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ABSTRACT: In this paper, the integration of Image-Based Navigation/GPS Delta Positioning (GPS-DP) is
tested and evaluated for investigating the possibility of carrying out Aerial Triangulation (AT) using low-cost
drone with limited number of GCP's. 98 overlapped aerial images, taken by DJI Mavic 2 PRO drone, with
Hasselblad L1D-20C 20 MP camera & UHD video, from 350 m height, with 8.5 cm ground pixel footprint are
used in this paper, for covering nearly 15 km route. Self-developed Matlab algorithms, Leica Geo Office (LGO)
and Leica Photogrammetric Suite (LPS) software has been used for applying IBN/GPS-DP integration and
evaluating the results. Different number of Ground Control Points (GPS) and intervals have been used for
reliable evaluation of the possibility of reducing the required number of GCP's along the trajectory. Tests have
included utilizing only 6 GCP's, distributed as two equal groups on the two sides of the route, and 9 GCP's,
distributed as 3 equal groups with intervals of 7.5 Km. The obtained results of these two trails have been
compared to the quality of the Object Space Coordinates (OSC's) that obtained using 30 GCP's distributed well
along the route without the integration of IBN/GPS-DP. The results show that employing the integration of
IBN/GPS-DP in AT has on the whole reduced considerably the high-need of GCP's along the trajectory for low-
cost drones. The quality of OSC's with the 9 GCP's test has reached the level of less than 1 & 2 decimeters in
horizontal and vertical, respectively, which are very close to that obtained without the integration of IBN/GPS-
DP, using 30 well-distributed GCP's with interval of 0.5 Km. Tests show that the quality of OSC's decreases as
moving away from the GCP's, reaching the minimum level nearly in the middle of intervals. With 15 Km
interval, the quality of OSC's has relatively been degraded, especially in the middle of trajectory, where IBN
and GPS-DP are error cumulative techniques and require correction after a number of images and time,
respectively. For increasing the quality of results, reducing the required number of GCS's, and increasing the
GCS's intervals, it is recommended to increase the accuracy of IBN using higher camera resolutions, bigger
focal lengths, smaller pixel sizes, and less flying height. Also, carrier phase of GPS+GLONASS observables can
be used instead of GPS alone for more reliable and dependable DP. Self-Calibration Bundle Block Adjustment
(SCBBA) with additional camera calibration parameters can also be investigated for more precise results. To
end with, the integration of IBN/GPS-DP has shown a high ability to reduce considerably the high-need of
GCP's in AT using low-cost drones, which helps to carry out the aerial photogrammetric works in unreachable
or partially accessible areas, reducing cost, effort, and time.
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l. INTRODUCTION
Photogrammetry can be defined as the technique, by which measurements from different types of
photos can be taken, including aerial, space and terrestrial images [1]. These days, the applications of
photogrammetry is used extensively in a wide range of scientific areas, such as topographic mapping,
construction monitoring, engineering geology, medication, safety and security, urban planning and management,
robot navigation, water-bodies monitoring, and Geographic Information System (GIS) data collection [2].
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Using high-resolution images, accurate geo-referencing techniques, precise Automatic Image Matching
(AIM) techniques, and suitable statistical testing and efficient filters, photogrammetry can provide high-quality
real data [3]. Photogrammetry overcomes the conventional surveying techniques in terms of saving time, cost,
and efforts, and it’s a high-ability to cover unreachable, challenging, risky, and hazardous zones. This is of
course behind the main strong point which is providing final 3D products with real and detailed views.
Photogrammetry, on the other hand, needs high-level understanding and training to reach the desired goals,
where the site and processing steps may not be difficult in terms of efforts, but complicated in terms of planning,
programming, and details [4]. The other main drawback is the high-need of Ground Control Points (GCP) for
precise and robust geometry of Self Calibration Bundle Block Adjustment (SCBBA), especially when the
observed Exterior Orientation Parameters (EOP) are not reliable because of using stand-alone GPS receivers or
the integration of low-cost GPS/Inertial Navigation Systems (INS) [5]. These days, drones are used
progressively in photogrammetry for providing ortho-mosaics, Digital Elevation Models (DEM), land detailed
surveying and topographic mapping. Drones that are designed specifically for engineering surveying and
photogrammetric applications tend to be high-priced, as they provided with special features, including high-
resolution metric cameras, high-quality Real Time Kinematic (RTK)-GPS/INS integrated system [3] [4].
Examples of the famous surveying drones are Wingtra-One GEN I1, DJI Phantom 4 RTK, and DJI Matrice 300
RTK [4]. Low-cost drones that are designed for unprofessional intentions can also be used for photogrammetric
applications, and the quality of outcomes depends on the quality of the navigation and vision sensors used.
Example of up-to-date low-cost drones that have become progressively used in photogrammetric applications is
DJI Mavic 2 PRO drone. Even though high-quality surveying drones can depend only on the obtained high-
accurate EOP's and stable Interior Orientation Elements (IOE) for generating the required photogrammetric
products, a number of GCP's tend to be used for more robust and stable geometry. With low-cost drones,
utilizing GCP's is highly-essential for reliable results, where stand-alone GPS code positioning with accuracy of
a few meters tends to be used for determining the camera EOP's. The high-need of GCP's is costly, time-
consuming and may not be possible in some inaccessible areas.

Image-Based Navigation (IBN) is a positioning technique that is based on photos, which is also known
as vision-based navigation and Simultaneous Localization And Mapping (SLAM) in computer and robot
sciences [6]. In general, there are three main steps in IBN, namely intersection, resection, and compound case
which is known as Aerial Triangulation (AT). In intersection solution, the camera EOP's in at least two
overlapped images are known and the aim is to determine the Object Space Coordinates (OSC) of any item
appear in the overlapping area. Each common point forms 4 co-linearity equations in just 3 unknowns, which
are the OSC's of this point. In aerial resection, the EOP's of the two images are unknowns and should be
determined based on GCP's. At least 3 GCP's, that appear in each photo, can be used for determining the 6
EOP's of each image (3D camera center position & 3D rotations), and the overlapping between images is not
necessary, where each image can be solved individually. More than 3 well-distributed GCP's are recommended
to be used and solved using Least Squares Method (LSM) for reliable and dependable results. AT includes both
intersection and resection solutions in an open number of overlapped images, where all observations are bundled
in one SCBBA. Relative Orientation (RO) is another type of AT, in which all the observations are considered as
unknowns with the exception of the EOP's of one image which are regarded as fixed values (usually zeros), and
bundled together in SCBBA. All the results of RO are relative to the EOP's of the fixed image and can be
transformed to absolute values using at least 3 GCP's [6]. IBN starts with resection based on a few GCP's to
determine the cameras EOP's, moving to interaction to determine the OSC's of some matched common points
based on the determined EOP's in the previous step, returning back to resection for determining the EOP's of
the new images, and so on. If the procedure is carried out in real time for determining the drone positioning,
there will be no chance for applying SCBBA for the whole observations from the first image until the last one.
However, in post processing cases, there will be a possibility for applying SCBBA for all observations including
another group of GCP's at the end of the track to band any drifts in IBN. Errors in IBN is cumulative and
increase over time, especially if the processing is controlled by GCP's from one end only and free from the other
end. In case of two-side controlled IBN, the errors can be reduced using SCBBA, where all observations are
bundled together, adjusted and corrected, giving more precise results. In long routes, even with two-end
controlled SCBBA, the errors will be significant in the areas away from the GCP's; thus, in-between GCP's can
be used for better results. Tests and experiments show that the number of GCP's required for precise IBN
depends significantly of the quality of the initial values of EOP's used in SCBBA and their standard deviation
values, where the more precise EOP's, the less GCP's needed from accurate products [2]. Based on that,
considerable number of GCP's is essential with low-cost drones in surveying works, where single frequency
low-cost GPS receivers tend to be used, providing low-quality EPO's [7][8], which make the SCBBA unstable
and geometrically weak.

However, beside the stand-alone code positioning, low-cost GPS receivers can provide carrier phase
observables [9]. Stand-alone double differences carrier phase, known also as GPS Delta Positioning (GPS-DP),
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is the most accurate stand-alone velocity estimation technique based on single frequency stand-alone GPS
carrier phase observables. Precise GPS relative positioning can then be achieved by integrating the velocity over
epoch. DP is a double differences technique including two epochs, two satellites and one receiver. In GPS-DP,
the ambiguity and receiver clock errors are eliminated, whereas satellite clock error, orbit errors, and ionosphere
and tropospheric delays are lowered meaningfully based on the high correlation between these errors over short
time. Multipath effect remains and can be reduced to some extent based on the multipath correlation over time,
whereas receiver noise increases and cumulated [10]. Loosely coupled integration between GPS-DP and stand-
alone GPS code positioning can be applied to enhance the performance of low-cost GPS receivers [9]. Also,
GPS-DP can be integrated with MEMS-Based INS for precise low-coat navigation using Kalman filter [10] The
main weakness of GPS-DP is its dependence, where just relative shifts can be determined. Error growing is
another drawback of GPS-DP, where the shifts are determined for each epoch individually, and added to the
previous shifts for obtaining the present relative location. Moreover, GPS-DP is susceptible to cycle slips, and at
least 3 GPS satellites should be observed between each two adjacent epochs for determining cycle slips-free
stand-alone double differences carrier phase solution [11] [12].

In this paper, the integration between IBN and GPS-DP is investigated, tested and evaluated for
enhancing low-cost drone navigation and reducing the number of GCP's required for robust SCBBA. IBN
equations and steps will be illustrated firstly. Then, the derivation of GPS-DP equations will be explained, and
finally, the integration between the two techniques will be shown as a diagram. All the required data in this
paper has been taken from and based on [4], in which DJI Mavic 2 PRO drone, with 20 MP camera & Ultra-
High-Definition (UHD) video, has been used for covering nearly 15 km route, with 98 overlapped images, taken
from 350 m height and 8 cm ground pixel footprint. The drone has been adjusted by the research group of this
paper to record GPS carrier phase observations based on u-blox GPS chip. 60 precise GCP's and check points
are available in the site, which has been used in the desired manner in this paper. All the essential planning,
flight mission calculations, camera calibration, fixing GCP's & check points, camera time intervals, flight speed,
camera settings and overlapping rates have been explained in details in [4], and just summarized in this paper.
Self-developed Matlab algorithms, Leica Geo Office (LGO) and Leica Photogrammetric Suite (LPS) software
are used for carrying out the suggested integration, processing the collected data, and evaluating the results.

. MATHEMATICAL DESCRIPTION
2.1- IMAGE-BASED NAVIGATION (IBN)

IBN depends completely on photogrammetric co-linearity equations, which include the IOE's of used
camera (focal length & principal point coordinates), the EOP's of each image (3D coordinates of the capturing
station and 3D rotations about the image axes), 2D image coordinates of objects, and 3D OSC's. Co-linearity
equations are nonlinear and need to be linearized to be used with LSM. As explained in the introduction, IBN
can be divided into two steps in real time applications, which are resection and intersection, and 3 steps in post
processing cases, which are resection, intersection, and AT using SCBBA. Co-linearity equations and
linearization can be illustrated as following:

my (X, — X)) + mp (Y —Y) + my3(Z, — Z,)

My (Xg — X1) + mapy (Y — V) + mas(Zy — Z,)
My (Xg — X)) +mpp (Y — V) +mps(Zy — Z,)

F=xa=xy-f

G=Ya=5% fm31(XA =X +mg, (Y — V) + mas(Z, — Z,)
Where,
(%o, Yo), f Principle point coordinates & focal length
xa, ya Object image coordinates of point a
Xay Ya, Za Objects space coordinates of point A
X, Yo, ZL Capturing point coordinates
Mys....M33 Elements of 3D conformal coordinate transformation Cos matrix includes (w, ¢, k)
(w, 9, k) The rotations of the camera about X, Y, & Z axes

These two equations can be generally linearized using Taylor's theorem as following:

F+(6F) d +(6F) d +(0F) d +(6F) d +(6F) d +(aF) dk+(aF) dx, +(6F) ay, +(6F) az
0t \a7), 4 o), 45t Gy,) Yot Gw) 0t 5g), 40t Gk ), ax,), “ T \ay,), T4 \az, ),

0 0

oF oF oF
+ (E)_XL)O X, + (B_YL)O v, + (B_ZL)O dZ, = xa
G +(6—G) df+<a—G) dx +(6—6) dy, +(0—G) dw+(a—6) dq0+(a—6) dk+(a—6) dx, +(a_a) ay, +(a_c;) dz
RCTIN axe/y " \aye/y 0 0w/ ap/, ak/, ax,/, AT \ay,/, A T \azZ, A

G G G
+ (—) dx, + (—) ay, + (—) 7, = ya
0 0 0

0X, ay, 9z,
Where,
Fy, Gy The values of the equation with the initial values used for the unknowns
(0F),, (06), The values of the differentiation of the equation with respect of each unknown using the initial values of unknowns
df, dxg, ... The differences between computed and most probable values of each unknowns
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In the first step of IBN, which is photogrammetric resection, image coordinates (X,, Y,) are measured
values, OSC's (Xa, Ya, Za) are known, EOP's (X, Y\, Z,, w, @, k) are unknown. If the camera IOE's (f, xo, Yo) are
known, at least 3 GCP's should be known, and if the IOE's are unknown or not reliable, at least 4 GCP's should
be in use. With (n) number of GCP's and (m) number of overlapped images, the equations of the IBN's first step
with known IOE's can be written as following, where the number of equations is (2 * n * m) and the number of
unknowns is (6 * m):

0F,., OF,.,, OF., aF;., aF,., 0F,.,
(awlz m)o dosm + (6(,01:,,1)0 dprm + (aklim)o dhem + (ax“:m)o AXiaim + (ay“:m)o Wiaim + (az“:m)0 21 1im
:xaltn_Folzn

(acl:n) d +(661:n) d +(aGl:n> dk +<661:n ) dX +(061:n) dY +( aGl:n ) dZ
wWq. . . . P ram— . .
T T e ik G e V7 T
i :yalzn_GOLn A A A
And with unknown IOE's of (r) number of cameras, the equations can be written as following, where
the number of equations is (2 * n * m) and the number of unknowns is (3* r+6 * m):

aFl:n) aFl:n aFl:n aFl:n aFl:n aFl:n
d,+< )dx01+< >d01+< )dw1+< )dA+( )dk.
<3fm » Vet oo, ), 0 G0, ), PO G, ) it G, ) 40 k),

+( 0F., ) dx +< 0F;. » ) dav +( 0F;.n iz 3 v
0XL1:m/ LM TNOY, 1 0 Lram 0Z,1:m/, L1m = XAn = Forn

aGl:n) 0Gy., 9Gy. 090Gy 090Gy 090Gy
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In the second step of IBN, which is photogrammetric intersection, image coordinates (X, Y.) are
measured values, OSC's (Xa, Ya, Za) are unknown, EOP's (X., Y., Z|, w, ¢, k) of two overlapping images are
known. If the camera IOE's (f, Xo, Yo) are known, the OSC's of each measured point on the overlapping area
between the two images can be determined individually, where 4 co-linearity equations are formed in 3
unknowns. If the IOE's are unknown or not reliable, at least 3 overlapped points should be used where each
point can take one of the 3 IOE's. The equations of the IBN's second step with known IOE's, (n) number of
OSC's and (m) number of overlapped images can be written as following, where the number of equations is (2 *
n * m) and the number of unknowns is (3 * n):

aFl:n aFl:n aF1:n

[<6X1:n)0 dXy.n + (6Y1:n>0 Yy, + (azlzn)o dZ1.n =xa1.— Fy 1:n]1:m
aGl:n aGl:n aG1:n _

[(aX1:n>0 Xm:n + (aylzn)o dyl:n + (azl:n)o le:n =Yay:n — G()l:n]l:m

And with unknown IOE's of (r) number of cameras, the equations can be written as following, where
the number of equations is (2 * n * m) and the number of unknowns is (3*n + 3 *r):

(ap””) d +(6F1=") dx0 +(0F“") dy0 +(6F”) dx +(6F“‘) a, +(6F“‘) dz
[ ofrr/, fiir 9x0,.,/, XU1:p 3y0,.,/, YU1:r Xin), 1:n0 T 1in Zyn/, 1:in

=X~ Fornliim

aGl:n aGl:n aGl:n aGl:n aGl:n aGl:n
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=Ya1.n — Gorinliim

In AT, the results of the two previous steps are used as initial values with weights that are based on the
standard deviation values obtained from the covariance matrix of LSM. This includes image coordinates (Xa, Ya)
for all points, OSC's (Xa, Ya, Za) Of all points, EOP's (X, Y, Z, w, ¢, k) of all images, and IOE's (f, X,, Yo) of
used cameras. The general formulas of AT equations for (n) image points, (m) images, and (r) cameras can be
written as:

aF,. AF;. aF,. oF,, oF,, aF,, aF,. ,
( 1'”) df1:r+( = ) dx01=r+( - ) dy0w+( ”) dXM+( 1”) dY1=n+( ”‘) d21;n+( - ) dw;.
0

afl:r 0 axol:r 0 ayO1:r 0 aXl:n aYl:n 0 aZl:n 0 awl:m 0
aFlITL aFlITL aFl:n aFl:n aFl:n

+( )d:+< )dk:+( )dX:+( )dY:+( )dZ:

091 m 0 Prim Ok1.m 0 tm 0XL1:m 0 L Y 1m o bam 0Z,1:m o Lam

G soom = Foun o 3G 3G G G
( 1) dfm+( 1) dx01:r+( 1‘") dy011r+( 1) dxm+( “‘) le:n+( “‘) dZ1:n+( ”) dw,, ;m
0

afl:r 0 axol:r 0 ay01:r 0 aXl:n aYl:n 0 aZl:n 0 awl: m’,
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All previous equations can be solved using LSM, which can provide useful statistical information
beside the final solution, such as the standard deviation of observations and unknowns. In the case of real time
processing, just sequential resection and intersection steps can be used and there will be no chance for adjusting
the whole observations and unknowns in one SCBBA solution like in the case of post processing. Without
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SCBBA solution, the errors in drone positioning will be cumulative, where all errors in the GCP's, image points,
and I0E's will be reflected directly on the EOP's of the drone.

2.2- GPS DELTA POSITIONING (GPS-DP)
GPS carrier phase equation can be written as [9]:
CPisma = Pena T (dTnuw = dtpya ) + diongyuy + dtropsyey + dorguy + Esme + L*N

Where,

CP i the carrier phase observation (m)

P 60w the true range between receiver (r) and satellite (s) at epoch (k)

c the speed of light

dT e the clock error of satellite (s) at epoch (k)

dt (a0 the clock error of receiver (r) at epoch (k)

dion the ionospheric delay error between receiver (r) and satellite (s) at epoch (k) (m)
dtrop sne the tropospheric delay error between receiver (r) and satellite (s) at epoch (k) (m)
dor the orbit error of satellite (s) at epoch (k) (m)

E o the measurement noise including multipath between receiver (r) and satellite (s) at epoch (k)
L the carrier wavelength (m)

N the unknown integer ambiguity (cycle)

The true range between receiver (r) and satellite (s) at epoch (k) can be written as:

Pend = (K — Xg)? + (V) = Ye)2 + ((Zsy — Zg)D™®
Where, X, Y and Z are the satellite and receiver Cartesian coordinates.

In GPS-DP, the first single differencing is formed between one receiver (r), one satellite (s) and two
adjacent epochs ((k) & (k + 1)). The single differencing equation can be written as:
SD) 1) = CPsryae+n) = CPsrym
[Psroern + (AT~ dtryaen) + dion ey + dtroppwsn + dorsyeern + Egmwsn + L+ N

= [Penw + c(dTmurn= b)) + diongpu + dtropespe + dorge + Egmao + L* N
Where, SD)mx+1k IS single differencing between receiver (r), one satellite (s) and two adjacent epochs ((k) & (k + 1))

From the single differences, the double difference ambiguity is removed as long as the integer
ambiguity remains constant and the receiver keeps lock the satellite signal. Satellite clock error is reduced based
on the stability of the satellite clock over transmission times. Satellite orbit errors are reduced significantly
based on the high correlation between the satellite orbit errors over time. lonosphere and troposphere errors are
reduced to the change in delay across the interval. Multipath remains and can be reduced based on the multipath
correlation over time. However, receiver clock error is doubled and receiver measurements noise increases [10].
The final formula of single differences equation can be written as:

SDyry+rh) = Pty — € Ammerey T Emmaii

The second differencing in GPS-DP is carried out between two single differences, similar to that in
equation (3), cross two satellites (s) and (j). This can be written as:

DD yryk+1iy = SDsymyk+1io = SDyaryck+1io

Po@k+L) — CAtmkern T E@makern = POOK+Le T € Atmar = Epmarsi
Where, DDgsjynw+1i 1S double differences between one receiver (r), two epochs (k+1) & (k), and two satellites (s) & (j).

Receiver clock error is cancelled out in the double differences. This is extremely important for getting
accurate results where the oscillators in low cost receivers vary in frequency with temperature and pressure
making the receiver clock unreliable. The final formula of double differences equation can be written as:

DD(s pymesim) = Pepmwsiiy T Espmesiin

The only unknowns in this equation are the receiver Cartesian coordinates in the two epochs (k) &
(k+1). The changes in the receiver positions between the two epochs can be determined by fixing the
coordinated of the receiver at epoch (k) (as zeros for example) and solving for the receiver coordinated at epoch
(k+1). To determine the relative position of the receiver at epoch (k + 1) from (k), the double differences
equation should be written as:

b=AX +v
Where, b the measurement victor with a size of (number of epochs -1, 1)
X the parameter victor with a size of (number of epochs * 3, 1) which include the change in Cartesian position
A matrix with a size of (number of epoch -1, number of epoch * 3) which relates the parameters to the states
v a vector of random noise with a size of (number of epochs -1, 1)

This equation can then be solved by LSM as:
X=AwATATwb
Where, w the weight matrix with a size of (number of epochs -1, number of epochs -1) which is based on the average satellite
residuals obtained from the stand alone code positioning calculations.

2.3- THE INTEGRATION OF IBN/GPS-DP
The integration of IBN and GPS-DP can be summarized in figures (1), showing and illustrating the forward,
reverse & final integration steps.
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[ Forward integration ]

Space Resection: determining the EOP's (Xi1, Y11, Z11, GPS-DP: determining the precise 3D displacements between the
w1, @1, k1) of the first image using at least 3 GCP's first and second capturing centers

y v

S Determining precise 3D absolute coordinates of second image (Xi2, Y12, Z12) & standard deviation using the absolute <
coordinates of first image (obtained from space resection) & precise 3D displacements (obtained from GPS-DP)

AIM: determining as much as possible well-distributed accurate common points between the first & second images
using image pyramid [13] and filtering out the results based on [14],[15],[16,[17].

AT: image coordinates of the common points, EOP's of the first image, position of the second image (X1, Y12, Z12), & IOE's of the camera
with all standard deviations are bundled together in one SCBBA to determine absolute OSC's, rotations of the second images ( w2, 92, k2),
and the adjusted coordinates of second image center ((X1z, Yiz Z12).

~

AIM: determining as much as possible well-distributed accurate common GPS-DP: determining the precise 3D displacements
points between the second & third images using image pyramid [13] and between 2 and 3 capturing centers
filtering out the results based on [14] [15],[16],[17].

Determining the precise 3D absolute coordinates of third image center (X3, Y13 Z13) & the standard deviation using the absolute
adjusted coordinates of second image (obtained from SCBBA) & precise 3D displacements (obtained from GPS-DP)

v

AT: image coordinates of the common points, EOP's of 2n image, position of 3" image (X3, Y13, Z13), & IOE's of the camera & all standard
deviations are bundled together in one SCBBA to determine absolute OSC's, rotations of 34 images ( w3, ¢3, k3), and the adjusted
coordinates of 3 image center ((X3, Y13 Z13).

v

[ The process continues until detecting other GCP's, even manually or automatically based on coded targets. ]

v

AT: image coordinates of the common points and the detected GCP's, EOP's of the second-last image, position of the last
image (Xim, Yim Zim), & I0E's of the camera with all standard deviations are bundled together in one SCBBA to determine

absolute OSC's, EOP's of the second-lase & last images

Reverse Integration is applied in post processing, where the Final Solution: All results of the forward integration (from
same calculations of the forward integration are carried out image 1 to m/2) and reverse integration (from image (m/2)+1

but starting from the last image moving to the first image. tom) with standard deviations are bundled together in one
SCBBA, getting the final EOP's, IOE's & OSC's.

Figure 1: the integration of IBN/GPS-DP

I11.  TESTING DATA & EVALUATION METHOD

As mentioned before, all testing data used in this paper is based on [4], in which DJI Mavic 2 PRO
drone, provided by Hasselblad L1D-20C camera, has been used for creating Digital Elevation Model (DEM)
and carrying out topographic surveying for an area of 15 km long and 200 m wide. The route has been chosen
by the exploration team in the owner company as an preliminary route for gas and oil pipeline between manifold
station and oil & gas refining and processing plant. The site is an empty desert area located in the South of
Libya and fully with sand dunes that fluctuate in elevations significantly. The data has been collected by the
surveying team at Benghazi University, Civil Engineering Department for the benefit of a local oil and gas
company. The drone is provided with low-cost GPS receiver with circle patch antenna for navigating the drone
in horizontal and vertical direction with accuracy of a few meters in open-sky and multipath-free environments
[8]. Triple frequency Leica GS10 GNSS system has been used in this project for fixing 60 GCP's and check
points along the trajectory with intervals of 500 m. GNSS data has been processed as static carrier phase
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Differential GNSS (DGNSS) technique and based on 6 hours Precise Point Positioning (PPP) reference point.
The GNSS collected data has been processed using LGO software, and the final obtained coordinates as well as
the standard deviation values have been used in the SCBBA calculations in this paper. As for the flight mission
calculations, see [3], [4]. Table (1) illustrates the whole information of the drone, camera, calibration results,
and flight mission features.

Table 1: The whole details of drone, camera, & flight mission features

Hasselblad L1D-20C Camera DJI Mavic 2 PRO
Sensor 1” CMOS Takeoff Weight 907 g
Focal length Actual: 10.3 mm Dimensions Folded: 214 x 91 x 84 mm
Best 1SO value 100 Max speed (no wind) 72 K/h
Shutter speed 8-1/8000 s Max flight time (no wind) 31 min. (25 K/h)
Still image size 5472x3648 Max flight distance (no wind) 18 Km (50 K/h)
Resolution type 4K UHD RTK possibility No
Aperture size 2.8 —1/11 Max wind speed resistance 29 - 38 K/h
Video Quality 4k (30 F/s & 60 F/s) Navigation GPS+GLONASS
Effective pixels 20 MP Exporting GNSS raw data Yes (Adjusted)
Video F/s 30 F/s Flying in specific tracks Yes
Pixel size 2.4 micron Pictures at specific locations No
Camera Calibration
. m -0.1808 mm - 3 0.2602 mm
Principle point x0 +/-0.002 mm Principle point yO +/-0.002 mm
Calibrated Focal length 10.3099 mm+/- 0.004 mm
Flying Mission Features
Area 14860 m * 200 m Number of flight lines 1
Pixel ground footprint 8.cm Number of photos/Line 98
Flight height above MSH 350 m Total number of photos 98
Scale 1:34000 Drone flight speed 10 km/h (2.8 m/s)
Image ground footprint 445 m*295 m Flight time 90 min. (3-4 batteries)
Air base 160 m Camera time interval Video (4k UHD)
Distance between flying lines Just one flight line Number Ofpgﬁtzs & check 30&30
Actual wind speed 6 Km/h Temperature 23C°
Whole area covered 15650 m * 295 m Flight time 11'%%2?}3%’8%3&%9 for

As for the evaluation method, the processing steps mentioned above will be applied firstly using only 3
GCP's at the beginning and other 3 by the end of the trajectory after 15 Km, and all GCP's and check points
available along the route will be used as check points, where their coordinates will be calculated using the
integration of IBN/GPS-DP and compared with the "true" values to determine absolute errors. For precise
evaluation about the effect of the number of GCP's on the integration of IBN/GPS-DP, different intervals
between the GCP's used in the processing have been used, including 15 Km & 7.5 Km. The results of utilizing
30 GCP's along the trajectory (every 0.5 Km) without the integration of IBN/GPS-DP which is applied in [4]
has been also illustrated to help in the evaluation of the suggested integration. For example, with 7.5 Km
interval, 3 groups of 3 GCP's will be used along the trajectory, one at the beginning, one in the middle, and the
last by the end of the route. The results of the two intervals will be illustrated in one figure besides the reference
results of the 0.5 Km to present the differences and the effect of the number and intervals between GCP's on the
integration of IBN/GPS-DP.

V. RESULTS & DISCUSSION

Figure (2) shows the whole results of the IBN/GPS-DP integration, including utilizing different GCP's
intervals. From the figure it is clear that utilizing the suggested integration has in general reduced significantly
the high-need of GCP's along the trajectory for low-cost drones. The quality of check points, with 0.5 Km GCP's
intervals (30 GCP's) and without the integration of IBN/GPS-DP, has reached RMSE of 0.12 m & 0.18 cmin
horizontal and vertical, respectively based on [4]. With IBN/GPS-DP integration and using only 6 GCP's; 3 at
the beginning and 3 at the end of the trajectory, the absolute error of check points has reached 0.63 m and 0.91
m in horizontal and vertical, respectively as a maximum in nearly the middle of the trajectory, and averaged
about 0.27 m and 0.41 m in horizontal and vertical, respectively as an overall average. It can be seen that the
RMSE of check points increases as moving away from the start and end points, which include the GCP's, where
the errors in the two integrated techniques, namely IBN and GPS-DP are cumulative and the only banding factor
in this idea is observing the GCP's; thus, the greater the distance from the controlled areas, the bigger RMSE can
be obtained. If the whole trajectory is divided into three equal zones, with only 6 GCP's, IBN/GPS-DP helps to
provide OSC's with averaged absolute error of 0.135 m and 0.22 m in horizontal and vertical, respectively for
the first and last 5 Km, and averaged absolute error of 0.39 m and 0.61 m, respectively for the middle 5 Km.
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Figure 2: The absolute errors of check points with GCP's intervals of 15 Km, 7.5 Km & 0.5 Km

With 9 GCP's, distributed as 3 equal groups with intervals of 7.5 Km, the integration of IBN/GPS-DP
has helped to improve the quality considerably, providing OSC's with maximum horizontal and vertical absolute
error of 0.29 m and 0.41 m, respectively and averaged absolute error of 0.13 m & 0.19 m, respectively along the
route. The absolute error near the GCP's areas reduce considerably, averaging about 0.07 m and 0.10 m for
horizontal and vertical, respectively. This quality obtained from the integration of IBN/GPS-DP with only well-
distributed 9 GCP's is very close to the that obtained from the typical photogrammetric processing applied in [4]
with 30 GCP's distributed well along the pipeline route. This can be referred mainly to the high-importance of
providing the typical photogrammetric solutions with controlled and accurate positioning for the capturing
centers alone the trajectory, with precise standard deviations, which may not be possible with the conventional
degraded stand-alone GPS code positioning utilized in low-cost drones.

V. CONCLUSION & RECOMMENDATIONS

In this paper, the integration of IBN/GPS-DP has been investigated, tested and evaluated for enhancing
low-cost drone navigation and reducing the number of GCP's required for robust SCBBA. The whole processed
data in this paper has been based on previous applied project, in which 98 overlapped aerial images, taken from
350 m height with 8 cm ground pixel footprint have been captured for covering nearly 15 km route. The site is
an empty desert area located in the South of Libya and fully with sand dunes that fluctuate in elevations
significantly. DJI Mavic 2 PRO drone, with Hasselblad L1D-20C 20 MP camera & UHD video has been used
for carrying out the flight mission. The drone has been provided by additional u-blox GPS receiver for recording
GPS carrier phase observations. Self-developed Matlab algorithms, LGO and LPS software has been used for
carrying out the suggested integration, processing the collected data, and evaluating the results. Different
number of GCP's and intervals have been used for evaluation the capability of the IBN/GPS-DP integration for
reducing the need of GCP's along the trajectory. This has included utilizing only 6 GCP's, distributed as 3 GCP's
at the beginning and the rest by the end of the trajectory after 15 Km, and 9 GCP's, distributed as 3 equal groups
with intervals of 7.5 Km. The obtained results of these two trails have been compared to the quality of the
OSC's that achieved using 30 GCP's distributed well along the route without the integration of IBN/GPS-DP.

The results show that utilizing the integration of IBN/GPS-DP has in general reduced significantly the
high-need of GCP's along the trajectory for low-cost drones. The quality of check points with only 9 GCP s,
distributed as 3 equal groups along the route with interval of 7.5 Km, has been very similar to that obtained
without the integration of IBN/GPS-DP using 30 well-distributed GCP's with interval of 0.5 Km. Tests show
that the quality of OSC's decreases with increasing the distance from the GCP's, reaching the minimum nearly in
the middle of intervals. With 15 Km interval between GCP's, the quality of OSC's has been relatively degraded,
especially in the middle of trajectory, where the two integrated techniques are error-cumulative and based only
on GCP's to band the drifts. For increasing the quality of the results, reducing the required number of GCS's, and
increasing the GCS's intervals, it is recommended to increase the quality of the aerial images using higher
camera resolutions, bigger focal lengths, smaller pixel sizes, and less flying height. These factors can help to
improve precision of the automatic image matching, providing more accurate image coordinates, and as a
consequence, more precise IBN can be achieved. Also, carrier phase GPS+GLONASS observables can be used
instead of that of GPS alone, which can help for providing more reliable and dependable delta positioning.
SCBBA with additional camera calibration parameters can also be investigated for more precise results, where
this can help to enhance the quality of image coordinates. Finally, the integration of IBN/GPS-DP has shown a
good ability to reduce significantly the high-need of GCP's in aerial triangulation using low-cost drones, which
helps to reduce the cost, effort, and time, and carry out the aerial photogrammetric works in inaccessible or
partially accessible areas.
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