
Non Contact 3D Model Reconstruction Using Coded Targets

Vladimir A. Knyaz,  Alexandr V. Sibiryakov

6WDWH 5HVHDUFK ,QVWLWXWH IRU $YLDWLRQ 6\VWHP +*RV1,,$6,
Moscow, Russia

Abstract

The central task of close-range photogrammetry is the solution of
correspondence problem, i.e. determination of image coordinates
for given space point for two and more images. The paper
presents the results of developing and using new coded targets for
automated identification and coordinates determination of marked
points for 3D model reconstruction task.

The developed coded targets are independent to location and
rotation, provide the possibility of reliable detection and
localisation in textured image and precise centre coordinates
calculation.

The coded targets have been used  for automated 3D coordinates
measurements by photogrammetric station of State Research
Institute for Aviation System. The methodics of automated
identification and 3D measurements technique are given. Also the
estimations of system performance and measurements accuracy
are presented.

Keywords: close-range photogrammetry, 3D surface
measurements, coded targets.

1. INTRODUCTION

/DVW \HDUV FORVH0UDQJH SKRWRJUDPPHWU\ EHFDPH HIIHFWLYH
DQG IOH[LEOH WHFKQLTXH IRU SUHFLVH VSDFH FRRUGLQDWHV
PHDVXUHPHQWV DQG SURGXFLQJ 6' PRGHOV IRU XQLTXH 6'
REMHFWV1 7KH SHUIRUPDQFH DQG DFFXUDF\ VHHP WR EH WKH PDLQ
IHDWXUHV GHVFULELQJ WKH TXDOLW\ RI SKRWRJUDPPHWULF V\VWHP1

7KH SURFHVVLQJ VSHHG RI PHDVXUHPHQWV GHSHQGV RQ
DXWRPDWLRQ GHJUHH DQG FDQ YDU\ IURP KRXUV IRU PDQXDO
SURFHVV WR VHFRQGV IRU DXWRPDWHG RQH1 7KHUHIRUH YDULRXV
PHWKRGV +VXFK DV FRUUHODWLRQ PDWFKLQJ IRU WH[WXUHG REMHFWV/
VWUXFWXUHG OLJKW,/ EDVHG RQ SDWWHUQ UHFRJQLWLRQ ZHUH
GHYHORSHG IRU DXWRPDWHG FRUUHVSRQGHQFH SUREOHP VROYLQJ1
$QRWKHU DSSURDFK WR WKH SUREOHP LV WR XVH FRGHG WDUJHW/
ZKLFK DOORZ WR UHFRJQLVH DQG LGHQWLI\ LQWHUHVWLQJ SRLQW LQ
WKH LPDJH >4/5@1

7KH SUHFLVLRQ RI PHDVXUHPHQWV GHSHQGV RQ DFFXUDF\ RI
FRUUHVSRQGHQFH SUREOHP VROYLQJ +RWKHU FRQGLWLRQV EHLQJ
HTXDO, L1H1 RQ DFFXUDF\ RI GHWHUPLQDWLRQ LPDJH FRRUGLQDWHV
RI FRUUHVSRQG SRLQWV1 7KH GHVLJQ RI FRGHG WDUJHW RI VSHFLDO
VKDSH DOORZ WR UHDFK KLJK DFFXUDF\ RI SRLQW SRVLWLRQ
HVWLPDWLRQ GXH WR VXESL[HO WDUJHW FHQWUH FRRUGLQDWHV
GHWHUPLQDWLRQ1

$QRWKHU UHDVRQ WR XVH FRGHG WDUJHW LV WKH SRVVLELOLW\ WR
PHDVXUH WKH REMHFW VXUIDFH LQ WKH VHW RI SUHOLPLQDU\ JLYHQ
SRLQWV1

6R IDU IRU LQFUHDVLQJ WKH SHUIRUPDQFH DQG SUHFLVLRQ RI
PHDVXUHPHQW RQ SKRWRJUDPPHWULF VWDWLRQ RI 6WDWH 5HVHDUFK
,QVWLWXWH IRU $YLDWLRQ 6\VWHP WKH QHZ FRGHG WDUJHWV ZHUH
GHYHORSHG DQG XVHG LQ PHDVXUHPHQW SURFHVV1

2. DEVELOPMENT OF THE CODED
TARGETS

The coded targets should satisfy to the following
requirements:

• Invariance to rotation and change of scale;

• Opportunity  of robust recognition of number of a target
with correction of possible mistakes;

• Exact measurement of centre of a target specifying a
rule(situation) of a control point of object;

• Opportunity of detection of a target on the image with
non-uniform contrast;

• The minimal time of processing;

• The compact size;

• Maintenance the large number of codes suffices.

For maintenance of these requirements the coded targets
shown on Fig.1 were developed. They look like two
concentric circles, the internal one has black colour, the
external one has white colour with black border. Such
alternation of brightness is necessary for maintenance of
the maximal contrast of a target on a complex background
of the image. The binary code of a target as small black
circles settles down on a circle between  internal and
external circles. The central  pixel of a target has white
colour. Depending on distribution of brightness of the
observable image of a target can be inverted. All sizes of a
target in pixel units are shown on Fig.2.

The internal circle is intended for detection  of a target
centre with subpixel accuracy . The border of an external
circle is intended for localisation of an internal circle and
coding circles. The number of coding circles is equal 10.
Thus it is possible to code 543 4357 numbers, however in
view of the requirement of invariance of a code to rotation
and reflection only 76 numbers can be coded. For coded
numbers of targets the table M(N) is obtained allowing for
each value of the code N = 1,...,1023 to find appropriate
number of a target M = 1,...,76.
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Figure 1: Structure of the coded targets. The integer value
specifies the target number.
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Figure 2: Target dimensions

On Fig.3 the test example of the image with coded targets
is shown.

Figure 3: Test image with coded targets

3. AUTOMATIC TARGET RECOGNITION

The task of target recognition consists in an automatic
detection of targets on the image, exact definition of their
centres, and reading of coded numbers.

3.1 Algorithm of the target recognition
The algorithm of target recognition consists of the
following steps:
1. Binarization of the image;
2. Definition of all eight-connected regions which are not

laying on the image borders;
3. Seeking of all regions and searching of structure ‘

black region inside white region’;
4. Checking of  the sizes for each found structure, storing

the list of the possible coded targets;

For each target from the list modelling the internal and
external circles. The model is set as an ellipse. Five
parameters of an ellipse (subpixel centre coordinates, sizes
of a large and small half-axis, inclination of a large half-
axis) are calculated by the least squares minimisation;

Reading of a binary code  between an internal and external
ellipse.

3.2 Binarization of the image

For simplification of target recognition process it is
necessary to transform the grey-level image in binary.
Binarization of the image is carried out by thresholding:

E+[/\,  3/ LI I+[/\, ? W+[/\,

E+[/\,  588/ LI I+[/\, ≥ W+[/\,

where f(x,y) - original image, b(x,y) - binary image, t(x,y) -
each pixel threshold.

  (a)

 (b)

Figure 4: %LQDUL]DWLRQ RI WKH LPDJH1 +D, ORFDO WKUHVKROG
LPDJH> +E, ELQDU\ LPDJH REWDLQHG

The application of a constant threshold t(x,y)=t0 is not
suitable because of non-uniformity of contrast in different
parts of the image, and as consequences, impossibility of
all targets binarization. Therefore an adaptive threshold
calculated for each pixel (x,y) is used.

One of effective methods of  an optimal threshold selection
is the Otsu criterion, which estimates  whether the image
histogram contains two expressed peaks. For an area
containing a target this assumption is correct therefore the
target areas are precisely thresholded by Otsu criterion.

For local application of Otsu criterion it is necessary to set
the approximate size S of a target on the image. Then the
algorithm of definition of an adaptive threshold t(x,y) looks
as follows:
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1. Splitting the image f into overlapped square blocks Bij
of the size S:

Bij(x,y) = f(x+(i-1)S/2, y+(j-1)S/2), x,y = 0..S-1

2.  Calculation the threshold in each block by Otsu
criterion:

tij = Otsu (Bij)

3.  Bilinear interpolation of values tij for each pixel (x,y).

On Fig.4 the result of image binarization is shown.

3.3 Search for target candidates

(a)

 (b)

Figure 5: Extraction of target candidates

For extraction the image regions the labelling algorithm is
used. After labelling algorithm performing each region gets
unique number. The procedure of target candidates search
is shown on Fig.5.

At first on the binary image all black areas contiguous to
borders of the image leave, since it is considered, that the
target is imaged completely. Thus (see Fig.4b and Fig.5à)
at once many black regions which are not areas of targets
are excluded from consideration. Let's designate the
obtained image by m1.

As the external black ring of a target limits its area a
following  step consists in filling all internal white regions
(Fig.5á). Let's designate the  image obtained as m2. For the
further analysis the list of such black regions of the image
m2 is made which contain inside themselves black areas of

the image m1. The obtained regions are the target
candidates.

3.4 Elliptic model of a target region

The adjustment of an ellipse to the region serves to two
purposes:

1) Definition of the region  centre  with subpixel accuracy;

2) Checking, whether the region is an image of a circle.

The equation of an ellipse, to which the border of area
should satisfy, is

Ax2+Bxy+Cy2+Dx+Ey+F=0                    (1)

The border of area only approximately satisfies to this
equation, so we write down the equation in convenient
form for the minimisation by least squares method:

ax2+bxy+cy2+dx+ey = -1+ε                  (2)

In a matrix form (2) looks like

Ap = b + εεεε

where p [a,b,c,d,e]T
 - a vector of equation parameters;    À

- design matrix with i-th line corresponding to i-th pixel of
the region border: [xi

2  xiyi yi
2 xi yi ]; b = [-1,...,-1]T - vector

of observations;  εεεε- error vector.

The solution of the (3) is

p = (ATA)-1AT b                        (4)

The ellipse parameters expressed through parameters of the
equation,  are:
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The ellipse should satisfy following invariants

I3/I1 <0,  I2 > 0,                             (5)

where: I1 = a + c;
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These invariants are checked for each region after a finding
of  ellipse equation parameters.
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Thus in coordinate system  obtained by transformation

x’=x0+xcosθ+ysinθ

y’=y0-xsinθ+ysinθ                           (7)

the parametrical equations of the ellipse are

x’ = p1cost,   y’ = p2sin t,                  (8)

where t- parameter varied from 0 up to 2π.

3.5 Target code reading

After the parametrical equations of internal and external
ellipses are obtained the algorithm of binary code reading
follows. First the rectangular development of an elliptic
ring  between these ellipses is formed.

Let us denote x0
(1], y0

(1], θ(1], p1
(1], p2

(1] - parameters of the
internal ellipse, x0

(2], y0
(2], θ(2], p1

(2], p2
(2]  - parameters of an

external one. Rectangular development of a code K(p,t)
using original image f(x,y) and parametrical equations of
ellipses is

K(p,t) = f(x,y),

where

x’ = pcost,   y’ = psin t,

x=x0
(1]+x’cosθ(1]-y’sinθ(1]

y=y0
(1]+x’sinθ(1]+y’sinθ(1]                      (9)

t=0...2π,    p[1] < p < p[2].

The example of rectangular development of a code is
shown on Fig.6. Code-supporting strip is determined using
the target sizes (Fig.2). Inside the strip (Fig.6) grey-level
profile (Fig.7) is binarized by Otsu criterion.

The reading of a binary code begins with the nearest zero
element (from the  left black circle on Fig.6). For an
example shown on Fig.7 the following binary code is
obtained:

01 01 11 01 11 01 01 01 01 11.

The given binary code will be transformed to number N,
coded in a target, by the following transformation:

01 - > 1;   11 - > 0

The combinations 00 and 10 are inadmissible, therefore, if
they meet with decoding, it is considered, that the region is
not valid.

 

Figure 6: 5HFWDQJXODU GHYHORSPHQW RI D FRGH

Figure 7: Profile of code-supporting strip

For an example on Fig.7

N = 11010111102

Further under table M(N) number of the targets appropriate
to read number N is determined.

On Fig.8 the result  target recognition is shown.

Figure 8: The result of target recognition

4. CODED TARGETS APPLICATION

4.1 Photogrammetric station

The researching photogrammetric station of GosNIIAS was
created for developing new methods for non-contact
measurements and 3D object reconstruction based on close-
range photogrammetry technique. It includes:

• Personal computer as central processing unit
• Set of digital high-resolution cameras
• Frame grabber for image capture
• Set of testfields for purposes of camera calibration
• Structured light projector
• Dynamic tools for cameras arrangement
• Original software for image processing system

calibration and 3D reconstruction.

GosNIIAS researching station is shown in Fig. 9.

The main steps of object 3D reconstruction by means of
Researching photogrammetric station is given below:
1. Camera calibration
2. Photogrammetric network design and cameras

arrangement
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3. Image acquisition of given object (in structural light if
needed)

4. External or relative orientation of images
5. Correspond points determination
6. Automatic surface reconstruction
7. Export to CAD format

Figure 9: Researching photogrammetric station of State
Research Institute for Aviation System.

4.2 Results of coded targets application

Camera calibration is the first important step in 3D
reconstruction process. It requires to measure a great
amount of image coordinates of reference points in
representative set of  testfield images. The quantity of
measurements can achieve up to thousands and can take
some days in manual regime. The developed coded targets
were applied for automated identification of 32 reference
points in 50 images of testfield, acquired from various
points of camera position. Greyscale images (with
dimensions 768(H) x 576(V) pixels) of reference points
were captured with PSI framegrabber. Average processing
time per image was about 100 sec for Pentium 133MHz,
48Mb RAM, all targets being decoding correctly. This
allow to prepare data for camera parameters estimation by
the period of 10 minutes instead 6 hours in manual regime.

External or relative orientation of images require to
mark reference or correspond points in two or more images
to determine camera coordinates in absolute or relative
system of coordinates.

On Fig.10 the fragments of the left and right images
containing  24 coded targets are shown. All targets were
recognised correctly by just described algorithm.

Subpixel target centres were used for relative orientation.
Residual parallaxes obtained at target centres  after the first
iteration of orientation algorithm are shown in Table 1.
From the table that maximal residual parallax is equal to

∆max = 0.17 pixels, and the variance of residual parallaxes is
equal to σ∆  313;8  pixels.

The results show that accuracy of the automatic
measurement on the order surpasses the accuracy of hand-
operated measurements.

Figure 10: The application of coded target to relative
orientation

N P N P

1 0.04 13 0.17

2 -0.04 14 -0.12

3 0.11 15 0.05

4 0.01 16 0.11

5 0.07 17 -0.04

6 0.00 18 0.06

7 -0.12 19 -0.04

8 -0.05 20 -0.02

9 -0.09 21 0.11

10 -0.11 22 -0.07

11 0.01 23 -0.14

12 0.05 24 0.05

Table 1. Residual parallaxes  at target centres obtained
during relative orientation (N-number of target; P - residual

parallax).

System performance and accuracy characteristic were
obtained during three month testing and using developed
coded targets in measuring process. About 800 images of
various textured objects counting coded targets were
captured and processed. All targets were detected for all
cases when image resolution was enough for code reading
(about 24x24 pixels per target). No cases of false code
detection were fixed.

Original software for given coded targets identifying was
realised for Windows-95. The performance characteristics
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was obtained for standard PAL format greyscale images
(768(H) x 576(V) pixels). They are:

• 97 seconds per image for Pentium 133 MHz, 48 Mb
RAM

• 66 seconds per image for Pentium 200 MHz, 64 Mb
RAM

For measuring accuracy estimation the testfield with 24
coded reference points was developed. After bundle
adjustment procedure of 16 images from convergent points
of view an a-posteriori standard deviation of 0.1 pixel was
obtained, image pixel resolution being 6.3 micron.

5. CONCLUSION

The developed coded targets demonstrate high reliability for
recognition and identifying in wide variety of target scales and
image texturing. There were no target leaks or false decoding for
sufficient resolution for code reading.

The applying of elliptic model for target location provide high
subpixel accuracy in point coordinates determination, the
accuracy being higher for using external border of target as
reference for centre location.

The developed code for target numbering is invariant to rotation
and scaling and provide robust identifying.

The developed technology of coded targets application allows to
automate and increase performance of  measurement process in
close-range applications such as calibration, relative and external
orientation of cameras, 3D object reconstruction and also to
increase accuracy of measurements.
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;_kdhglZdlgh_ ihkljh_gb_ 6D fh^_e_c
j_Zevguo h[t_dlh\ f_lh^Zfb
dhjhldh[Zabkghc nhlh]jZff_ljbb gZ
hkgh\_ bkihevah\Zgby dh^bjh\Zgguo
f_lhd1
<eZ^bfbj :1 Dgyav/ :e_dkZg^j <1 Kb[bjydh\

=hkm^Zjkl\_gguc GBB :\bZpbhgguo Kbkl_f
Fhkd\Z/ Jhkkby

:gghlZpby. Hkgh\gZy ijh[e_fZ/ dhlhjmx g_h[oh^bfh
j_rblv ijb ihkljh_gbb lj_of_jguo fh^_e_c f_lh^Zfb
dhjhldh[Zabkghc nhlh]jZff_ljbb wlh gZoh`^_gb_ gZ
g_kdhevdbo jZaghjZdmjkguo bah[jZ`_gbyo h[t_dlZ
dhhj^bgZl lhq_d khhl\_lkl\mxsbo h^ghc b lhc `_ lhqd_
kp_gu +lZd gZau\Z_fZy ijh[e_fZ kl_j_hkhhl\_lkl\by beb
kl_j_hhlh`^_kl\e_gby,1 KlZlvy ij_klZ\ey_l j_amevlZlu
jZajZ[hldb b ijbf_g_gby dh^bjh\Zgguo f_lhd ^ey
Z\lhfZlbaZpbb j_r_gby ijh[e_fu kl_j_hhlh`^_kl\e_gby \
aZ^ZqZo \b^_h0f_ljbq_kdh]h ihkljh_gby lj_of_jguo
h[t_dlh\1

JZajZ[hlZggu_ dh^bjh\Zggu_ f_ldb bg\ZjbZglgu d
\jZs_gbx b iheh`_gbx gZ bah[jZ`_gbb/ gZ^_`gh
^_l_dlbjmxlky b ehdZebamxlky gZ keh`ghf nhg_ b
h[_ki_qb\Zxl \ukhdhlhqgh_ km[ibdk_evgh_ \uqbke_gb_
dhhj^bgZl p_gljZ f_ldb gZ bah[jZ`_gbb1

>Zggu_ dh^bjh\Zggu_ f_ldb bkihevah\Zebkv ^ey
Z\lhfZlbq_kdh]h baf_j_gby lj_of_jguo dhhj^bgZl b
ihkljh_gby lj_of_jguo fh^_e_c gZ dhfie_dk_
dhjhldh[Zabkghc nhlh]jZff_ljbb =hkGBB:K1 Ij_^klZ\e_gu
kljmdlmjZ dhfie_dkZ/ f_lh^bdb Z\lhfZlbq_kdhc ehdZebaZpbb
b b^_glbnbdZpbb f_lhd b l_ogheh]by lj_of_jguo
^bklZgpbhgguo baf_j_gbc b ihkljh_gby 6D fh^_e_c1
Ijb\h^ylky hp_gdb ijhba\h^bl_evghklb b lhqghklb kbkl_fu
^bklZgpbhgguo baf_j_gbc1

Dexq_\u_ keh\Z: dhjhldh[ZabkgZy nhlh]jZff_ljby,
[_kdhglZdlgu_ baf_j_gby/ 6D fh^_eb, dh^bjh\Zggu_ f_ldb.
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