VILNIUS Geodesy and Cartography
TECH ISSN 2029-6991 / eISSN 2029-7009
P Techeieal dntersity 2021 Volume 47 Issue 2: 71-79
https://doi.org/10.3846/gac.2021.12241
UDC 528.71

ACHIEVING CLOSE RANGE PHOTOGRAMMETRY WITH
NON-METRIC MOBILE PHONE CAMERAS

Joseph Olayemi ODUMOSU® ", Oluibukun Gbenga AJAYI®!,
Victor Chukwuemeka NNAM?2, Samuel AJAYT!

IDepartment of Surveying and Geoinformatics, Federal University of Technology, Minna, Nigeria
2Department of Surveying and Geoinformatics, Enugu State University of Science and Technology, Enugu, Nigeria

Received 08 March 2020; accepted 14 June 2021

Abstract. Close range photogrammetry (CRP) has gained increasing relevance over the years with its principles and theo-
ries being applied in diverse applications. Further supporting this trend, the current increase in the wide spread usage of
mobile phones with high resolution cameras is expected to further popularize positioning by CRP. This paper presents
the results of an experimental study wherein two (2) non-metric mobile phone cameras have been used to determine the
3-D coordinates of points on a building by using the collinearity condition equation in an iterative least square bundle
adjustment process in MATLAB software environment. The two (2) mobile phones used were Tecno W3 and Infinix X509
phones with focal lengths of 5.432 mm and 8.391 mm respectively. Statistical tests on the results obtained shows that there
is no significant difference between the 3-D coordinates obtained by ground survey and those obtained from both cameras
at 99% confidence level. Furthermore, the study confirmed the capability of non-metric mobile phone cameras to deter-
mine 3D point positions to centimeter level accuracy (with maximum residuals of 11.8 cm, 31.0 cm, and 5.9 cm for the
Tecno W3 camera and 14.6 cm, 16.1 cm and 1.8 cm for the Infinix X509 camera in the Eastings, Northings and Heights
respectively).

Keywords: collinearity equation, space resection, space intersection, 3D object space coordinate, non-metric cameras.

Introduction

Close-range photogrammetry (CRP) has found many di-
verse applications in the fields of industry, biomechanics,
chemistry, biology, archaeology, architecture, automotive
and aerospace, construction as well as accident reconstruc-
tion (Jiang et al., 2008). Furthermore, the capability of CRP
to produce dense point clouds similar to the output from
terrestrial laser scanning (TLS) makes it a cheaper alterna-
tive to be considered in applications that require 3D po-
sition of points (Ruther et al., 2012; Mokro$ et al., 2013,
2018). Consequent upon its many applications, CRP has
witnessed a wide range of developments in the past 4 dec-
ades many of which are results of automation and digital
techniques which occurred on the sidelines of mainstream
photogrammetry (Fraser, 2015). Many of these develop-
ments have been especially concerned with models and au-
tomation of the procedure for the rigorous determination of
the geometric relationship that exist between image and ob-
ject as at the time of image capture which is the fundamen-
tal task of photogrammetry (Mikhail et al., 2001; Luhmann

et al., 2006). Notwithstanding, recent studies in CRP are be-
ginning to consider a shift from the use of metric cameras
(specially designed for photogrammetry purposes), diffuse
targets (non-retroreflective), stereoscopic photogrammetry
network layout, and analog analytical tools to the use of
non-metric cameras, retro-reflective targets, highly conver-
gent network layout, and digital computerized analytical
tools (Jiang et al., 2008; Wolf et al., 2014).

Recently, advances in mobile technology have popular-
ized the use of highly sophisticated mobile phones with
high definition non-metric cameras. It is believed that this
recent development will further popularize the use of non-
metric cameras (attached with mobile phones) for CRP
applications. Some of the earliest documented efforts in
the use of non-metric cameras for CRP include the works
of Karara (1972) and Brandow et al. (1976). While both
studies justified the capacity of non-metric cameras to be
used for photogrammetric tasks, the computational pro-
cedure in both studies were plainly analytical with the ob-
tained results depending largely on the stereo-comparator
used for the photogrammetric measurement.
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As digital photogrammetric techniques began to
gain relevance above analytical photogrammetry, Jechev
(2004), worked on the use of amateur cameras for de-
termination of 3D coordinates of buildings using CRP
approach. The results obtained in the study showed root
mean square error (RMSE) of £1.2cm and £6.1cm in
planimetry and altimetry respectively when compared
with Total station observations at same points. The data
was processed using PHOTO MOD Lite software. Later,
Abbaszadeh and Rastiveis (2017) explored the ability of
CRP for volume estimation using non-metric cameras
and found that the use of non-metric cameras produced
results with a relative error of 0.2% in comparison with
ground survey techniques. The study further established
the possibility of using non-metric cameras for CRP ap-
plications. However, the images used for the study were
also processed using the Agisoft software hence, the
study did not explicitly discuss the procedure utilized in
converting the image coordinates to object coordinates
which is fundamentally known as space resection (exte-
rior orientation) and space intersection.

Exterior orientation involves the process of determin-
ing the 3D spatial position and the three orientation pa-
rameters of the camera, as at the time of exposure (Jacob-
sen, 2001). There are three major fundamental condition
equations used in photogrammetry in-order to achieve
exterior orientation and all equations rely on the point co-
ordinates as input data (Elnima, 2013). Several approaches
have been developed over years in the field of photogram-
metry for solving the problem of exterior orientation.
Some of such methods include the Direct Linear Transfor-
mation (DLT) method which gives the exterior orientation
parameters without initial approximation (Elnima, 2013)
and the matrix factorization method which uses matrix
factorization and a homogenous coordinate representation
to recover the exterior orientation parameters in a planar
object space (Seedahmed & Habib, 2015). All these meth-
ods are modifications of the collinearity equation which
is conventional approach for solving exterior orientation
problem.

This paper explicitly discusses the procedures (space
resection and space intersection) for determination of
3D object space coordinates from 2D images taken with
mobile phone (non-metric) cameras using the collinear-
ity equation; and implements same using the MATLAB
software.

1. Data

The basic data/equipment used for this study are:

- Ground coordinates of two exposure stations.

- Two (2) non-metric cameras. This is to determine
if there is any relationship between positioning ac-
curacy and calibration parameters of the non-metric
camera used.

- Calibration parameters of cameras (determined with
the MATLAB software)

2. Methodology

Although, the basic rational of this study is to illustrate
and develop a simple (easy to replicate) MATLAB proce-
dure for determination of accurate 3D point coordinates
of object points from CRP using non-metric cameras;
ground survey methods was still conducted to determine:

- Co-ordinates of exposure stations,

- Co-ordinates of photo control points (PCP) and

- Co-ordinates of check points that were used to vali-

date the model.

Sequentially, the procedure adopted in this study is as
shown in Figure 1.

Determination of coordinates of exposure stations,
PCP and check points was done using the ZTR 320 Hi-
Target Total Station by conventional survey technique.
Two exposure stations (A001 and A002) were established
within 70 m distance away from the building and coordi-
nated accordingly.

Thereafter, five (5) photo control points (P1- P5) used
in obtaining the exterior orientation parameters and nine
other check points (C1 - C9) used to check the accuracy of
the determined 3D coordinates from CRP were also coordi-
nated by taking observations to the designated points using
the total station in reflectorless mode. Figure 2 shows the
location of the PCPs and the check points on the building
whose 3D coordinates are determined in this study.

Camera calibration was done in order to determine the
intrinsic parameters of the camera (Zhang, 2000). Cam-
era calibration for the two non-metric cameras used for
the image acquisition was performed by taking ten (10)
shots to a mounted checker board which has five rows and
seven columns with 11.3 cm dimension of each squares.
The acquired images were then processed using MATLAB
2014a software with a camera calibration add-in tool. The
obtained results are presented in Table 1.

Photo shots were taken to the building whose 3D co-
ordinates are to be determined from the two established
exposure stations. The camera shots are taken such that
100% overlap is obtained from both exposure stations for
each of the cameras.

Pixel extraction was done using the MATLAB soft-
ware as the comparator. The pixel coordinates of PCPs and
check points were extracted accordingly as illustrated in
Figure 3. Since the MATLAB comparator environment has
its origin at the top right corner, transformation from com-
parator coordinates to camera coordinates (with origin at
the perspective point) was carried out by subtracting the
x pixel coordinate from the x principal point coordinate
(obtained from camera calibration) and subtracting the
y principal point coordinate (obtained also from camera
calibration process) from y pixel coordinate. The result of
each camera coordinates was then multiplied by the pixel
to millimeter conversion constant “0.2645833333”.

The collinearity condition equation was used for trans-
forming the camera coordinates to object coordinates
in this study. The transformation was achieved in a two
staged solution approach as follows:
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Figure 1. Flow diagram describing object coordinates determination approach

Figure 2. PCPs and check points used for the study

Table 1. Camera calibration for the non-metric cameras used in the study
Parameter / Camera

Tecno W3 (Values in pixel) Infinix X509 (Values in pixel)
Focal Length 5.432 mm 8.391 mm
Perspective point 1334.81371, 1002.13721 2111.01873, 1654.50768
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Figure 3. Pixel extraction in the MATLAB software

— Space resection stage (Determination of exterior ori-
entation parameters):

The exterior orientation parameters of the camera
positions were determined using the collinearity equa-
tion given in Eqs (1) and (2). MATLAB codes used were
modified after the works of Alsadik (2010). The code writ-
ten executes the collinearity equation iteratively in a least
squares adjustment until convergence is reached. The con-
dition for convergence was defined such that the differ-
ence between final solution and previous solution does not
exceed 0.001. The condition for convergence was modified
by the authors in this study.

x, =bydo+b,dp+bdc—b, X, —bsZ; —by Y, +J; (1)

¥, =bydo+by,dd+bysdc—by, X, —b,sZ; —b, Y +K,
2)

where: dw, d¢ and dx are the corrections to be applied
to omega, Phi and Kappa respectively; XL, YL and ZL are
the 3D exposure station coordinates; x, and y, are the
camera coordinate of the control points.
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Figure 4 shows a graph of the iterations during the
least squares determination of the orientation parameters
for the right photo taken with the Infinix X509 camera.
The figure shows that the MATLAB codes continue to it-
erate until the difference between the final value obtained
for each of the parameters and the previous value does not
exceed the specified range of 0.001 mm.

- Space intersection stage (Determination of 3D object
coordinates from camera coordinates):

Transformation from the 3D camera coordinates to 3D
object coordinate system was again carried out with the
MATLAB software by evaluating the collinearity condi-
tion equation given by Eqs (3) and (4). Eqs (3) and (4)
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Figure 4. Iteration process for determination of exterior orientation parameters

require the exterior orientation parameters of the left and
right camera stations, and the homogenous points camera
coordinates (in millimetres) from two images of the same
camera at different positions (left and right), in other to
give the 3D object space coordinate of those points.

v, =y X, +by5Z, —bieY, +T; 3)

vy, =by X, +b,sZ, b, Y, +K. (4)

3. Results and discussion of results

Tables 2 and 3 present the exterior orientation parameters
and also the 2D comparator and camera coordinates re-
spectively obtained from both cameras.

Since exterior orientation parameters are based in
general on geometric and topologic characteristics of
imaged objects, the computed orientation parameters
(w, ¢ and x) as presented in Table 2 reveal that the pho-
tographs were taken in a near horizontal direction. Fur-
thermore, the adjusted coordinates of the two exposure
stations from where the left and right photos (respec-
tively) were taken indicate the instability of the position
of the camera at the various times of exposure. With

an observed maximum difference of 21 cm and 32 cm
in the computed horizontal position of the exposure
station, it is obvious that the camera positions varied
for each exposure. This could have been minimized if
the camera was mounted on a tripod that is properly
centered during exposure.

Furthermore, Table 4 presents the residuals of the co-
ordinates at the check stations obtained by space intersec-
tion with those obtained by ground survey method.

From Table 4, it can be observed that the highest
residuals are 11.8 cm (Eastings), 31.0 cm (Northings),
and 5.9 cm (height) when the Tecno W3 camera was
used. Similarly, the maximum residuals were -14.6 cm,
16.1 cm and 1.8 cm for the Eastings, Northings and
Height coordinates respectively. The residuals obtained
suggests that the Tecno W3 camera performed better in
determination of the object coordinates than the Infinix
X509 camera despite that the latter has a more refined
focal length. Similar residual pattern is observed during
the determination of the exterior orientation param-
eters for images obtained from both cameras. This is
because the final adjusted exposure station coordinates
obtained from the Tecno W3 camera is closer to known

Table 2. Adjusted exterior orientation parameters

Phone Type Tecno W3 Infinix X509

Capture Position Left Images Right images Left Images Right images
Adjusted Omega 182.9322 183.4229 183.0718 185.2538
(degrees)

Adjusted phi (degrees) -26.7967 -41.2212 -38.8186 -28.4174
Adjusted kappa 181.1068 182.3364 181.4428 181.6795
(degrees)

adjusted xo (m) 220145.4223 220146.0937 220145.1457 220146.3859
Adjusted yo (m) 1054958.9838 1054957.7310 1054958.2322 1054957.4581
Adjusted zo (m) 236.6217 236.5638 235.8807 236.2354
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Table 4. Residuals of obtained coordinates from space intersection with those from ground survey method
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Ground survey - space intersection Ground survey - space intersection
(Tecno W3) (X509)
PtID E (m) N (m) H (m) E (m) N (m) H (m)
SA1 0.118 -0.092 0.059 -0.146 0.161 -0.072
SA2 0.015 -0.157 0.015 0.022 0.071 -0.047
SA3 0.015 0.012 -0.006 0.028 -0.028 -0.069
SA4 0.010 -0.040 0.001 -0.068 -0.020 -0.084
SA5 -0.098 0.039 -0.054 -0.053 -0.124 -0.180
SA6 -0.006 -0.013 0.039 -0.082 -0.141 -0.071
SA7 -0.012 -0.030 0.047 -0.109 0.064 -0.072
SA8 0.074 -0.310 0.023 0.078 -0.091 -0.084
SA9 0.099 -0.093 -0.001 -0.044 0.051 -0.095

coordinates of stations. The result as obtained there-
fore confirms that while the focal length of the camera
plays a significant role in image magnification, it does not
necessarily depict that the relative image to object geom-
etry is properly preserved. Notwithstanding, it is evident
that centimeter level 3-D positional accuracy can still be
achieved from CRP by using non-metric cameras.
Consequent upon the centimeter level residual ob-
tained from the space intersection results in compari-
son with ground survey coordinates, a statistical test
(students - t test for equality of means and variances)
was conducted on the obtained coordinates from space
intersection at 99% confidence interval. The comparison
of the results obtained from space intersection (Tecno
W3 and Infinix X509) and those obtained from survey
technique was done to ascertain the level of reliability of
the use of non-metric cameras in low order (3rd order)
accuracy position determination. Tables 5 and 6 present

the results of the statistical tests of equality of means
and variances performed on the coordinates obtained by
space intersection from the Tecno W3 and Infinix X509
cameras respectively.

From Table 5, the corresponding p-value for the test
statistic of the Levene’s test is very large (0.99, 0.97 and
0.98 for the Northings, Eastings and Height respective-
ly) therefore we accept the null hypothesis that there is
no significant difference in the variances of the results
obtained by ground survey technique and CRP using the
Tecno W3 camera (Snedecor & Cochran, 1989). Simi-
larly, we observe that there is no significant difference in
the means of both results in the Northings, Eastings and
Height. Similar result is observed in Table 6 on compari-
son of the results obtained from ground survey method
with that from CRP using the Infinix X509 camera. This
is again because all the obtained values are greater than
the chosen significant level (0.01).

Table 5. Statistical test of equality on results of ground survey and space intersection coordinates (Tecno W3)

Levene’s Test for .
Equality of Variances t-test for Equality of Means
99% Confidence
Interval of the
F Slg t df Slg 2 tailed Difference
lower upper
Northing Equal variances assumed 0.000 0.987 0.06 16 0.996 -12.61 12.65
Equal variances not assumed 0.06 16 0.996 -12.61 12.65
Easting Equal variances assumed 0.002 0.967 -0.032 16 0.974 -6.909 6.757
Equal variances not assumed -0.032 15.99 0.974 -6.909 6.757
Height Equal variances assumed 0.001 0.975 0.012 16 0.990 -3.243 3.271
Equal variances not assumed 0.012 15.99 0.990 -3.244 3.271
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Table 6. Statistical test of equality on results of ground survey and space intersection coordinates (Infinix X509)

Levene’sTest for .
Equality of Variances t-test for Equality of Means
99% Confidence
Interval of the
F sig. t Df Sig 2 tailed Difference
Lower upper
Northing Equal variances assumed 0.000 0.992 -0.010 16 0.992 -12.68 12.60
Equal variances not assumed -0.010 15.99 0.992 -12.68 12.60
Easting Equal variances assumed 0.001 0.975 -0.003 16 0.998 -6.767 6.755
Equal variances not assumed -0.003 15.99 0.998 -6.767 6.755
Height Equal variances assumed 0.001 0.980 -0.077 16 0.940 -3.344 3.172
Equal variances not assumed -0.077 15.99 0.940 -3.344 3.172

Conclusions

This study has ascertained the statistical reliability of us-
ing non-metric cameras for determination of low order
accuracy position via CRP. This was achieved by using
Collinearity condition equation in an iterative least square
bundle adjustment process in the MATLAB software envi-
ronment. Therefore, the study concludes that by a careful
implementation of the conventional collinearity equation,
third order accuracy positions can be obtained with the
use of non-metric mobile phone cameras.

Furthermore, the study concludes that mobile phone
cameras (non-metric) with a minimum of 5 megapixel
and 5.40 mm focal length are suitable devices for CRP
applications requiring 3rd order positional accuracy.

Finally, the study discovered that camera capacity for
preservation of image to object geometric / topologic rela-
tions does not necessarily improve with increasing focal
length.

Funding

There was no funding for this research.

Conflict of interest

On behalf of the authors, the corresponding author de-
clares that there is no conflict of interest.

References

Abbaszadeh, S. A., & Rastiveis, H. (2017). A comparison of
close-range photogrammetry using a non-professional cam-
era with field surveying for volume estimation. The Interna-
tional Archives of the Photogrammetry, Remote Sensing and
Spatial Information Sciences, Vol. XLII-4/W4, 1-4.
https://doi.org/10.5194/isprs-archives-XLII-4-W4-1-2017

Alsadik, B. (2010). Space resection by collinearity equations. Cur-
riculum book of “Analytical photogrammetry” - 2009. Bagh-
dad University, College of engineering, Surveying Dept.

Brandow, V. D., Karara, H. M., Damberger, H. H., & Krausse, H. E
(1976). A non-metric close range photogrammetric system

for mapping geologic structure in mines. Photogrammetric
Engineering and Remote Sensing, 42(5), 637-648. https://
www.asprs.org/wp-content/uploads/pers/1976journal/
may/1976_may_637-648.pdf

Elnima, E. E. (2013). A solution for exterior and relative ori-
entation in photogrammetry: A genetic evolution approach.
Journal of King Saud University — Engineering Sciences, 27(1),
108-113. https://doi.org/10.1016/j.jksues.2013.05.004

Fraser, C. (2015). Advances in close range photogramme-
try. In Photogrametric Week’15 (pp. 257-268). Wichmann/
VDE Verlag. https://phowo.ifp.uni-stuttgart.de/publications/
phowo15/260Fraser.pdf

Jacobsen, K. (2001). Exterior orientation parameters. Journal of
Photogrammetric Engineering and Remote Sensing, 1321-1332.

Jechev, D. (2004). Close range photogrammetry with amateur
cameras. ISPRS Archives, Vol. XXXV, Part B8, 136-138.
https://www.isprs.org/proceedings/XXXV/congress/yf/
yf.aspx

Jiang, R., Jauregui, D. V., & White, K. R. (2008). Close-range
photogrammetry applications in bridge measurement: Litera-
ture review. Measurements, 41(8), 823-834.
https://doi.org/10.1016/j.measurement.2007.12.005

Karara, H. M. (1972). Simple cameras for close range applica-
tions. In Photogrammetric Engineering (pp. 447-451).
https://www.asprs.org/wp-content/uploads/pers/1972journal/
may/1972_may_447-451.pdf

Luhmann, T., Robson, S., Kyle, S., & Harley, I. (2006). Close
range photogrammetry: Principles, techniques and applica-
tions (1% ed.). Whittles Publishing. https://www.researchgate.
net/publication/237045019_Close_Range_Photogrammetry_
Principles_Techniques_and_Applications

Mikhail, E. M., Bethel, J. S., & McGlone, J. C (2001). Introduction
to modern photogrammetry. John Wiley & Sons Inc.
https://www.wiley.com/en-us/Introduction+to+Modern+Pho
togrammetry-p-9780471309246

Mokro$, M, Liang, X., Surovy, P, Valent, P, Cernava, J., Chudy, E,
Tunak, D., Salon, S., & Merganic, J. (2018). Evaluation of close
range photogrammetry image collection methods for estimat-
ing tree diameters. ISPRS International Journal of Geo-infor-
mation, 7(3), 93. https://doi.org/10.3390/ijgi7030093

Mokro$, M., Liang, X., Surovy, P., Valent, P., Cernava, J.,
Chudy, E, Tunék, D., Salon, S., & Merganic, J. (2013). Evalu-
ation of close-range photogrammetry image. International
Journal of Geo-information, 7(3), 1-13.


https://doi.org/10.5194/isprs-archives-XLII-4-W4-1-2017
https://doi.org/10.1016/j.jksues.2013.05.004
https://doi.org/10.1016/j.measurement.2007.12.005
https://www.asprs.org/wp-content/uploads/pers/1972journal/may/1972_may_447-451.pdf
https://www.asprs.org/wp-content/uploads/pers/1972journal/may/1972_may_447-451.pdf
https://doi.org/10.3390/ijgi7030093

Geodesy and Cartography, 2021, 47(2): 71-79

Ruther, H., Smit, J., & Kamamba, D. (2012). A comparison of
close-range photogrammetry to terrestrial laser scanning for
heritage documentation. South African Journal of Geomatics,
1(2), 149-162. https://open.uct.ac.za/handle/11427/25961

Seedahmed, G. H., & Habib, A. E (2015). Linear recovery of
the exterior orientation parameters in a planar object space.
Commission III, WG III/I. https://www.isprs.org/proceedings/
xxxiv/part3/papers/paper123.pdf

Snedecor, G. W,, & Cochran, W. G. (1989). Statistical methods
(8t ed.). Wiley-Blackwell.

Wolf, P. R., Dewitt, B. A., & Wilkinson, B. E. (2014). Elements of
photogrammetry with applications in GIS (4™ ed.). McGraw-
Hill Professional. https://www.accessengineeringlibrary.com/
content/book/9780071761123

Zhang, Z. (2000). A flexible new technique for camera calibration.
In IEEE Transactions on Pattern Analysis and Machine Intel-
ligence, 22(11), 1330-1334. https://doi.org/10.1109/34.888718

79


https://doi.org/10.1109/34.888718

