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Abstract: Cameras play a prominent role in the context of 3D data, as they can be designed to be
very cheap and small and can therefore be used in many 3D reconstruction systems. Typical cameras
capture video at 20 to 60 frames per second, resulting in a high number of frames to select from
for 3D reconstruction. Many frames are unsuited for reconstruction as they suffer from motion
blur or show too little variation compared to other frames. The camera used within this work has
built-in inertial sensors. What if one could use the built-in inertial sensors to select a set of key
frames well-suited for 3D reconstruction, free from motion blur and redundancy, in real time? A
random forest classifier (RF) is trained by inertial data to determine frames without motion blur and
to reduce redundancy. Frames are analyzed by the fast Fourier transformation and Lucas–Kanade
method to detect motion blur and moving features in frames to label those correctly to train the
RF. We achieve a classifier that omits successfully redundant frames and preserves frames with
the required quality but exhibits an unsatisfied performance with respect to ideal frames. A 3D
reconstruction by Meshroom shows a better result with selected key frames by the classifier. By
extracting frames from video, one can comfortably scan objects and scenes without taking single
pictures. Our proposed method automatically extracts the best frames in real time without using
complex image-processing algorithms.
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A detailed description of the environment in the form of images or 3D data is of major
importance for a whole range of applications. For example, such data are used for planning
and developing our transport infrastructure [1], as well as geomonitoring [2] or medical
practice [3]. The data are collected by a wide variety of sensors. In most cases, these are
light detection and ranging (LiDAR), cameras, or radar. Cameras play a prominent role
in this context, as they can be designed to be very cheap and small and can therefore be
used in almost any detection system—either as a stand-alone acquisition system or in
combination with the previously mentioned sensors.
When extracting or selecting images from videos at 30 frames per second, many
images are created in a very short time. However, if one makes fast motions, translational,
rotational, or even both, the frames can suffer from motion blur [4], as seen in Figure 1.
Recordings of fast-moving objects can distort their shape and appear blurry. The problem
can be simplified by ensuring that only static objects are in the recording. More simply,
only the motion of the camera itself contributes to the distortion of the image. Moreover,
during the video recording, one obtains many redundant images. At 30 frames per second,
many of the images contain almost the same information, which is not necessary for further
processes. Due to the high recording rate, the angular changes between two successive
images are only marginal. With faster motions, this angle difference would increase,
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artifacts and exhibit sufficient intensity. The video is divided into a subset of frames that
exhibit a calculated minimum frame-to-frame variation, which are depicted as motion
artifacts. Secondly, they focus on the entropy of the intensity within each frame, which
means that the frame’s image contents need to be analyzed. Lastly, by finding features in
each frame, the method proposes to select frames with the most features. Besides the fact
that the last step extracts the best frame, they focus on image content and minimizing the
frame-to-frame variation. Thus, this method keeps redundant images and prevents large
differences from consecutive images with respect to image content. The approach presented
by Ren et al. [8] is designed to find the best key frame from a short video. By training a
convolutional neural network with images, the proposed algorithm is supposed to select
the best frame within a short video. This is a strong limitation on video duration and
moreover not real-time capable. We aim to make real-time selection possible, minimizing
the number of frames with motion blur and redundant scenes.
The camera used in this work, VuzeXR from Human Eyes Technologies Ltd., contains a
built-in inertial measurement unit (IMU) with six degrees of freedom, tracking information
about translational acceleration and angular velocity. More precisely, the inertial data are
placed directly in the MP4 files. The MP4 files are encoded using the MPEG format and
are structured in containers that either contain information or more containers. Recording
videos with 30 frames per second produces many frames in a short time and motion blur
due to camera motion. This led to the overall problem of redundant and low-quality frames.
However, what if one could use the IMU to recognize suitable frames? By recording IMU
data while recording, we can use the angular velocity and acceleration of the camera to
make a statement about the quality of the images and determine if the camera has moved.
If the camera does not move while recording, identical images are produced. If the camera
moves too much, images suffer from motion blur. For this purpose, a calibration procedure
firstly defines the requirements for which frames are suitable for further processing. The
requirements are defined in terms of quality and motion in the frames itself. Quality is
defined as the intensity change in a frame. By means of the 2D discrete Fourier transformation (2D-DFT), one can detect those intensity changes. Such intensity changes in
a frame depend on the sharpness of edges. If the sharpness decreases, one can detect
lower intensity changes, which leads to blurred areas. The second requirement refers to
motion in frame-to-frame correspondences. The underlying assumption is that consecutive
frames with little motion result in a high number of redundant frames. By calculating the
optical flow via the Lucas–Kanade (LK) method [9], we provided a threshold that stated
that the camera was not moving. We draw a direct connection between the current IMU
state and the defined requirements of quality and motions in the frames. This leads to
an automated way of labeling the inertial data that denotes a frame as good or bad. This
paper aims to classify frames by a random forest classifier (RF) to identify suitable frames
due to inertial data in real time. The result is an efficient and automated way to classify
suitable frames. It is not necessary to perform complex and computationally demanding
image-processing algorithms.
3. Materials and Methods
3.1. Quality Requirements
Image quality is a term widely used in the field of image processing. We used the
term as a metric for motion blur, which reduces sharpness on edges and spatial details [10].
While recording a video, the user holds the camera by hand and is probably moving
around an area and focusing objects. This could be walking, standing still, or motions and
rotations by hand. However, such frames in videos can suffer from motion blur depending
on the motion of the camera. The aim was to define a ground truth for image quality to
detect unsuitable images for further processing. Therefore, we applied the 2D-DFT [11]
to each image to detect image intensities in the frequency domain that exhibits sharp
or smooth edges. Before applying any labeling to the corresponding inertial data, we
calibrated the measurements to define a ground truth with respect to image content and
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lightning conditions. The DFT relates to mathematical fundamentals in the field of image
processing and is an adaption of the continuous Fourier transformation, which is widely
used in signal processing. However, the Fourier transformation in general decomposes a
function into a sum of sines and cosines with different frequencies. According to image
processing, the image is transformed into another coordinate system. However, we wanted
to specify a threshold to label images either as bad since they are blurry or as good due to
the opposite case.
Quality Threshold
Real digital images do not contain any imaginary part. However, due to the transformation, they are represented as complex numbers, consisting of a real and imaginary
part, as z = x + jy, according to the image coordinates. Complex numbers have an angle
in the complex plane, as well as a magnitude. We were interested in the magnitude of
the decomposed discrete signals of the transformed images. The angle, corresponding
to the phase, contains information about the image structure, whereas the magnitude
denotes the periodic structure of cosines and sines and those intensities [12]. As proposed
by Rekleitis [13], we used the magnitude of the Fourier spectrum to investigate the frame
quality. The magnitude was defined as:
F(u, v) =

q

R2 (u, v) + I2 (u, v)

(1)

where R is the real part and I is the imaginary part of the Fourier transformation. First, we
adapted the method proposed by Kalalembang et al. [14], which distinguishes between
blurred and homogeneous areas in the image. This makes the analysis more robust
and omits homogeneous parts as our calibration setting contains many homogeneous
areas. Those have the same magnitude spectrum as blurred areas. Instead of calculating
the magnitude for the whole frame, we only needed to perform the calculation of the
magnitude on smaller chunks of the frame, divided into several equally sized boxes. We
found a box size that fits properly to frame calibration objects that were seen in the captured
frame. The experiments showed that if the boxes were too small, areas were restricted to
mostly homogeneous areas, and if the boxes were too large, most of the area was dominated
by homogeneous areas. To determine homogeneous and heterogeneous boxes, we first
calculated the standard deviation of the magnitude spectrum in each box as:
r
σ=



1
N
2
x
−
x
i
∑
N − 1 i =1

(2)

where N denotes the number of samples, x the mean magnitude of all samples, and xi the
current samples magnitude. If the standard deviation was relatively low, it indicated a
homogeneous area that was not part of the area of interest. Therefore, we needed to define
a threshold that separates boxes from homogeneous areas. If the standard deviation of a
box exceeded the threshold, it was considered for the quality measurement. The mean of
the magnitude was calculated to measure the rate of intensity changes of relevant boxes.
3.2. Motion Requirements
In the last section, we introduced a quality threshold to neglect blurry frames and
label the corresponding inertial data. Subsequently, we defined a metric to identify inertial
data captured when no motion took place. The underlying assumption was that, while
the user does not move during the recording, the camera produces redundant frames
containing the same image information as the frames before. Thus, we aimed to reduce
the number of redundant frames by means of the IMU. The optical flow determines pixel
motion while holding the camera in hand with approximately no motion. Optical flow
denotes the motion of pixels in a certain area between two consecutive frames. Motion
occurs due to camera motion or moving objects. There are different approaches that
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measure the optical flow. A widely used algorithm to calculate the optical flow is the
Lucas–Kanade (LK) algorithm [8], which exhibits a good performance and a low error rate
and is easy to implement [15]. The LK algorithm applies to sparse scenes that define a
window of n = mxm pixels around a point of interest, so-called feature points. A feature
detection algorithm, such as the scale-invariant feature transform (SIFT) [16] or Harris
corner detection [17], finds those points. The method assumes that the motion within such
a patch is constant. However, if the motion is too fast, the direction of the intensity change
is not trackable anymore because the feature point moves out of the window and violates
→

the constant brightness assumption. Pixel motion is described by a 2D vector as V = [u, v] T
between two consecutive frames. The main assumption is that the intensity of a pixel does
not change between two consecutive frames, captured in a period ∆t. Obviously, ∆t must
be small enough. The assumption provided by Horn and Schunk [18] with the first order
Taylor series yields
I(x,y,t) = I(x + ∆x,y + ∆y,t + ∆t)
(3)
where I(x,y,t) denotes the intensity of a pixel, ∆x, ∆y represent the change in image coordinates, and ∆t represents the change in time.
Motion Threshold
The main purpose was to define the minimum amount of motion in terms of inertial
data according to the optical flow. Therefore, we used the LK algorithm, which was
implemented in the OpenCV open-source computer vision library [19], paired with the ShiTomasi corner detection [20] to detect the corresponding feature points. While recording,
the camera was in a static position at approximately no motion to investigate the optical
flow. The optical flow per frame was averaged. First, we extracted the Euclidean distance
→

from each vector V as:

q
d=

u2 + v2

(4)

and calculated the mean Euclidean distance d = N1 ∑iN=1 di of the vectors in each frame.
Since our motion requirement is to distinguish between motion and no motion, we wanted
to specify a threshold to label frames either as bad to filter redundant images, since they
were not recorded during motion, or as good, due to the opposite case.
3.3. Feature Selection
After recording and analyzing the inertial data output of several videos, we determined the sample rate and that inertial data were referenced to video frames. As seen
in Table 1, each frame was associated with 16 to 17 inertial data entries according to 3D
h
iT
→
y
acceleration and angular velocity. Let Sn = Snx , Sn , Snz
and represent a 3D signal of
acceleration a or angular velocity ω addressed to a frame with i ≤ 17 inertial signals and n
→

≤ i. Then, the Euclidean norm of Sn is defined as:
q
y
Sn = ||Sn || = Snx 2 + Sn 2 + Snz 2

(5)

Due to the norm, the signals become unbiased in case of negative numbers. Thereupon,
we defined the following features.
1.

Signal Energy.
→

The signal energy [21] is the sum of the squared signal norm Sn and was normalized
by the number of signals per frame as:
ES =

1
N

N

∑ Sn 2

i =1

where N denotes the number of signals per frame.

(6)
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Table 1. Feature importance resulted from the training of the RF classifier. Features based on angular
velocity had more influence on splitting leaves.

2.

Feature

Importance

ES ( a)
Smax (a)
Smean (a)
Smin (a)
σ2 (a)
ES (ω )
Smax (ω )
Smean (ω )
Smin (ω )
σ2 (ω )

0.0434
0.0457
0.0461
0.0429
0.0533
0.1731
0.2097
0.1515
0.1846
0.0493

Mean Signal Norm.

The mean signal norm denotes the mean over all signals per frame of acceleration and
angular velocity, respectively, as:
1 N
S=
Sn
(7)
N i∑
=1
where N denotes the number of signals addressed to the frame.
3.

Min Signal Norm.

The min signal norm denotes the min norm of all signals per frame of acceleration
and angular velocity, respectively, as:
Smin = min(Sn )
n

4.

(8)

Max Signal Norm.

The max signal norm denotes the max norm of all signals per frame of acceleration
and angular velocity, respectively, as:
Smax = max(Sn )
n

5.

(9)

Signal Variance.

The signal variance is the variance of the signal norms per frame of acceleration and
angular velocity, respectively, as:
σS2 =

N

1
Sn − S 2
∑
N − 1 i =1

(10)

where N is the number of signals addressed to the frame. The signal variance detects the
differences between the signals per frame.
4. Results and Discussion
4.1. Frame Quality Calibration
We investigated this measurement in more than 2500 frames, as seen in Figure 2
Finally, we set the mean of the standard deviation of all inspected frames as the threshold
for regions of interest to omit homogeneous areas. Those computations were made on
boxes of size 72 × 128 pixels per box, which relates to 15 × 15 boxes per frame, as seen
in Figure 3a. Increasing the size of boxes would cover more homogeneous areas per box,
which is not desirable. Decreasing the box size would produce insufficient robustness,
recognizing homogeneous areas as heterogeneous, as one can see in Figure 3b.
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Figure 4. Mean Euclidean distance of optical flow vectors in images. The video was recorded without motion, and the camera was held in hand.
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in Figure 5e
represented
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motion
according
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This
Unfortunately, the increase over motion according to the labels was weak and
can be
neglected. This behavior can be explained by the fact that an acceleration a of zero does
not necessarily mean that there is no velocity v. Acceleration is described by a = δv
δt ,
which states that acceleration is the change of velocity with respect to time, whereas the
measurements of the angular velocity rather represented clear differences between samples.
First, some samples of class good were recognized in the end where strong rotation was
applied. On the other side, some samples were labeled as good while sharing the same
magnitude as data that were labeled as bad. Nevertheless, the difference between the
classes good and bad was clearly recognizable with the drawback of overlaps. Angular
velocity and acceleration were independent of each other. Therefore, it was essential to rely
on both inertial signals, independent of the feature, because motion can be described as
translational, rotational, or both. If one only took translational motion into account, motion
in terms of rotation would be neglected and omit further frames.

4.4. Classification
The first step was to determine the hyperparameters with the training set. We found
the best hyperparameters by Grid Search [22]. By choosing the k = 3 for the k-fold cross
validation, we increase the amount of test data. Although the dataset comprises more than
6000 frames, the dataset is separated in three sections, as one can see in Figures 6 and 7.
Each section contains about 2000 frames, and thus it is important to increase the test set to
avoid a marginal amount of data with respect to a section. The three-fold cross-validation
achieved a score of 87.51%. Furthermore, we trained the Random Forest with the training
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set and tested the predictions with the same data. The test resulted in a correct prediction
rate of 94.52%. Finally, to evaluate the algorithm and to see if the classifier generalizes well,
we tested the trained classifier with the test set, which was never seen during training. The
Random Forest contains 20 decision trees with a maximum depth of 20, respectively. The
test resulted in a correct prediction rate of 86.09%. Consequently, it seemed that the classifier
does neither overfit nor underfit and is generalized with more than 85% of the correct
prediction rate. In Figure 8, we can see that 92% of the class bad was positively predicted
as bad, and therefore about 8% was negatively predicted as good. On the other hand, the
performance of the class good was worse. Only 66% of the class good was positively labeled
as good, which is slightly better than a random guess. Thus, 34% of the class good was
negatively labeled as bad. Therefore, we took a closer look at the ratios of those predictions.
In total, the number of frames in the test set was 1964. On the other hand, the precision
of the class bad was nearly 91% with a recall of nearly 92%. The precision with respect to
the class good on the test set was about 70%, providing a recall of 66%. Figure 9 represents
a RF based on the training of Smax (a), and ES (ω ) obtained a test score of 86.1%. The red
area denotes the class bad, and the blue area denotes the class good. The strong overlap
was responsible for the relatively low precision of class good. Investigating more detailed
representations of both classes, we saw that class bad generalized well on unseen data, but
class good tended to overfit; neither revealed a good performance on training data or on
test data. Table 1 represents the feature importance during training. The features regarding
the angular velocity seem much more important, by factor ten, and had greater impact on
the splitting of the leaves during training. However, the combination of acceleration and
angular velocity was mandatory and achieved the highest performance.
4.5. Reconstruction
For 3D reconstruction, we used the open-source photogrammetry software Meshroom [23] to show the results of the proposed method in a simple way. We started two experiments, as shown in Figure 10. First, we performed a reconstruction with all images,
as well as with the selected key frames of a video recording. Meshroom is modular and
therefore highly customizable. For a simple demonstration of the differences, we set the
default settings. The reconstruction was performed on a system equipped with a NVIDIA
RTX3090, 64GB RAM, and Intel Core i7. Table 2 below shows the result information of both
reconstructions. The root-mean-square error (RMSE) relates to the StructureFromMotion
node and describes the deviation of the projected feature points to 3D coordinates from 2D
image coordinates, also called residuals. Due to an embedded outlier detection scheme
during feature matching and camera pose estimation, the difference in RMSE between the
two experiments was marginal. Thus, one could conclude that the low-quality images had
little influence on the reconstruction. However, this is not true. In Figure 10a,c, one can see
that the result by all frames led to less reconstruction of the observed model. Without such
a feature and outlier detection scheme, the point cloud and its resulting mesh would be
noisier and suffer even more from false camera pose estimation and thus 3D reprojection
biased by features of blurred frames. By reducing the number of images by the presented
algorithm, the computation time for the reconstruction was significantly reduced. Hereby,
we can see that the presented method decreased the computation time due to the reduced
number of frames. The filtering of low-quality and redundant images had also led to a
more considerable reconstruction.
Table 2. Feature importance resulted from the training of the random forest classifier. Features based
on angular velocity have more influence on splitting leaves.
Params

Values w.r.t. Whole Set of Frames

Values w.r.t. Selected Key Frames
by the Proposed Method

RMSE
Processing time
Number of frames

1.041
1163.54 s
1535

0.979758
169.835 s
474
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observed model. Without such a feature and outlier detection scheme, the point cloud and
its resulting mesh would be noisier and suffer even more from false camera pose estimation and thus 3D reprojection biased by features of blurred frames. By reducing the number of images by the presented algorithm, the computation time for the reconstruction
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redundant images had also led to a more considerable reconstruction.
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5. Conclusions
We achieved a classifier that successfully omitted redundant frames and preserved
frames with the required quality. However, it exhibited an unsatisfying performance with
respect to ideal frames. Partly bad frames were unfortunately predicted as good ones.
The main drawback was due to the acceleration values combined with slow motions,
as one would record a video by preserving the quality of the individual frames. As we
mentioned before, acceleration was unreliable as a metric during slow motion. Many
frames of different labels refer to the same value of features, which made it ambiguous.
Thus, we can say that when capturing high-quality frames, acceleration is not suitable to
select them. Additionally, determining blurry frames was only possible by investigating
a threshold. This depended strongly on the environment and brightness conditions seen
in the frames. There was no ground truth indicating a proper bound, which made it
impossible to evaluate new recordings based on the predefined threshold that was used
for labeling. Due to the characteristics of acceleration, it was not reasonable to increase
the threshold for optical flow. It would increase the necessary magnitude of acceleration,
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which exhibits frames during higher acceleration and thus a higher probability of blurry
edges. On the other side, measured values of accelerated motions would fall below the
threshold of constant motion. Research had already shown that certain motion patterns
can be well-differentiated by IMU if the motions are very different from each other [20,21].
In this study, a method was presented that uses an individual calibration procedure
and is based on the composition of the inertial data. This results in limitations to the
interaction of camera frames and IMU, which in our case combines several inertial data
per frame, as well as a complex calibration that is not based on a global optimum but must
be determined individually.
The trained RF classifier was used to reduce the number of frames to a subset of frames
with non-blurry edges. This can help to ease further processing and omit redundant frames
as well as blurry frames simultaneously. Using 3D reconstruction with Meshroom, we were
able to show that our method led to an improved result for frames that are characterized
by redundancy and motion blur. The insight here was a significant improvement achieved
by decreasing the runtime of the calculation as well as by increasing the quality of the
reconstructed model.
For future work, one could determine the overlap between consecutive selected frames.
Thus, the selection of the key frames is made by IMU and would be evaluated due to a
certain overlap. One could define some threshold to require a minimum and maximum
overlap. This would decrease the amount of similar successive frames despite motion.
Such frames would differ significantly.
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