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ABSTRACT

Photogrammetric software utilizing Structure from Motion (SfM) have been extensively used with drone-a-
cquired imagery. SfM software, such as Agisoft PhotoScan and Pix4D, use computer vision techniques to solve
for aero-triangulation. This study attempts to compare these two software with traditional software such as
Trimble Inpho using a dense ground control field. Since AgiSoft and Pix4D show increased robustness in their
analyses and provide visually appealing three-dimensional (3D) models, they are used by many. Nonetheless,
the details of these software, predominantly through statistical analyses of results, are not well understood. On
the other hand, careful selection of initial settings combined with a rigorous check and analysis of the output
are prerequisites for obtaining the best possible results in photogrammetry. For the companies which are pro-
ducing photogrammetric products, bringing Agisoft and Pix4D into play might result in significant cost savings
over time. Nevertheless, to make this major move, these software must be vetted. Thus, in this project, these
three software (Agisoft, Pix4D and Trimble Inpho) were analyzed using four Unmanned Aerial Vehicle (UAV)
datasets, and the results were compared in terms of precision and accuracy. It is found out that Inpho results
were the least precise and accurate among these software. This is because Inpho is not sensitive to the biases
created by reverse strips. Hence, the same data sets were processed without reverse strips and the errors got
smaller, and systematic bias was removed. In addition, Inpho results deteriorated with flying height. Additi-
onally, 90 m real-time network solutions showed the same performance as 90 m solutions without real-time
network solutions.
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INTRODUCTION

Structure from Motion (SfM) is a computer vision technique which solves for the geometry of the scene,
camera interior and exterior parameters without providing known 3D point positions (Agiiera-Vega
et al., 2017), and nowadays it is widely used because it provides greater flexibility and high quality
results (Chiabrando et al., 2013).

The digital photogrammetry software mostly cited in the literature is Agisoft PhotoScan Professional
Edition and Pix4Dmapper Pro. AgiSoft uses Python script interface that can be used to establish an
automated process (El Meouche et al., 2016). Otherwise, the photogrammetrist has very little control
over the data processing. Both software show increased robustness and visually appealing 3D models
(Rumpler et al., 2017). Yet, they do not provide a thorough statistical analysis of results; however, a
mean re-projection and the RMS values from check points are given in the report. The lack of details
means that it is not possible to fully understand the underlying sources of error (James et al., 2017;
Cramer, 2013). Careful selection of initial settings, combined with a thorough check and analysis of
the output, are prerequisites for obtaining the best possible results in UAV (Unmanned Aerial Vehicle)
photogrammetry (Reshetyuk and Martensson, 2016). Another drawback is that manual digitizing of
GCPs (ground control points) and check points is required (Rumpler et al., 2017). AgiSoft and Pix4D
are examples of a black box approach (Reshetyuk and Martensson, 2016). However, there is another
software commonly used in the industry which is Trimble Inpho. Unlike AgiSoft and Pix4D, Inpho
allows photogrammetrists to make changes along the process e.g., setting camera parameters, adding

or removing GNSS/IMU data, creating strips etc.

To the best of the authors’ knowledge, SfM software has not been compared extensively using UAV
datasets. This is the main reason that authors worked on this project. To this date, there are two
publications: one is a journal paper, and another is a conference proceeding. In the journal paper
by Visockiene et al. (2014), Pix4D and PhotoMod are compared. In the conference proceeding by
Qureshi et al. (2022), it is concluded that Agisoft Metashape, and 3DF Zephyr are the most suitable

photogrammetry tools for close-range construction elements.

Although there are a number of digital photogrammetric software available on the market, with new
ones constantly becoming available, for this project, these three software (AgiSoft, Pix4D and Inpho)
were considered. In the literature, it is stated that accuracy tends to decrease as the flying height in-
creases and lowering the flight altitude demands a longer acquisition time (Nasrullah, 2016). Thus,

in this study, four UAV data sets with varying flying heights were used and the results were analyzed.
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1. TEST SITE AND FLIGHT

A UAV photogrammetry campaign was flown over the San Joaquin Experimental Range located in
Fresno County, California in the foothills of the Sierra Nevada mountain range located about 32
km north of the California State University, Fresno campus. There were 81 control points (see Fig.
1) laid out in a 9-by-9 grid spaced approximately 40 m apart throughout a 320 m by 320 m area.
The terrain of the area is rolling hills with sparse vegetation, structures and roads. The control point
flight targets were designed to be circular, black and white, and measured about 47 cm in diameter
(see Fig. 2). These control points were surveyed to 1 cm horizontal and 0.3 cm vertical accuracies,
both at one sigma confidence level. The horizontal positioning was established using static GNSS at
two different times on February 10-17, 2018 and July 12-18, 2018. For this purpose, six Trimble-R8
Model-2 receivers were employed to collect the measurements. Antennae and receivers were mount-
ed on fixed-height 2-m range poles. Each point was occupied for a minimum of 30 minutes with a 1
second interval; however, while moving from point to point, some stations collected longer data. To
determine the elevations of the points, differential levelling was performed using the Trimble DiNi
digital level with an adjustable level rod. Local vertical control was surveyed in from a National Geo-
detic Survey (NGS) benchmark west of the project site just north of the intersection of Highway 41
and Road 406. After establishment of the project vertical benchmark (point 22), the remaining 80
control locations were then measured. A vertical network was created with a total of 154 observations
to establish the elevations of each control point. The difference in elevation along each link between
each individual control point was measured. Interior control points were measured with a minimum
of 4 observations, exterior control points were measured with a minimum of 3 observations, and the
corners of the site were measured with a minimum of 2 observations. All of these measurements were

input into STAR*NET for a simultaneous least squares adjustment.

The aircraft platform used was a Phantom 4 RTK UAV, a vertical-take-off-and-landing platform with a
quad rotor. The camera model was FC6310R, with a focal length of 8.8mm, pixel size of 2.4 microns,
and an electronic/global shutter. As can be seen in Table 1, four data sets are used in this study. Addi-

tionally, 65-75% side/forward overlap is maintained throughout the survey.
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Figure 1. Control points established at the project site (image is prepared using ESRI ArcMap).

Figure 2. Ground target image.

Table 1. Flights used in this study (m).

Flying height above ground level Number of photographs

60 947
90 485
90 RTN 485
120 296
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2. RESULTS

The images that were acquired by the four flights described above were processed using Agisoft, Pix4D,
and Inpho software. In order to do so, the images were added to a software project and matched and
aligned to create the initial block to be adjusted according to the surveyed ground control. Camera
positions in the bundle adjustment were assigned an a priori uncertainty of 0.05 m both horizontally
and vertically. The ground control points were all constrained by uniformly assigning a priori uncer-
tainties of 1.0 cm horizontally and 0.5 cm vertically according to the accuracies of the survey. Finally,
a bundle block adjustment was performed applying camera self-calibration (focal length, principal
point, and lens distortion parameters). For the analyses, 5 ground control points were used, and the

remaining points (see Table 2) were employed as check points (see Fig. 3).

Table 2. Number of check points used for each processing.

Flying height above ground level Agisoft Pix4D Inpho
60 36 37 35
90 38 38 36
90 RTN 38 38 36
120 38 37 34

Figure 3. Control points and check points (image is prepared using ESRI ArcMap).
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In the Introduction section it is stated that a drawback of these software is manually digitizing GCPs
and check points. To eliminate digitizing error from software to software, a Python script was written
to translate the control and check point image coordinates that were digitized in Agisoft to Pix4D and

Inpho.

Four UAV data sets with varying flying heights (60, 90, 90 RTN and 120 m) were processed and the
results were produced. As the name indicates, 90 RTN uses a Real-Time Network. A RTN is a network
of permanent GNSS receivers whose combined data is used to generate RTN corrections for a rover
and these network generated RTN corrections are used by any receiver which is capable of receiving

these corrections to determine position instantly. Thus, a base station setup is not needed.

2.1. Results and Analysis of All the Strips

Results are analyzed using RMS, Standard Deviation, Mean, Minimum, Maximum and Range, see
Tables 3-6.

Table 3. Results of the 60 m flying height (cm).

Agisoft Pix4D Inpho
X Y Z X Y Z X Y Z
RMS 1.1 1.2 2.5 1.0 0.9 1.1 2.0 1.0 2.4
Std Dev 0.9 0.8 2.1 1.0 0.9 1.0 2.1 1.0 2.4
Mean -0.5 0.9 13 -0.2 0.2 -0.4 0.0 0.0 -0.7
Min -2.1 -0.7 -2.9 -2.2 -2.1 -3.6 -3.7 -2.0 -53
Max 1.5 2.6 5.8 2.6 2.4 13 4.8 2.3 6.3
Range 3.7 33 8.7 4.8 4.4 4.9 8.5 4.3 11.6

As can be seen in Table 3, the RMS values for the X coordinate for Agisoft (1.1) and Pix4D (1.0) are
very close to each other. Yet, the RMS value for the X coordinate for Inpho (2.0) is almost double that
of the Agisoft and Pix4D values. The RMS results for the Y coordinate are almost the same for all three
software. Although the RMS results for the Z coordinate for Agisoft (2.5) and Inpho (2.4) are close to
each other, the RMS value for the Z coordinate for Pix4D (1.1) is much smaller. These results indicate
that there is bias with the Z coordinate of Agisoft and Inpho and the same can be stated for the X
coordinate of Inpho. Ratios of standard deviations for the results of these three software are more or
less the same. This means that the Z coordinate of Agisoft and Inpho, and the X coordinate of Inpho
are less precise compared to the other results. As can be seen in the table, ranges are rather large for

these coordinates as well.
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Table 4. Results of the 90 m flying height (cm).

Agisoft Pix4D Inpho

X Y Z X Y Z X Y Z
RMS 1.1 1.0 2.1 1.0 1.0 1.5 3.1 1.1 3.2
Std Dev 1.0 0.9 1.9 1.0 1.0 1.5 3.1 1.1 2.9
Mean -0.4 0.5 0.9 0.3 0.2 0.0 0.1 -0.1 -1.4
Min 2.4 -1.6 4.2 2.0 -1.8 -3.1 -6.7 2.7 -6.2
Max 1.7 2.5 4.3 2.7 2.7 2.7 6.9 2.0 8.2
Range 4.2 4.1 8.5 4.7 4.4 5.8 13.6 4.7 14.4

Almost similar ratios are apparent in Table 4 i.e., as well as the X coordinate of Inpho, the RMS values
for the Z coordinate of Agisoft and Inpho are larger compared to the other results. Same scenario ex-
ists for standard deviations. This means that there is bias with the Z coordinate of Agisoft and the X
and Z coordinate of Inpho. Similarly, the Z coordinate of Agisoft, and the X and Z coordinate of Inpho
are less precise as opposed to the other results in the table. It should be pointed out that RMS and

standard deviation of the Z coordinate in Pix4D solutions got slightly larger as well.

Table 5. Results of the 90 m flying height using real-time network solutions (cm).

Agisoft Pix4D Inpho
X Y Z X Y Z X Y Z
RMS 1.8 2.5 1.5 1.1 1.0 1.0 2.9 1.1 2.7
Std Dev 1.0 0.8 1.5 1.1 0.9 1.0 2.9 1.1 2.7
Mean -1.6 2.4 -0.3 0.0 0.3 0.1 -0.2 0.0 -0.4
Min -3.5 0.1 -4.1 -2.6 -1.6 -1.6 -6.0 -2.7 -5.2
Max 0.6 4.2 2.3 2.0 2.9 2.8 6.0 1.9 6.0
Range 4.1 4.0 6.4 4.6 4.6 4.5 12.0 4.6 11.2

Although the same pattern is apparent with Pix4D and Inpho results in Table 5, the RMS value of the
Y coordinate for Agisoft is larger with the 90 m flying height using real-time network solutions. How-
ever, ratios of standard deviations for the results are the same as the results in the previous two tables.
Thus, with the 90 m flying height using real-time network solutions, the Y coordinate for Agisoft is
less accurate along with the X and Z coordinate of Inpho results. In terms of standard deviations, the
Z coordinate for Agisoft, and the X and Z coordinate for Inpho are less precise in contrast to the other

results in the table.
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Table 6. Results of the 120 m flying height (cm).

Agisoft Pix4D Inpho
X Y Z X Y Z X Y Z
RMS 1.0 1.3 1.7 1.0 0.9 1.3 3.8 1.8 3.5
Std Dev 1.0 0.8 1.5 1.0 0.9 1.3 3.8 1.8 33
Mean 0.1 1.0 0.8 0.2 0.2 -0.1 -1.0 0.0 1.2
Min -1.9 -0.6 -3.5 -2.1 -2.3 -2.2 -8.2 -3.7 -4.2
Max 2.1 3.0 3.0 2.2 2.1 3.0 5.3 2.9 8.6
Range 4.0 3.5 6.6 4.3 4.4 52 13.5 6.6 12.8

Almost similar ratios are apparent in Table 6 i.e., as well as the X coordinate for Inpho, the RMS values
for the Z coordinate for Agisoft and Inpho are larger compared to the other results. Same scenario
exists for standard deviations. This means that there is bias with the Z coordinate of Agisoft and the X
and Z coordinate of Inpho. Similarly, the Z coordinate of Agisoft, and the X and Z coordinate of Inpho
are less precise as opposed to the other results in the table. It should be pointed out that the RMS and

standard deviation of the Z coordinate in Pix4D solutions got slightly larger as well.

2.2. Results and Analysis Without Reverse Strips

At the end of the analyses, the residuals of the photo positions after the bundle adjustment were pro-
duced - see Figs. 4 to 9 as an example. Some figures depict systematic errors as a function of flight
direction. In order to eliminate photo position errors due to flight direction, every other strip was
eliminated i.e., images taken during backward flights are removed from the data sets. This creates

fewer favorable number of looks. The results of this approach are shown in Tables 7-10.

Table 7. Results of the 60 m flying height without reverse strips (cm).

Agisoft Pix4D Inpho
X Y Z X Y Z X Y Z
RMS 1.4 0.9 2.7 0.9 1.0 1.4 1.7 1.1 2.6
Std Dev 1.0 0.8 2.5 0.9 0.8 1.4 1.7 1.0 2.5
Mean -1.0 0.4 1.1 0.0 0.6 -0.3 -0.3 0.5 -0.9
Min -3.0 -1.6 -7.0 -1.8 -1.3 -3.3 2.9 -1.4 4.6
Max 1.2 2.0 6.1 2.0 1.9 3.4 4.0 2.1 4.8
Range 4.2 3.6 13.1 3.9 3.1 6.7 6.9 3.5 9.4
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The results in Table 7 are similar to the results shown in Table 3 except that the Z coordinate for
Pix4D is a little larger. Hence, we can state that there is bias with the Z coordinate of Agisoft and In-
pho and the same can be stated for the X coordinate of Inpho. In addition, the Z coordinate of Agisoft
and Inpho, and the X coordinate of Inpho are less precise compared to the other results. With these
results, it is expected that not much change would be experienced with Agisoft and Pix4D results,
however, Inpho results would get better. Yet, some changes are experienced with Agisoft and Pix4D

results and there is improvement with the X coordinate for Inpho but the Y and Z coordinates are not

better.
Table 8. Results of the 90 m flying height without reverse strips (cm).
Agisoft Pix4D Inpho
X Y Z X Y Z X Y Z

RMS 1.1 0.9 2.2 1.2 1.0 1.4 23 1.5 3.7
Std Dev 1.0 0.9 1.9 1.2 0.9 1.2 2.4 1.2 3.1
Mean -0.5 0.2 1.1 0.5 0.4 0.7 0.2 0.9 -2.0
Min -2.6 -1.8 -4.2 -1.7 -1.6 -1.8 -3.8 -2.0 -8.2
Max 1.6 2.2 4.7 3.1 2.6 3.1 6.6 2.4 6.2
Range 4.2 4.0 8.9 4.8 4.2 4.9 10.4 4.4 14.4

The results in Table 8 are similar to the results portrayed in Table 4. Again, there is improvement with

the X coordinate for Inpho but the Y and Z coordinates are not better.

Table 9. Results of the 90 m flying height using real-time network solutions without reverse strips (cm).

Agisoft Pix4D Inpho
X Y Z X Y Z X Y Z
RMS 2.2 3.0 1.5 1.3 1.0 1.5 2.1 1.4 3.5
Std Dev 1.1 0.8 1.5 1.2 0.9 1.6 2.1 1.2 3.2
Mean -2.0 2.9 -0.3 -0.6 0.5 0.0 -0.4 0.6 -1.3
Min -3.9 0.8 -4.0 -3.1 -1.5 -3.7 -3.6 -3.3 -7.2
Max 0.3 4.8 2.3 1.9 2.4 3.8 4.8 2.6 6.2
Range 4.2 4.0 6.3 5.1 3.9 7.4 8.4 59 13.4

In terms of precision and accuracy, the same scenario displayed in Table 5 is displayed in Table 9.

Except for the X coordinate, the results for Inpho are not improved.
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Table 10. Results of the 120 m flying height without reverse strips (cm).

Agisoft Pix4D Inpho
X Y Z X Y Z X Y Z
RMS 1.0 0.9 1.7 1.0 0.9 1.7 2.3 1.3 33
Std Dev 1.0 0.8 1.5 1.0 0.9 1.6 2.1 1.2 3.2
Mean 0.0 0.2 0.8 0.0 0.0 -0.8 -1.0 0.6 -0.7
Min -2.2 -1.7 -23 -2.5 -1.7 -3.9 -5.2 -1.9 -4.8
Max 2.1 2.2 3.2 2.2 1.5 2.3 2.6 2.3 7.1
Range 4.3 3.9 5.5 4.7 3.2 6.1 7.8 4.2 11.9

With results of the 120 m flying height without reverse strips in Table 10, the results came out as
expected (i.e., not much change was experienced with the Agisoft and Pix4D results); however, Inpho

results improved.

About 120 m flying height results, it is mentioned that X coordinate for Inpho is larger compared to
the other results (see also Table 6). In order to test this statistically, two tailed test is utilized because
here the concern is whether the sample mean is statistically different from the population mean. Let

us introduce the t-statistic:
t=(y-W/(S//n) (1)

where y is the mean value, 11 is the true value, S is the standard deviation and n is the number of

observations.

The null hypothesis, H: p = y

The alternative hypothesis, H: p# y

Using the test statistic in Eq. (1), t=(-1+0)/(2.1N34) = -2.777

Agisoft and Pix4D mean values are considered as 1 since both software mean values are 0.
t=1-2.7771 > t, 5 5, = 2.036

So, there is a reason to believe that Inpho mean value is different from Agisoft and Pix4D mean values.
As can be seen, the result corroborates the above statement. Here, this test is done for one result as an

example; however, it can be repeated for all the entries listed in the tables.

As can be seen in Tables 7-10, although some changes are experienced with the results time to time,

some results, especially Inpho results, got better. In order to show GNSS photo position displace-

10
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ments in two dimensions (2D), displacement vectors are also displayed for flights with and without
reverse strips. In total, 24 of these images are produced but only 6 of them are shown here; however,
all these images are available upon request. 2D displacement vectors for the results without reverse

strips got smaller and systematic bias is removed (i.e., arrows show a random pattern; see Figs. 4-9).

Figure 4. Agisoft 60 m GNSS photo position Figure 5. Agisoft 60 m GNSS photo position
residuals. residuals without reverse strips.

Figure 6. Pix4D 60 m GNSS photo position Figure 7. Pix4D 60 m GNSS photo position
residuals. residuals without reverse strips.

n
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Figure 8. Inpho 60 m GNSS photo position Figure 9. Inpho 60 m GNSS photo position
residuals. residuals without reverse strips.
Even though the Inpho solution employs the block drift parameters in the processing, it does not
resolve this issue. On the other hand, the SfM software did not display this behavior. In fact, their
results look random. Further, the SfM software accuracy was more resistant to deterioration due to

flying height than Inpho, see Fig. 10.

Flying Height vs RMSz

N w
N Ul W n

—@— Agisoft

. ///.\_’ —@— Pix4D
1 —@— Inpho

RMSz (cm)
=
(9]

60 70 80 90 100 110 120
Flying Height (m)

Figure 10. Flying height versus RMSz.

As can be seen in Fig. 10, Agisoft results accuracy increased with flying height, Inpho results accuracy

deteriorated with flying height and Pix4D accuracy is almost flat.

12
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CONCLUSIONS

Agisoft, Pix4D and Inpho software were compared using four UAV data sets collected at 60, 90,
and 120 m above ground level along with 90 m real-time network solutions. As the flying height
increased, the results deteriorated. This was especially the case with Inpho. By analyzing the results,
it was also found that Inpho is not sensitive to the biases created by reverse strips. Thus, the same
data sets were processed without including the reverse strips. Although some changes were experi-
enced with the results time to time, some results, especially Inpho results, got better. In order to show
GNSS photo position displacements in 2D, displacement vectors were also displayed for flights with
and without reverse strips. It was found that 2D displacement vectors for the results without reverse
strips got smaller and systematic bias was removed. Moreover, Inpho results deteriorated with flying
height. Furthermore, although some slight changes were experienced from software to software and
coordinate to coordinate, 90 m real-time network solutions showed the same performance as 90 m

solutions without real-time network solutions.

REFERENCES

Agtiera-Vega, E, Carvajal-Ramirez, E, & Martinez-Carricondo, P (2017, February). Assessment of photogram-
metric mapping accuracy based on variation ground control points number using unmanned aerial
vehicle. Measurement, 98, 221-227. https://doi.org/10.1016/j.measurement.2016.12.002

Chiabrando, E, Lingua, A., & Piras, M. (2013, August). DIRECT PHOTOGRAMMETRY USING UAV: TESTS
AND FIRST RESULTS. The International Archives of the Photogrammetry, Remote Sensing and Spa-
tial Information Sciences, XL-1/W2, 81-86. https://doi.org/10.5194/isprsarchives-xl-1-w2-81-2013

Cramer, M. (2013). The UAV@LGL BW Project-A NMCA Case Study. Proceedings from Photogrammetric Week
2013, 165-179. Retrieved from http://www.ifp.uni-stuttgart.de/publications/phowo13/150Cramer.
pdf.

El Meouche, R., Hijazi, 1., Poncet, P, Abunemeh, M., & Rezoug, M. (2016). UAV Photogrammetry Implemen-
tation to Enhance Land Surveying, Comparisons and Possibilities. ISPRS-International Archives
of the Photogrammetry, Remote Sensing and Spatial Information Sciences XLII-2/W2, 107-114.
doi:10.5194/isprs-archives-XLII-2-W2-107-2016

James, M., Robson, S., d’Oleire-Oltmanns, S., & Niethammer, U. (2017, March). Optimising UAV topographic
surveys processed with structure-from-motion: Ground control quality, quantity and bundle ad-
justment. Geomorphology, 280, 51-66. https://doi.org/10.1016/j.geomorph.2016.11.021

Nasrullah, A.R. (2016). Systematic Analysis of Unmanned Aerial Vehicle (UAV) Derived Product Quality. Un-
published master’s thesis, University of Twente, Enschede, The Netherlands.

Qureshi, A.H., Alaloul, W.S., Murtiyoso, A., Saad, S., & Manzoor, B. (2022). Comparison of Photogrammetry
Tools Considering Rebar Progress Recognition. The International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences, Volume XLIII-B2-2022 XXIV ISPRS Congress
(2022 edition), 6-11 June 2022, Nice, France.

13



BERBER ET AL.

Reshetyuk, Y., & Martensson, S. (2016, June). Generation of Highly Accurate Digital Elevation Models with Un-

manned Aerial Vehicles. The Photogrammetric Record, 31(154), 143-165. https://doi.org/10.1111/
phor.12143

Rumpler, M., Tscharf, A., Mostegel, C., Daftry, S., Hoppe, C., Prettenthaler, R., Fraundorfer, E, Mayer, G., &
Bischof, H. (2017, April). Evaluations on multi-scale camera networks for precise and geo-accurate
reconstructions from aerial and terrestrial images with user guidance. Computer Vision and Image
Understanding, 157, 255-273. https://doi.org/10.1016/j.cviu.2016.04.008

Visockiene, J.S., Brucas, D., & Ragauskas, U. (2014). Comparison of UAV images processing softwares. Journal
of Measurements in Engineering, 2, 111-121.

14



	_GoBack
	_Hlk146189776
	_Hlk146189748
	_Hlk146188200

