified and rotated left image of thepir
(image axes convergence of 32°).

Figure 8. Rectified and rotated left image of thewvabpair
(image axes convergence of 44°).

As many as possible horizontal and vertical linethe facades
were manually measured on the final rectified insaged fitted
(with a mean standard error 0.06° for their es&uhangles of
inclination). For the horizontal lines in each iredhe mean m

and standard deviatiosk of the angles they formed with the x-

axis were computed; the respective values for tiggea formed
by vertical lines with the y-axis werevmandov. Valuesch, ov
are an indication for the deviations from paradleliin the two

directions; theiRMS valuesr might be regarded, in a way, as a

measure for the overgrojective distortionsvhich survived re-
ctification. On the other hand, angle = mw—mv indicates the
mean deviation from orthogonality, i.e. it is a @& for the
presence ofkewnesdn the images. Finally, the mean valite
of my and my may be regarded as an angle expressing the mean
deviation of lines from horizontality and vertidglii.e. the un-
corrected in-plane rotation (clearly, this valizeof the remain-
ing rotation is affected by skewness). On the olteard, the re-
sults also depend on whether actual object lindsad stand in
agreement with their assumed directions. Notwitiditag such
considerations, these measures are considere@g$emmveying
a good idea about the performance of the presappdcach.
The results for the six fagades are given in Table

projectivity | skewness| rotation
faeade ] Toi@ | 8:) | 5a()
1 0.12 0.16 0.24
2 0.10 0.14 0.09
3 0.14 0.24 0.02
4 0.19 0.05 0.01
5 0.18 0.29 0.10
6 0.08 0.09 0.01
overall 0.14 0.16 0.08

Table 1. Rectification results for the six facades.

Figure 9. Final rotated images of the above paia@e axes
convergence of 10°).

Figure 10. Final rotatd images of the above paiage axes
convergence of 25°).



It is seen that mean angular errors of projectiflitye conver-
gence), skewness and in-plane rotation may becteflein va-
lues around 0.2°. This is equivalent to a relasiviét of 3-4 cm,
for instance, between the endpoints of a 10 m lovear seg-
ment. This accuracy satisfies several practicaliegons.

Finally, 12 natural check points (of estimated miea +1 cm)
were available for the facade of Fig. 10. Rectifmathas been
evaluated against these \da transformations. In Table 2 one
sees that only very slight improvements emergdifginer trans-
formations. This implies that systematic deformasican be re-
garded here as negligible. A significant part & grror might,
of course, be attributed to the check points thérase

standard shift+scale| similarity affine | projective
error
cm 1.48 1.47 1.43 1.37
pixel 2.15 2.14 2.08 1.99

Table 2. Standard errors of 2D transformations.

5. CONCLUDING REMARKS

A methodology has been presented and evaluatesufomati-

cally rectifying typical near-planar building fags] containing
at least a minimum of horizontal and/or verticahight lines.

Among point matches produced by a standard poinaeor on

a calibrated stereo pair of suitable geometry, éheserring to
the planar object are selected, using the geonesristraints of
either epipolar geometry or inter-image homografte image
points thus matched to intersected coplanar fapad@s allow

image rectification. The remaining in-plane rotatie estimated
by identifying the dominant pair of orthogonal ditiens on the
facade. This succeeds by suitably aggregatingsttiofding and
processing the result of linear Hough transform.uResrom

several objects of different morphology have intidathat an
expected realistic accuracy of this approach cbeldbout 0°.2
as regards assumed line directions in object space.

Of course, the approach is inherently limited tieots allowing
reliable automatic identification of in-plane ratat; besides, it
strongly depends on the configuration of the stgaa Interior
camera orientation parameters need to be relialdyk. In our
case, camera data had been obtained via selfatitigrbundle
adjustments of simple image strips of 5-7 images they suf-
fered from significant correlations with exterionenmtation pa-
rameters). On the other hand, it would be necedsaagjust the
distribution of matched points in order to ensupoasibly even
participation of all object parts. The algorithn fecovering in-
plane rotation is of course also open to elabanatavards both
improving its accuracy, if possible, and providimgans for re-
cognizing basic facade patterns (such as window&hndefine
standard known directions. Identification of thaits of a parti-
cular building fagade itself is obviously a furtregren question.
Such are some possible topics of future research.
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