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ABSTRACT

Man-made object extraction and reconstruction based on edge models are widely used. This paper describes technique
of low level extraction of 3D straight edges from multiple views, each of which is gray scale image of 3D scene. The
main idea of the approach consists in simultaneous maximization of the following functionals: integral intensity step
along 2D line on each image and a special form of correlation between 2D lines on different images, where 2D lines are
projections of the 3D edge to appropriate images. During the functionals calculation Gauss pyramids of the images are
used, resulting in high speed and stability. Result of maximization is set of 3D edges, i.e. edges in scene space,
calculated with sub-pixel accuracy. Moreover, values of the functionals can be treated as weights of appropriate edges
in further scene analysis (selection and grouping). Examples of the proposed technique usage for auto and semi-auto
building extraction and reconstruction from aerial imagery are included.

1 INTRODUCTION

Although feature extraction is the first serious step to object recognition and image understanding it still remains one of
the most complicated problem in computer vision [David M. McKeown, Jr., Chris McGlone, Steven Douglas Cochran,
Yuan C. Hsieh, Michel Roux, Jefferey A. Shufelt]. We suppose such situation can be resolved with the aid of maximum
prior and input information usage even during low-level stages of image processing and analysis. One of the reasons is
following. As a rule there are a number of scene images produced either from different view-points or at different times
or in different spectrum parts and we obtain some kind of prior information about dependence between these images.
(This paper concerns the first case, i.e. case of different view presence.) At the first analysis stage (low-level analysis)
most of the approaches deal with each available view of scene separately, which results in additional data miss. In this
paper attempt to use relation between views even during generation of hypothesis is introduced.

The second idea consists in replacing feature extraction task by maximization of functionals, which have integral
nature. Thus, we avoid vague threshold selections and complex aggregations. Moreover, as a rule such functionals have
sense of feature weight and its values can be used in further analysis. To construct the functionals we can formulate the
following characteristics of the features. First of all, feature on image is characterized by special intensity behaviour.
Thus, the first functional must describe this behaviour. Let me call it as integral intensity step functional. Then, for
feature on one image we can try to find appropriate feature on another image. To do this, special form of correlation
between features on different images is introduced.

For simplicity all aspects, described above, will be discussed for straight edge extraction from gray stereo imagery.
Note that generalization is allowed.

This paper is organized as follows. In Section 2 both functionals are constructed and discussed. Also Section 2 concerns
the problem of “simultaneous” functionals maximization. In the third Section we consider topics related to proposed
feature extraction technique; namely, Gauss pyramid usage during functionals calculation and maximization. In Section
4 application of proposed theory for building extraction and reconstruction is described; moreover, auto and semi-auto
approaches are included.
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2  ELEMENTS OF THEORY

So, let there exist two images of the one and the same 3d scene. And let shooting geometry be known. We need to
extract candidates to 3d straight edges of man-made objects presented in the scene.

2.1 Integral Intensity Step Functional

To begin with, consider construction and usage of integral intensity step functional, i.e. functional, which describes
intensity behaviour along straight line.

2.1.1  Heuristic. Let i(x, ) be gray scale discrete image of 3d scene, x=0,...s, =1, y=0,...s, —1. We need to find

(0,0) —>x straight intensity steps of function i(x,y), i.e. 2d edges. For convenience,
parametrization & = (d, o) of straight line 7, is used:
i (%0.0) Lid.a) ={ (x.y) | (x—xg)cosa+(y— yo)sinot=d}, (1)
y * (d.0) € B = [~y 1 1X]0:7)
d
L
where (x,,v,)= (%sx,%sy) is center point, d,, =2/s7 +s; (see Figure 1).

Figure 1. Parametrization

We propose the following heuristic. Suppose g = (gx, gy ): |g| . (cos Oy, sinocg) is gradient of intensity i(x, y), then the
probability P (d , 00X, y) that point (x, y) belongs to 2d edge L(d , 00 ) is proportional to

.2 _ _
‘g(x,y)‘l/q expi— min {‘OC ch ,206 ch +7T‘} . (2)
20,

Here |g| = gi + g; is gradient length; o, is angle between vector g and horizontal direction, o, € [0;27) ; 0'2 is
constant, which has sense of angle dispersion; g >0 is constant, which defines contribution of high gradient values.
For example, if we are interested only in strongly marked 2d edges we should choose g <<1 and vise versa if we are

interested also in watery steps we should choose ¢ >>1. As to gradient g(x, y) of intensity i(x, y) its discrete analog
can be calculated using convolution with Sobel masks:

-1 0 1 -1 -2 -1
g:(x,y)=(-2 0 2 [*i(x,y), g,(x,»)=[ 0 0 0 [¥i(x,y). 3)
-1 01 1 2 1

The main premise for the proposed heuristic is that in ideal case (no noise, no sampling and no quantization) probability
P(d,a;x,y) is proportional to

6(g))- 5(acr). )

where Ao = min{‘a —-a,

OC—OCg +7

>

Lx>0
}, 0(x) :{0’ ¥ <0 is step function and J(x) :9/(x) is Dirak generalized
,x <

function. Thus, the first multiplier in expression (2) is weight and corresponds to 9(Ig|) and the second one is

regularized function §(Ac).

2.1.2  Integral Intensity Step Transform. Using heuristic (2) we can construct the following functional:
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1/ =0, +T }
step(d.ay=" Y P(d.ot:x.y)= > |2(x, y)| * exp| - — | BENG)
(x,3)L(do) (x—xy)cos a+(y—y, )sino=d 20—0!

min> {‘(x -0,

This functional has sense of integral intensity step along straight line L(d,). Note that expression (5) for (d,0) e =
defines transform of image i(x, ).

In practice to compute values of step(d,or) we can use voting method applied for Hough transform calculation.

Namely, first of all discrete grid with steps Ad =1 and Aa = /2 4 1sintroduced in area Z of parameters values; then,

the following algorithm is performed:
1. put step(d,a)=0;

2. for each point (x, y) of source image do steps 3 + 6:

3. calculate g(x,y) using Sobel operator (3); calculate |g|1/q, Oy

4 for each discrete value of & such that min{‘a -0l -0 + n‘}< 30, do steps 5 + 6:
5. assign the nearest discrete value of (x—x,)cosa+ (v —y,)sino to d ;

6 add P(d,o;x,y) to step(d,a) .

Note that to improve the algorithm performance fixed point mathematics and precalculated tables of functions can be
used. Moreover, in section 3 application of Gauss pyramids, that result in speed and stability gain, will be discussed.

In Figure 2 you can see the results of the integral transform (5) for fragment of aerial image. To obtain this results,
constants ¢ and o, were assigned to 4 and 0.1 respectively.

dnax

I:l —_— n

Figure 2. Example of integral intensity step transform: source image (at the left), result of transform (at the center) and
extracted edges (at the right)

2.1.3  Finding of Candidates to 2d Edges. Due to form of functional (5) its local maximums have strongly marked
form (see Figure 2). These local maximums should be treated as candidates to 2d edges. The following procedure can
be applied for candidates choosing. First of all we find global maximum of sfep(d,c) , let me denote it as (d,,q;), i.e.

candidate number 1. Then we exclude vicinity (e.g. 5x5) of point (d,,¢t;) and find new global maximum in the rest of
the grid, as aresult (d,,cr,) will be obtained. And so on. There is one question: when should we stop it? The answer
depends. For example, if we need to find N 2d edges, it is reasonable to test firstkN candidates, where &k >1.

Note that when we define vicinity of point (d;,a;) we must remember that & = (d,) is toroidal coordinates, that is
(d,0) is equivalent to (—d,m) for any d .

2.1.4 Contour Ends Extraction. Let us remark that detection of contour ends remains serious problem. To resolve
this problem, one can use Forstner operator [W. Eckstein, 1996] or various corner detectors [A. Singh, M. Shneier,
1989]. But all known operators of such type have low robustness. For this reason we prefer to solve problem of end
detection via intersection of contours.

International Archives of Photogrammetry and Remote Sensing. Vol. XXXIII, Part B3. Amsterdam 2000. 73



Andrew Bibitchev

2.1.5 Advantages and Drawbacks. Among advantages of described technique the following ones can be
accentuated:

e  high robustness;

e high tolerance, i.e. edge can be not exactly straight;

e step(d,o) can be treated as weight of L(d,);

e generalization is allowed, i.e. one can construct functional step for any parametrized curve.

But the following drawbacks take place:
e step(d,o) is useful only for detection of contours with length comparable with image size, thus we must know

interest area for edge searching rather well;
e additional efforts are required to determine the end-points.

2.2 Correlation of 2d Edges

To enter the second part of desired functional let me consider the following auxiliary task.

2.2.1 Auxiliary Task. Suppose there are two different gray scale images of one and the same 3d scene: i5(x%, yS )

. . . .D, D D\ - . . . .
is “source” image of size sf ><s§ and i~ (x7,y") is “destination” image of size sf XSf . Furthermore, parameters of

internal, relative and optionally external orientation are assumed to be known, that is 2d image coordinates can be
transformed in 3d scene coordinates (X,Y,Z) and vise versa:

X=X(xs,ys;xD,yD), Y=Y(xs,ys;xD,yD), Z=Z(xs,ys;xD,yD); (6)
O =x5X,1,2), ¥y =y (X,7,2); 7
L =xPx,y,2), y* =y?(X,Y.,2). (8)

Figure 4. Coordinate system in vicinities

Figure 3. “Source” (at the left) and “destination”
(at the right) images of 3d scene

Sps PpP on the

And let we have 2d edge a on the “source” image (see Figure 3). We need to match 2d edge «a

“destination” image, that is we need to find a”b” such that a®*»® and a”b” are projections of one and the same 3d
scene edge 4B on “source” and “destination” images respectively.

To include (by indirection) 3d object model, we can require that there is parametrization @ of all possible AB
positions:

A=Ala® p5.0), B=Bla*.050). weq, )
and thus

a® =aP(a® p50), 5P =52 (a5.6%:0), we Q. (10)
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For example, in case of edges of flat horizontal building roof height coordinate /7 can be considered as parameter @,
moreover bounds /7, ;, and H . defineset Q: Q=[H , :H .1

n min >

Thereby, the task can be reformulated as follows. It is required to find value of parameters @ from set €, for which

a®p® and a®b” are projections of one and the same 3d edge AB on “source” and “destination” images respectively.

2.2.2  Correlation. Obviously, for matched 2d edges a®*b® and a”h” their (one-side) vicinities on images are
cognate to each other. Thus, to match a®b® and aPp?, similarity of their (one-side) vicinities as a function of @
should be maximized on the set € . Note that one-side vicinity usage is preferable due to existence of application noise.

As an example, in Figure 3 we can see right building wall in the “source” image and can not in the “destination” one.

Let V¥ =a®b®c’d® be vicinity of a®p° and VP =a”bp”cPd” be appropriate vicinity of a”h”. Note that
dependence V' :VD(VS ;a)) should include 3d model of object facets. To construct measure of similarity, let me
introduce coordinates (A, p) presented in Figure 4, here A is a®h® length in pixels and P is vicinity width in pixels.

Then, the normalized correlation coefficient of vicinities can be introduced:

VS VI)
.S .D
—1, i =const or i~ = const

corrla® b5 )= i* (A, p)i® (A, p)=i* (A, p)-i” (A, p) , (11)

J[( apf -Gp)’ | [ -2 |

where i, p)=i® (xs A, p).vS (A, p)) is “source” image in new coordinates,
i@, p)= iP (xD (A, p;a)),yD A, p; a))) is “destination” image in new coordinates, and
A P
fA,p)= ﬁ 2 2 f(A,p) is mean value of a function f(A,p). For calculation intensities i% and i? at
+ .
A=0p=1

points with non-integer coordinates one can use bilinear interpolation.

As well known coefficient (11) has following useful properties:

@) —1<corr<1;
(ii) corr =1=i% (A, p)=ki” (A, p)+c, where k and ¢ are constants;
(iii) corr is invariant for linear intensity transformations i =ki+e.

All these properties allow us to consider matching problem as optimization task:

o= argmaxcorr(as,bs;a)), (12)
weQ
a® =aP(a5.6%.0").67 =bP(a5.6%00"). (13)
If corr(aS b* ,a)*) less than threshold value (usually 0.3) then 1T -
candidate a°b° should be rejected. 08
06§
Example of correlation results for two candidates to the long L 04+
sides of the building roof, imaged in Figure 3, is presented in 8 o2 £
Figure 5. It is easy to see that for both edges we obtain one and 0 i~ L SN O
the same value of height: H* =192m. _0_2W 1W 190 200~210
-0.4
2.2.3 Advantages and Drawbacks. Let me enumerate some Height, m
advantages of such correlation usage: ) )
e high robustness; Figure 5. Example of correlation results
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e subpixel accuracy;
e absence of vague thresholds.

Also, three is serious disadvantage — rather high calculation cost. To eliminate this drawback Gauss pyramid can be
used (see Section 3).

2.3  Fusion Of Integral Intensity Step And Correlation

Let step® (d 5o ) be integral step transform of the “source” image i 5 (xs S ); step” (dD .o ) be integral step
transform of the “destination” image i” (xD P ); {(dis,ais )} ¥, be selected local maximums of step® (d 5af );
{aijs- b,-JS- }_I/{éi be conjectural end points of 2d edge L(dis ,ais ) To obtain set of 3d edges {AI-BI-} one can apply the

following procedure:
1. Foreachi=1..N andeach j=1.. K, we perform maximization

S
505 b; ;a))a max

W, d®.o w) = lsteps (ds,as )+ step® (dD(dS,aS;a)),aD (dS,aS;a)))J- corr(PrLs(ds)as) aiJS.,PrLs(

with restrictions ‘ds —df|<2ad® |0 —af|<200%, we Q. (14)

Here Pr; p is projection of point p on line L. As a result we obtain 67; , al]s , a); and HUS =Prs @508 al-js- ,
=S s

2. Foreach i=1,.N wechoose j with maximum value of ¥’} (JIJS ,dl-js- ;a);-) . Let me denote such ; as j;k .

After all, we can calculate 3d edges:

4 =4l 550 ). B = Blat B0 ) i=1.N . (15)

Note that weight of 4B, is 17, = . (1% a5 00" ).
i i i Yi

3  GAUSS PYRAMID USAGE

Here we want to say a few words about related topic, namely Gauss pyramid usage for fast and robust calculation. It
should be noted that application of Gauss pyramid allows one to construct scale-independent algorithms [Poul S. Wu,
Ming L,, 1997].

Let {i,s (x, y)},L:0 be Gauss pyramid of the “source”
image: iOS =% is the bottom level of pyramid, i LS is the
op tevel, (s2) =[1) ] ana () =[3(3)

/=1,..L. And let {ilD(x, y)},L:0 be appropriate Gauss
pyramid of the “destination” image. The count of layers
L +1 should be chosen so that character size of the object

on the top level images i LS and i f is not less than several

pixels. Note that in practice L —1 is usually equal to 2 +
4 bottom level bottom level

Figure 6. Gauss pyramids of “source” and
As soon as we construct Gauss pyramids we can apply the “destination” images
technique described in previous section to top-level

images i and iy . As a result we obtain set of 3d edges {AILBIL}IALI Then, these 3d edges we use to construct
predictions for the lower layers:

(ais )L—l = (as )L—l (AiLaBiL )’ (bis )L—l = (bs )L—l (‘4iL>Bz'L )’ 16)
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(a7). =l ) lar 50 ). 6P), =67 ) (a7 ). a7

Therefore on layer L—1 of the pyramid maximization (14) can be performed only in vicinities of 2d edges
(a-s )L_l (bs )L_l and (a-D )L_l (b-D )L_l, that allow us to decrease area of search radically. As a result we obtain set of 3d

i i i i

edges {AL»L_'BL»L_' N, . And so on until bottom level of the pyramid will be reached.

Due to Gauss pyramid application the speed of the algorithm goes up in times.

4 APPLICATION EXAMPLES

Initially, proposed technique was developed for building extraction from aerial imagery. For this reason application
examples are auto and semi-auto buildings extraction.

Available input data is:

— stereo-pair of gray scale aerial images;

— parameters of internal, relative and external orientations;

— some parameters of buildings (minimum and maximum height, minimum and maximum length of short side and so
on);

— DEM produced by stereo-correlation procedure (optionally).

Required output data is:

— 3d digital models of building roofs;
— DEM of ground (optionally).

4.1 Semi-Auto Building Extraction

The main idea of semi-auto approach consists in the following. User performs only supervisor functions, and the
computer does all stale and accurate operations. The approach scheme is presented in Figure 7.

USER 3d digital
\L Set of models of roofs
et o
Agsiﬁggf key Areas of 3d

1. Selection of roof 2.User sets key points 3.Calculation of | interest (4.3d edges edges 5.3d edges

building type > points on one of the interest areas > extraction group!ng and

(from list) available images on each image selection

2d model of roof image
3d model of roof

Figure 7. Scheme of semi-auto building extraction procedure

First of all user must select type of the building. For each building type appropriate model is supposed to be known.
Then, user must mark on any image rough position of key points. Key point selection is some kind of “know how” and
depends on building type. For example, in case of rectangle flat roof we can use two key points: one arbitrary point on
each short side of the roof image. Next, using marked positions of key points we can produce areas of interest on each
available image. In these areas algorithm of 3d edge extraction is run. As result we obtain candidates to roof sides.
Using key points and 3d relational model of the roof selection and grouping of 3d edges are performed. Thus, we obtain
a number of roof hypothesizes. The hypothesis with maximum total weight is selected as a final result of reconstruction.
Note that total weight of roof hypothesis must include as weights of 3d edges constituting roof as measure of adequacy
to the model.

Described approach is used commercial Win32 application “Simple Building Extraction”, which allows easy and fast
create accurate 3d digital models of cities and towns.
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4.2 Auto Building Extraction

If we have detailed DEM produced by stereo-correlation procedure, then we can try to use the DEM for definition of
interest areas.

First of all DEM of the ground can be calculated with the aid of dual-rang filter [W. Eckstein, 1996]. Then, difference
between initial DEM and filtered DEM is used to localize high objects, such as trees, buildings and so on. This allows
us to obtain areas of interest on the images. However, there are two problems. First calculation of detailed DEM
requires a lot of time and resources. Secondly separation of interest area for one object from interest area for another
object is often problematic (due to existence of trees and neighbouring buildings).

Nevertheless, as soon as we produce areas of interest we can perform steps 4 and 5 of semi-auto algorithm.
e 'y | O H Ay

T JED |
|.I Fei e

L}

Figure 8. Example of building reconstruction: left image of stereo-pair with extracted roof edges (at the left), right
image of stereo-pair with extracted roof edges (at the center) and reconstructed 3d model (at the right)

5 CONCLUSION

It was shown that 3d features extraction can be performed via maximization of two functionals: integral intensity step
along 2d edge and correlation between 2d edges on different images. Proposed approach is used in applications and has
proved its advantages. Future work is supposed to be concerned with complicated models of buildings and development
of model’s pyramids.
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