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POS Assisted Aerial Triangulation Method for Single
Flight Strip Without Ground Control Points

Jianchen Liu , Rumeng Li , and Wei Guo

Abstract—In scenarios such as road detection and emergency
mapping, single strip photogrammetry without ground control
points (GCPs) can effectively improve data acquisition efficiency.
Positioning and orientation system (POS) assisted single strip aerial
triangulation utilizes relative orientation to construct a strip model.
However, due to factors such as cumulative errors, the strip model
can experience distortion. The distortion affects the accuracy of
aerial triangulation solutions and can even render the results un-
available. In addition, the attitude data from POS may not be
precise enough, especially the yaw angle. To address this issue, this
article proposes a POS assisted aerial triangulation method for
single flight strip without GCPs. This method establishes an error
correction model. By utilizing the exterior orientation elements
observed by the POS system, this method corrects the less accurate
position and attitude parameters obtained after relative orienta-
tion. This correction process results in obtaining high precision
exterior orientation elements for the images. Moreover, the error
correction model maintains a constant number of parameters,
regardless of the quantity of images, with only 18 parameters, thus
ensuring efficient model solving. Ultimately, through experimental
validation, it has been demonstrated that the method proposed in
this article has improved the overall accuracy by approximately
13.22% and 17.72% compared to traditional POS assisted bun-
dle adjustment methods under different flight strips and varying
attitude angle errors, separately.

Index Terms—Aerial triangulation, positioning and orientation
system (POS) assisted, single flight strip, without ground control
point (GCP).

I. INTRODUCTION

THE advancement of photogrammetry technology has
raised higher demands for efficiency and accuracy in three-

dimensional (3-D) modeling, particularly in fields of emergency
rescue and mobile surveying [1], [2]. In the traditional pipeline
of 3-D reconstruction, multistrip data can provide forward over-
lap information and lateral overlap information. However, in
the case of elongated and narrow terrains, such as railways,
highways, rivers, or specific scenarios such as pavement dis-
tress detection and emergency mapping, the acquired single
strip image data provide only forward overlap information [3].
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Fig. 1. Comparison of POS Observational strip model with relative orientation
strip model. (a) POS observational. (b) Relative orientation.

Furthermore, the construction of the flight strip model relies on
dependent relative orientation, a crucial step in photogrammetry
[4], [5]. Its objective is to determine the relative position and
orientation between neighboring images [6], this can directly
affect the quality and accuracy of subsequent mapping tasks [7].
However, due to the process of relative orientation, errors often
accumulate with the increasing number of images within the
strip. This ultimately results in the deformation of the strip model
and the low accuracy of the solved image external orientation
(EO) element. As shown in Fig. 1, (a) represents the strip model
obtained through aerial triangulation assisted by the navigation
positioning and orientation system (POS) and (b) represents the
strip model obtained through relative and absolute orientation.
It is evident that strip (b) exhibits significant deformation com-
pared to strip (a), indicating lower image EO accuracy achieved
through relative orientation. Therefore, in the case of single strip,
how to eliminate the deformation of the flight strip due to the
accumulation errors in the relative orientation, and improve the
stability of the flight strip model and the accuracy of the solution
are the difficulties content of the present research.

As the global navigation satellite system (GNSS) and inertial
measurement unit (IMU) continue to advance [8], the utilization
of POS assisted aerial triangulation has the potential to reduce
the necessity for ground control points (GCPs) and improve
efficiency [9], [10]. In addition, the outcomes of aerial triangu-
lation without GCPs can generally meet the accuracy demands
of most photogrammetric products [11], [12]. However, due
to the cost constraints associated with IMU or inherent yaw
angle system errors [13], attitude data often lacks the necessary
precision. In such instances, single strip aerial triangulation may
be confronted several issues. First, using POS data as the initial
values for bundle adjustment (BA) can significantly impact the
accuracy of aerial triangulation [14]. Although it is possible
to directly weight image exterior orientation (EO) during the
solution process, this approach has its drawbacks. When given
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weights are excessively large, the EO correction value becomes
very small. In such cases, if the initial value lacks sufficient
accuracy, it directly affects the accuracy of the BA solution and
may even lead to a failure. Conversely, when given weights are
too small, obtaining accurate results also becomes challenging.
Second, utilizing the outcomes of relative orientation as the
initial values for BA, the cumulative errors from relative ori-
entation can result in the deformation of the constructed strip
model, causing the accuracy of the solution results to fall short
of practical application requirements.

To address the aforementioned problems, this article intro-
duces a POS assisted single strip aerial triangulation method
without GCPs that considers the accumulation error in relative
orientation. This method builds upon traditional techniques by
correcting the cumulative error in relative orientation. While
POS can provide precise positional information, accurate rel-
ative attitude information can be acquired through relative
orientation. Therefore, the approach presented in this article
aims to leverage the strengths of these two methods to achieve
highly accurate image EO. This method can mitigate flight strip
curvature and improve geometric accuracy by employing POS
data to assist single strip aerial triangulation. An error correction
model is established by combining the POS data with the relative
orientation, which accounts for the cumulative error in relative
orientation. In contrast to the mathematical model of traditional
BA, the number of unknowns in this method is independent of
the number of images. As a result, the size of the normal equation
coefficient matrix is significantly reduced.

The rest of this article is structured as follows: In Section II,
this article discuss existing POS assisted single strip aerial trian-
gulation methods and relative orientation. Section III describes
the proposed method and its key steps in detail. In Section IV,
this article conducts several experiments to verify the effec-
tiveness of the method and evaluate its performance. Finally,
Section V concludes this article.

II. RELATED WORK

At present, aerial triangulation methods are mainly sum-
marized into three types: the direct georeferencing (DG)
method; relative and absolute orientation method; and POS
assisted BA method [15]. The DG method uses the air-
borne GNSS and the IMU to acquire the EO elements
of the images [16]. The relative and absolute orientation method
obtains the EO elements of the images by solving the coplanarity
conditional equations. The POS assisted BA method uses only
the POS data and tie points to compute the EO elements of
the images. The method proposed in this article is related to the
relative and absolute orientation method and the traditional POS
assisted aerial triangulation method.

Relative orientation is one of the most important steps in the
field of photogrammetry [17]. Currently, the widely used relative
orientation methods can be divided into two steps. The first step
involves determining the values of the essential matrix elements
by solving a linear system of equations using sufficient corre-
sponding feature points. The second step involves a non-linear
method to recover the relative orientation parameters (i.e., three

translation parameters and the rotation matrix) from the essential
matrix. The essential matrix solved by linear methods with eight
corresponding points was first introduced by Longuet Higgins
[18]. Subsequently, Nister [19] proposed an effective five point
method for solving the essential matrix. However, in the case
of purely rotational motion, the essential matrix approach to
estimating the relative orientation parameters is inadequate [20].
As an alternative, methods that do not use the essential matrix
have been proposed by Kneip and Lynen [21], which either
estimate the relative attitude using quaternionsor make use of
the epipolar constraint. However, in the absence of auxiliary
data, the relative orientation of a single strip can easily cause the
bending deformation [22] due to accumulated errors.

The POS system can obtain the real-time imaging positions
and attitudes from sensors, and have been widely used in POS
assisted BA methods. The more accurate EO elements of the
image can be obtained through BA without GCPs. This has
promoted the development of UAV photogrammetry in reducing
the number of GCPs or not setting up GCPs. To solve the problem
of bending deformation in flight strip, a lot of work has been
carried out on POS assisted aerial triangulation. He et al. [23]
proposed a framework for automated aerial triangulation for
UAV photography. This framework can be superior in providing
3-D models when using UAV images that contain repeating pat-
terns and significant image distortions. Turner et al. [24] showed
the results of processing high resolution UAV images using
PhotoScan and Pix4D softwares, and an Bundler method without
GCPs. Tanathong and Lee [25] used GPS/INS data to improve
the accuracy and speed of aerial triangulation. Wierzbicki [26]
introduced displacement deviation error measurements to aerial
triangulation. Choi and Lee [27] proposed an incremental aerial
triangulation method that produces accurate results in real time
using traditional aerial triangulation Further, Forlani et al. [28]
presented a ground photogrammetry method without utilizing
GCPs. The on the job camera self-calibration using BA method
also has a significant impact on accuracy [29]. Due to the cost
constraints of IMU and their inherent systematic errors, accurate
initial values are usually not available before the BA process.

The development of photogrammetric technology is very
rapid, and various methods have been proposed to process
specific data. But there are fewer researches on POS assisted
single strip aerial triangulation. To address the above issues,
this article seeks to obtain an accurate result of the flight strip
model by developing an error correction model, and this article
combines the advantages of the relative orientation and the POS
assisted aerial triangulation method. The error correction model
in this article is constructed based on the polynomial model,
which has the advantages of simplicity, efficiency, and reducing
the number of unknowns.

III. METHODOLOGY

A. Overview of Proposed Approach

The method proposed in the article combines POS data with
relative orientation results to build a single strip error correction
model. This method effectively addresses the issue of error accu-
mulation. Furthermore, this method not only reduces the number
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Fig. 2. Overall workflow of the proposed approach.

of parameters, thereby improving computational efficiency, but
also demonstrates significantly improvement compared to tra-
ditional methods. The technical pipeline of the POS assisted
aerial triangulation method for a single strip without GCPs is
illustrated in the Fig. 2.

First, relative orientation is performed. To unify the coordinate
system, the POS data is used for absolute orientation to obtain the
initial image EO. The cumulative error of relative orientation is
related to the number of the images, it increases with the distance
between the current image and the reference image. Therefore,
this method establishes the error correction model of the image
EO for a single strip, and the initial values of the parameters in
the error correction model are fitted according to the POS data
and the initial image EO. Then, the collinearity equations were
constructed for POS assisted single strip BA, where the image
point coordinates are observations, the 18 parameters of the error
correction model and the object point coordinates are unknowns.
Finally, the optimal coefficients of the error correction model are
obtained, so that the accuracy of the image EO is improved.

B. Single Strip BA Model Considering Cumulative Errors

For single flight strip, with the first image as the reference,
the farther away from the first image, the larger the cumulative
error of the image EO will be. Therefore, in this article, from the
mechanism of relative orientation cumulative error, the proposed
method constructs the POS assisted single strip BA model with
consideration of the relative orientation cumulative error. This
model can eliminate the influence of relative orientation cumu-
lative error in the BA process, and improve the solving accuracy
of the POS assisted single strip BA. The error correction model
is as follows:

ΔXt = X0 +X1t+X2t
2

ΔYt = Y0 + Y1t+ Y2t
2

ΔZt = Z0 + Z1t+ Z2t
2

Δyawt = yaw0 + yaw1t+ yaw2t
2

Δpitcht = pitch0 + pitch1t+ pitch2t
2

Δrollt = roll0 + roll1t+ roll2t
2 (1)

whereX0, X1, X2 . . . .roll0, roll1, roll2 represent 18 parameters
in the error correction model; t indicates the distance from
the reference image; and ΔX,ΔY,ΔZ,Δyaw,Δpitch,Δroll
represent the error corrections of EO.

The process of solving the error correction model is similar
to the basic principle of traditional BA, and its mathematical
model relies on collinearity equations. It establishes the collinear
relationship among three elements: the projection center, the
image point, and the object point. The general equation of the
collinearity condition is as follows:

x− x0 = F1 = −f
U

W
= −f a1(X−Xs)+b1(Y −Ys)+c1(Z−Zs)

a3(X−Xs)+b3(Y −Ys)+c3(Z−Zs)

y − y0 = F2 = −f
V

W
= −f a2(X−Xs)+b2(Y −Ys)+c2(Z−Zs)

a3(X−Xs)+b3(Y −Ys)+c3(Z−Zs)
.

(2)

In the equation, (x, y) denotes the coordinates of the image
point, (x0, y0) denotes the coordinates of the image principal
point, f represents the focal length, (X, Y, Z) denotes the coordi-
nates of the ground point, (Xs, Ys, Zs) denotes the coordinates
of the center point of the photography, and ai, bi, ci (i = 1,2,3)
are the elements of the 3 × 3 rotation matrix R generated from
the three attitude elements in the image EO.

According to parameters of the corresponding error correc-
tion model, the new image EO can be obtained by adding the
corrections. This is shown in the following equation:

Xs = Xrel +ΔXt

Ys = Yrel +ΔYt

Zs = Zrel +ΔZt

yaws = yawrel +Δyawt

pitchs = pitchrel +Δpitcht

rolls = rollrel +Δrollt (3)

where Xs, Ys, Zs, yaws, pitchs, rolls denote the new im-
age EO obtained by the error correction model and
Xrel, Yrel, Zrel, yawrel, pitchrel, rollrel denote the initial image
EO.
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Fig. 3. Structure diagram of the coefficient matrix of the error equation.
(a) Traditional aerial triangulation method. (b) Processed method.

C. The Solution of Single Strip BA Model

Since the equations of the error correction model are nonlinear
functions, it must be linearized in order to facilitate leveling
calculations and applications. After linearization the error and
normal equations can be obtained.

Suppose there are 4 images and 10 numbered object points (i
= 1, 2, 3, 4, 5, 6, 7, 8, 9, 10), these 10 object points are projected
on these 4 images with a total of 26 image points. Of these, six
object points, numbered 1, 2, 4, 6, 8, and 9, were imaged on the
first image. Six object points, numbered 1, 3, 5, 6, 7, and 10, were
imaged on the second image. Seven object points, numbered 1,
2, 5, 6, 8, 9, and 10, were imaged on the third image. Seven
object points, numbered 2, 3, 4, 5, 6, 7, and 8, were imaged
on the fourth image. Linearization of the collinearity equations
formed by each image point can form the error equation, whose
expression is shown in

V
2×1

= A
2×18

X
18×1

− L
2×1

, P (4)

where V represents the residual vector of all observed
values, and X = [X0 X1 X2 . . . roll0 roll1 roll2]

T

denotes the matrix of unknowns correction value.
A = [a1−1 a1−2 a1−3 . . . a1−16 a1−17 a1−18

a2−1 a2−2 a2−3 . . . a2−16 a2−17 a2−18
]
T

denotes-
the coefficient matrix of parameters (matrix of partial derivatives
of parameters). L = [ximgpt yimgpt]

T denotes the matrix of
observations. P denotes the weight matrix (2×2) of the image
point. All the error equations form a system of error equations,
whose coefficient matrix is shown in Fig. 3, where (a) represents
the coefficient matrix of the error equation of the traditional
aerial triangulation method, and (b) represents the coefficient
matrix of the error equation of the proposed method in this
article.

Combined with the principle of least squares, the normal
equation can then be obtained, and its coefficient matrix structure
is shown in Fig. 4, where (a) represents the coefficient matrix
structure of the normal equation of the traditional aerial triangu-
lation method and (b) represents the coefficient matrix structure
of the normal equation of the method proposed in this article.

As can be seen from Fig. 4, there are m images and n ob-
ject points, the dimension of the coefficient matrix in normal
equation of traditional BA method is (6m + 3n) × (6m +

Fig. 4. Structure diagram of the coefficient matrix of the normal equation.
(a) Traditional aerial triangulation method. (b) Processed method.

Fig. 5. Schematic diagram of Inner Mongolia Desert experimental survey area.

3n). The dimension of the coefficient matrix is related to both
the number of images and the number of object points. The
normal equation coefficient matrix for the method proposed in
this article is (18 + 3n) × (18 + 3n), and its dimension of the
coefficient matrix is related to the number of object points only.
Therefore, the dimension of matrix decreases of the method
in this article is reduced and the computational efficiency is
improved.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Description of Experimental Data

In order to verify the accuracy and reliability of the method
proposed in this article, the experiment is verified with data
collected from two experimental areas. These two areas are:
the desert region of Inner Mongolia and the campus of Shan-
dong University of Science and Technology. The experiment
mainly used three traditional methods to compare the accuracy
of proposed method. The three methods are: GPS/IMU direct
geographic orientation method (method I), relative and absolute
orientation method (method II), and POS assisted BA (method
III). The following are overviews of the experimental areas and
the detailed parameters of them are given in Table I.

1) Desert Region of Inner Mongolia: The experimental area
is shown in Fig. 5. This region contains multiple flight
strips, but the focus of this article is on a single flight strip.
Therefore, five comparative experiments were conducted
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TABLE I
DETAILS PARAMETERS OF THE TWO EXPERIMENTAL AREA

Fig. 6. Schematic diagram of Shandong University of Science and Technology
experimental survey area.

on five flight strips. Each flight strip consists of 14 images,
in which flight strip 1 providing 12 checkpoints (CPs);
strip 2 providing 12 CPs; strip 3 providing 6 CPs; strip 4
providing 10 CPs; and strip 5 providing 10 CPs.

2) Shandong University of Science and Technology: The
experimental area is shown in Fig. 6. The coverage area
contains one flight strip with 26 images, and provides
16 CPs. The coordinates of all CPs in this experiment
were obtained through field measurements using real-time
kinematic (RTK) techniques with the WGS84 coordinate
system.

3) The experimental data for various lengths of the same
flight strip in the Shandong University of Science and
Technology experimental area is presented in this group of
experiments. Three long flight strips, namely strip I, strip
II, and strip III, were selected. For each strip, three dif-
ferent lengths were chosen: strip 1 comprised 16 images;
strip 2 comprised 26 images; and strip 3 comprised 36
images. The data for this set of experiments is illustrated
in Fig. 7.

B. Initial Values and Weights of Model Parameters

The accuracy of the initial values of the parameters in the
error correction model will directly affect the accuracy of the
final solution. To determine the initial values of the parameters
with high accuracy plays a crucial role in the effectiveness of the
method in this article. This article adopts the principle of least
squares fitting to determine the initial value of the parameters

Fig. 7. Schematic diagrams of different lengths of the same flight strip.

in the error correction model. The difference between the image
EO obtained by POS and initial image EO is first calculated, as
shown in (5). Then, combining (5) and (1) with at least 3 images,
an initial value of 18 parameters can be fitted by least squares.
In (5), Xpos, Ypos, Zpos, yawpos, pitchpos, and rollpos denote the
image EO observed by POS data

Xpos −Xrel = ΔXt

Ypos − Yrel = ΔYt

Zpos − Zrel = ΔZt

yawpos−yawrel = Δyawt

pitchpos−pitchrel = Δpitcht

rollpos−rollrel = Δrollt. (5)

The fitting effect of the initial values is shown in Fig. 8.
The left graph represents the image EO difference between the
POS and the initial image EO. The right graph represents the
corrected value of the image EO fitted by the error correction
model proposed in this article. It can be seen that the overall
direction in these two graphs is consistent, which indicates that
the error correction model proposed in this article has practical
significance.

In traditional BA, the design of the weights for the observa-
tions and parameters will directly affect the quality of the results.
Therefore, appropriate weights need to be given to different
variables to obtain more accurate solution results. While in



LIU et al.: POS ASSISTED AERIAL TRIANGULATION METHOD FOR SINGLE FLIGHT STRIP WITHOUT GROUND CONTROL POINTS 6333

Fig. 8. Diagram of error correction model parameters. fitting effect. (a) Actual
value. (b) Fitted value.

Fig. 9. Layout diagram of CPs in the Inner Mongolia Desert survey area.

TABLE II
OVERALL ACCURACY IMPROVEMENT RATIO OF PROPOSED METHOD

COMPARED TO TWO TRADITIONAL METHODS

the process of solving the parameters using the collinearity
equations, due to the large yaw angle error in the POS data, the
method proposed in this article needs to give different weights to
the image EO. The yaw angle weight involved in the calculation
is smaller than the other parameters, which can minimize the
impact due to the yaw angle error.

By multiplying the N11 part of the upper left corner of the
coefficient matrix in Fig. 4(b) by a diagonal weight matrix. It is
equivalent to adding a weight coefficient directly to the diagonal
of coefficient matrix. This not only greatly reduces the workload,
but also has a design that utilizes the weights of each parameter in
the normal equation. This also ensures the positive definiteness
of the normal equation coefficient matrix and the stability of the
solution.

C. Results and Analysis in the Area of Inner Mongolia Desert
Area

In this experimental area, the layout of the CPs is schemati-
cally shown in Fig. 9, and the accuracy of results using different
methods are shown in Fig. 10. Table II gives the effect of the
accuracy improvement in this method with respect to the other
two traditional methods.

As shown in Fig. 10 and Table II, the following conclusions
can be derived. Method I, due to the influence of position and
attitude error in POS data, the accuracy of this method’s results
does not meet the needs of practical applications. While the
attitude angle data of method II is obtained by relative orienta-
tion, and its accuracy is improved compared with the method I.
POS assisted BA is currently the mainstream method for solving
aerial triangulation process and offers the best solution accuracy
among the three traditional methods. It is concluded that the
POS assisted single strip BA model proposed in this article
has a higher solution accuracy than the other three traditional
methods when no GCP is involved. The proposed method im-
proves 13.17%-35.74% compared with method II, and improves
3.50%-26.22% compared with method III.

On average, in terms of planimetric accuracy, as shown in
Fig. 10(a). The proposed method improves 33.92% compared
with method II and 12.9% compared with method III. And in
terms of elevation accuracy, as shown in Fig. 10(b). The pro-
posed method has different degrees of improvement compared
with Method II and Method III, which are 22.59% and 14.14%,
respectively.

D Results and Analysis in the Area of Shandong University of
Science and Technology

In the experimental area of Shandong University of Science
and Technology, there are 16 CPs, and the layout of CPs in the
area is shown in Fig. 11. In order to verify the effect of proposed
method compared with other methods in different accuracy of
attitude angle cases, this experiment adds different ranges of
Gaussian errors to the POS data. Table III and Fig. 12 show the
image EO accuracy results obtained by the four methods after
adding different Gaussian errors.

Combining the results of four groups of data with different
attitude angle errors added in Table III and Fig. 11. It can be
concluded that the method proposed in this article improves
2.31%, 21.49%, 32.42%, and 14.66%, respectively, compared
with method III. Among them, the improvement of the first
group with the proposed method is not good. This is because
the data used in the first group of experiments is the original EO
of the image and no error is introduced. The later three groups
of experiments can be seen that, within a certain error range, the
larger the error of attitude angle addition, the more significant
the improvement effect of the proposed method is. However,
it should be noted that in the fourth group of experiments, the
improvement effect of proposed method is slightly decreased
compared with the former two groups of experiments. This
is because the introduced attitude angle error in this group of
experiments is too large, resulting in poor initial accuracy of EO
parameters in BA. Consequently, the proposed method cannot
fully eliminate the impact of cumulative errors in this scenario.

Fig. 13 depicts the effect of comparing the flight strip model
obtained using method II and the proposed method with the
flight strip model obtained from the original POS data. In this
figure, the blue line indicates the flight strip model obtained by
method II, the red line indicates the flight strip model obtained
by the proposed method, and the black line indicates the flight



6334 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

Fig. 10. Analysis of Experimental Accuracy in the Inner Mongolia Desert Region. GPS/IMU direct geographic orientation method (Method I), relative and
absolute orientation method (Method II), and POS assisted BA (Method III).

TABLE III
ANALYSIS OF EXPERIMENTAL ACCURACY IN SHANDONG UNIVERSITY OF SCIENCE AND TECHNOLOGY

Fig. 11. Layout diagram of CPs in Shandong University of Science and
Technology.

strip model observed by POS. It can be seen from this figure
that the flight strip model after relative orientation has a large
deformation comparing the POS data. Through the improvement
by proposed method, the position of the obtained flight strip
model is closer to the POS data. It indicates that the proposed
method successfully eliminates the effect of cumulative error,
making the position of the flight strip closer to the real situation.
In addition, the shape of the flight strip model obtained by the
proposed method is closer to that obtained by method II. It

Fig. 12. Comparison of the results of the two methods at different accuracy
attitude angles. (a) Total RMSE. (b) Improve ratio.

indicates that the proposed method retains the accurate relative
position relationship in method II. In summary, the proposed
method can eliminate the influence of the accumulated errors of
method II on the flight strip model without losing the relative
position relationship.

E. Results and Analysis of the Same Flight Strip With
Different Lengths

In order to verify the effectiveness of this article method in
improving the bending of the flight strip under different image
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Fig. 13. Comparison of the strip models obtained using the two methods.

TABLE IV
ANALYSIS OF EXPERIMENTAL ACCURACY IN THE CASE OF DIFFERENT

LENGTHS OF THE SAME FLIGHT STRIP

TABLE V
PERCENTAGE OF ENHANCEMENT IN THIS ARTICLE METHOD COMPARED TO

METHOD II

numbers. In this experiment, three sub-strips with different
numbers of images are intercepted in the same flight strip, and
three different flight strips are selected to repeat the experiment.
The results of the experiment are shown in Table IV and Fig. 14.
Table V and Fig. 15 depict the improvement in flight strip
bending achieved by the proposed method compared to Method
II, considering various lengths of the same flight strip.

Table V and Fig. 16 illustrate that as the flight strip length
varies, the proposed method shows increasingly enhanced ac-
curacy compared to method II, particularly evident with longer
flight strips. As the flight strip length expands from 16 to 26
and 36, when compared to method II, the improvement ratio
in experimental accuracy for the proposed method escalates
from 29.89% to 35.79% and 39.35% in Strip I. For strip III, the
experimental accuracy improvement ratio of proposed method
over method II increases from 13.26% to 17.71% and 36.64%.
The bending of the flight strip results from error accumulation
during the model construction in relative orientation. It can be
concluded that the method proposed in this article effectively
mitigates error accumulation, addressing the issue of flight strip
bending. Moreover, the improvement becomes more obvious
with longer flight strips. Among them, in strip II, the experi-
mental accuracy improvement ratio of proposed method over
method II increases from 39.6% to 44.89% and 44.25%. In this
strip, the improvement ratio has a decreasing trend, which is
caused by the uneven distribution of CPs in this strip, and this
decreasing trend is within the normal range.

Fig. 15 is a schematic diagram of the flight strip model
constructed by the method of this article with method II and
method III. In Fig. 15(a), there are only 16 images in this flight
strip. From the last section of the flight strip, it be seen that the
flight strip model obtained by proposed method is closer to the
flight strip model obtained by method III compared to method
II, but it is very insignificant. In Fig. 15(b) and (c), the number
of images in the flight strip increases from 16 to 26 and 36. This
demonstrates that the flight strip model obtained through the
proposed method closely aligns with method III, and the trend
of convergence becomes increasingly evident. This validates the
effectiveness of the proposed method in addressing flight strip
bending, especially in cases of longer flight strip lengths.

V. DISCUSSION

This article innovatively proposed a POS assisted aerial tri-
angulation method for single flight strip without GCPs. This
method effectively eliminates the influence of error accumula-
tion on the flight strip by relative orientation method, and solved
the problem of the flight strip deformation. The main contribu-
tion of this article lies in the combination of the advantages of
relative method and traditional aerial triangulation. As a result,
this article will be able to obtain a high-quality flight strip model
that is not affected by the accumulation of errors in the relative
orientation methods. In addition, the number of unknowns in the
solution process is independent in the number of images, which
greatly improves the computational efficiency.

This method has the following limitations. It relies on the
accuracy of POS data, and when the accuracy of POS data is
low, the improvement effect of the method is not significant. In
addition, the improvement effect of the method in this article
will be more obvious in the case of long flight strip, but due to
the limited data conditions, the longest only 36 images are used
in the experiments of this article.
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Fig. 14. Accuracy under different methods for three flight strips. (a) Strip I. (b) Strip II. (c) Strip III.

Fig. 15. Visualization of the effect of this article method to improve the
bending effect of the flight strip. (a) Strip 1. (b) Strip 2. (c) Strip 3.

VI. CONCLUSION

While traditional POS assisted single strip aerial triangulation
methods have addressed the reliance on GCPs, they have not con-
sidered the issue of error accumulation during the construction
of relative orientation models. Therefore, this article proposes a
method of POS assisted single strip aerial triangulation taking
into account the cumulative error of relative orientation to solve
the problem. The method fully considers the effect of relative
orientation accumulation error and introduces it into the BA
model for solving. The solving accuracy is further improved
based on traditional POS assisted BA. In two regions, Inner

Fig. 16. Line graph of the improvement effect of this method compared to
method II.

·Mongolia Desert Region and Shandong University of Science
and Technology, three different traditional methods were se-
lected to experimentally compare and comprehensively analyze
with the proposed method. The conclusions reached are shown
as follows.

1) In the desert region of Inner Mongolia, the five flight
strips in the region were experimented separately. The
final experiment can show that the accuracy of proposed
method is improved by 24.95% on average compared with
the relative orientation and absolute orientation method
and by 13.22% on average compared with the POS assisted
BA.

2) In the area of Shandong University of Science and Tech-
nology, when the attitude angle is increased to a small
interval of (0.001–0.1) error, with the gradual increase of
the error, the method of this article compared to the POS
assisted BA gradually increases the degree of enhance-
ment, from the enhancement of 21.49% to enhancement
of 32.42%. However, when the angle of the attitude add the
error is too large (0.1–0.5), the proposed method compared
to the POS assisted BA only improves 14.66%.

3) In the third set of experiments, this article can clearly
conclude that when there are more than three images in
the flight strip, the more images in the strip, i.e., the longer
the flight strip, the more obvious the effect of the proposed
method to improve the bending phenomenon of the flight
strip.
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As a result of the above experiments, the solution accuracy of
proposed method outperforms that of the relative and absolute
orientation method and the POS assisted BA method. And when
the length of the flight strip is longer, the proposed method solves
the flight strip bending more effectively compared with other
traditional methods. This is particularly notable in the case of
emergency mapping, mobile surveying and special terrain such
as narrow and long zones without GCPs single strip. It achieves
the expected experimental effect and is of practical significance
for the production of photogrammetric data from unmanned
aerial vehicles.
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