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Abstract

:

Smoothness is a commonly used measure of motion control. Physiological motion is characterized by high smoothness in the upper limb workspace. Moreover, there is evidence that smoothness-based models describe effectively skilled motion planning. Typical smoothness measures are based on wrist kinematics. Despite smoothness being often used as a measure of motor control and to evaluate clinical pathologies, so far, a smoothness map is not available for the whole workspace of the upper limb. In this work, we provide a map of the upper limb workspace comparing four smoothness metrics: the normalized jerk, the speed metric, the spectral arc length, and the number of speed peaks. Fifteen subjects were enrolled, performing several reaching movements in the upper limb workspace in multiple directions in five planes (frontal, left, right, horizontal and up). Smoothness of the wrist of each movement was computed and a 3D workspace map was reconstructed. The four smoothness metrics were in general accordance. Lower smoothness was found in the less dexterous sectors (up and left sectors), with respect to the frontal, horizontal, and right sectors. The number of speed peaks, frequently used for evaluating motion in neurological diseases, was instead not suitable for assessing movements of healthy subjects. Lastly, strong correlation was found especially between the normalized jerk and speed metric. These results can be used as a benchmark for motor control studies in various fields as well as clinical studies.
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1. Introduction


Smoothness usually describes the quality of a movement and is recognized as a feature of coordinated and skilled motor behavior [1], characterizing goal-directed movements [2]. Movement smoothness is commonly used as a measure of motor performance and motion control with wide application in healthy subjects [3] and neurological patients [4,5]. Physiological motion is characterized by high smoothness in the upper limb workspace. It was proposed that smoothness is a motion planning criterium for determining limb trajectories [6,7]. A reduced movement smoothness reflects deficits in movement planning and execution. Therefore, smoothness has become an important metric for the evaluation of patients with deficits in motor control and for the assessment of their recovery [8], such as patients suffering from stroke [9], cerebral palsy [10], Parkinson’s disease [11], or multiple sclerosis [12].



The most frequently used methods for evaluating movement performance in clinical scenarios are clinical scales and functional tests, e.g., Jebsen-Taylor Hand Function (JTHF) [13], Arm Research Assessment Test (ARAT) [14], and Nine-Hole Peg test (NHPT) [15]. Although these measures are easy to administer, they are partially dependent on the observers that score the tests [16]. Therefore, objective smoothness metrics based on kinematics have been developed. Smoothness can be measured with indexes referred to wrist motion. These indexes are based on the velocity profile of the wrist and its derivatives and include: the number of velocity peaks [17,18], the speed metric [19,20], defined as the ratio between the mean and the maximum velocity; the jerk, which is the third order derivative of the position profile, and related indexes such as the normalized jerk [11], the log dimensionless jerk [21], or the normalized squared jerk [22]; the arc length of the velocity or of the power spectrum [21,23].



Jerk is also frequently used as a measure for motion dexterity [24]. Kinematic assessment can detect changes in movement performance that cannot be captured by clinical scales and tests and provides a more objective measure [25]. Kinematics measures have been compared to clinical scales usually adopted for the evaluation of patient performance, proving their validity as indicators of smoothness and motion dexterity [25,26]. Therefore, smoothness analyses may help clinicians in the evaluation of dexterity and motor control.



However, so far, smoothness has not been investigated in a comprehensive set of directions in the workspace of the upper limb, and comparative maps of smoothness based on multiple indexes have not been created before. In this paper, we aim at (i) reconstructing a map of smoothness in the upper limb workspace of healthy subjects that can be used as reference data in clinical applications and (ii) comparing several metrics based on wrist motion. First, fifteen subjects performed a variety of point-to-point reaching movements in multiple directions in five planes of motion. Then, the normalized jerk (NJ), the speed metric (SM), the spectral arc length (SAL), and the number of speed peaks (NP) were computed in order to evaluate the smoothness in each movement direction. A smoothness map was reconstructed in both the 3D space and with respect to shoulder articular angles and the difference between sectors were evaluated. Finally, the correlations between pairs of metrics were computed.




2. Materials and Methods


A scheme of the work is portrayed in Figure 1.



2.1. Participants


Fifteen healthy subjects were recruited to participate in this study (68 ± 11 kg; 1.73 ± 0.08 m; 9 males and 6 females). Exclusion criteria were the presence of pain, and neurological or musculoskeletal disorders affecting motion capabilities. All the recruited subjects were right-handed. Ethical approval was granted by the CNR Ethical Committee (Rome, Italy) and the experimental trial was conducted in compliance with the Declaration of Helsinki [27]. The participants provided written informed consent to participate in this study and for the publication of any data included in this article.




2.2. Laboratory Acquisition Set Up


Kinematic data recordings were made with the Vero Vicon system, consisting of 10 infrared cameras. During the acquisitions, 5 retroreflective markers were placed on specific anatomical landmarks of each subject in order to reconstruct the right upper limb. Markers were placed on D5 and C7 vertebras, acromion (shoulder; S), right elbow epicondyle (elbow; E), and on the styloid process of the ulna (wrist; W). Subjects held a 20-cm-long pointer, which was identified with two markers. Marker positioning is shown in Figure 2.



The subject stood in the middle of the area tracked with the motion capture system and executed a set of point-to-point movements (P2P) and multi-directional exploration tasks (EXP). The P2P movement consisted of reaching 9 targets (markers) placed on a target board at 8 cardinal points (NE, E, SE, S, SW, W, NW, N) and in the center of a circle (labelled as O), starting from a reference position R; the EXP task consisted of moving the pointer from the central point O to the cardinal directions, as in previous similar protocols [28,29]. The subject was asked to perform natural movements at a relatively fast speed [29] and to wait in isometric configuration for one second after reaching each target before moving to the following one. The target board was positioned with 5 orientations, in order to cover a comprehensive volume of the workspace of the upper limb. The board was positioned frontally, with vertical orientation (Frontal), laterally on the left (Left) and on the right (Right), upwards (Up) and frontally in horizontal position (Horizontal). The movements were performed only with the right upper limb. Movements were repeated ten times for every direction.




2.3. Data Analysis


2.3.1. Movement Segmentation


Markers were labelled in the Vicon Nexus software and their 3D position in time was imported into Matlab 2021b (Natick, MA, USA) tables. Marker trajectories were sampled at 100 Hz and were filtered with a 3rd order Butterworth low pass filter, cut-off frequency = 5 Hz. The time series of the velocity of the wrist marker was used to identify movement phases: the onset and the offset of the movements were computed when a predefined threshold was exceeded (5% of the maximum absolute velocity of the wrist). Only the forward phases, identified as the movements from the initial position to each target in the P2P movements and from the center to the cardinal points for the EXP tasks, were considered for the analysis.




2.3.2. Articular Kinematics


The kinematics of the upper limb was computed in intrinsic articular coordinates. Three articular angles were computed as the arccosine of the scalar product between two vectors, defined as in Scano et al. [30]. The arm vector is defined as the vector having module equal to the length of the arm, direction connecting the shoulder marker to the elbow marker, and orientation from the shoulder to the elbow, while the forearm vector is defined as the vector having a module equal to the length of the forearm, direction connecting the elbow marker to the wrist marker, and orientation from the elbow to the wrist. The arm unit vector is the arm vector divided by its norm; the forearm unit vector is the forearm vector divided by its norm. The shoulder elevation is the angle between the arm unit vector (projected in the sagittal plane for frontal, up and horizontal sectors and in the coronal plane for left and right sectors) and the vertical axis pointing downwards. The shoulder plane of elevation is the angle between the arm unit vector (projected in the horizontal plane) and the x-axis pointing towards the right of the subject. The elbow flexion is the angle between the arm unit vector and the forearm unit vector. Articular angles are shown in Figure 2.




2.3.3. Smoothness Metrics


Four smoothness metrics based on wrist kinematics were computed. The normalized jerk (NJ) [11] was computed as follows:


  NJ =    1 2  ·    t  t o t  5     L 2    ·   ∫      j 2    d t    








where    t  t o t       is the task execution time,  j  is the third derivative of the wrist 3D trajectory, and   L     is the length of the wrist trajectory during the execution of the task. Low NJ indicates high smoothness.



The speed metric (SM) [20] is defined as the average velocity divided by the maximum velocity:


  SM =   v ¯   max  ( v )     








where  v  is the velocity profile of the wrist and   v ¯   is the average velocity. SM increases with the smoothness of the movement.



The spectral arc length (SAL) is computed from the arc length of the power spectrum of the Fourier transform of the velocity [21] or of the acceleration [23] profile, as follows:


  SAL = −   ∫  0   ω c         (   1   ω c     )   2  +    (    d  A ^   ( ω )    d ω    )   2    d ω ,    A ^   ( ω )  =   A  ( ω )    A  ( 0 )       








where    [  0 ,    ω c   ]    is the frequency band,   A  ( ω )    the Fourier magnitude spectrum of the acceleration signal   a  ( t )   , and    A ^   ( ω )    is the normalized magnitude spectrum. High SAL corresponds to high smoothness.



Last, the number of speed peaks (NP) [18] metric is defined as the number of local maxima of the speed profile  v :


  NP = #  {   v  m a x    }     











NP increases with the smoothness decrease and is near 1 in smooth reaching movements.



The smoothness metrics were computed for each repetition in each movement phase.





2.4. Outcome Measures and Statistical Analysis


First, the smoothness metrics were compared between directions in the same sector and between sectors, in order to evaluate movement in the entire workspace and the average values across subjects were reported in spider plots.



Then, the smoothness metrics were analyzed with respect to the shoulder plane of elevation and elevation angle (that define most of the limb orientation) in a compact colormap representation so that the smoothness of the movement was reported also in function of the intrinsic articular angles. Furthermore, a smoothness 3D map was reconstructed in which the smoothness metric was reported in the position of the wrist at the end of the movement with respect to the initial shoulder position in order to represent smoothness in the 3D workspace with respect to the subject.



Statistical analyses were performed between sectors for each smoothness metric to discriminate smoothness differences in the workspace. The distributions were tested for normality through the Kolmogorov–Smirnov test and the ANOVA test was performed, setting the alpha level of significance to 0.05. Then, the Tukey–Kramer post-hoc test was used to identify the significant differences between sectors.



Finally, the correlations between all the smoothness metric pairs were performed and the regression line was reported in scatter plots. All the analyses were performed for P2P and EXP movement separately.





3. Results


Smoothness Maps



The radar plot showing the smoothness metrics (NJ, SM, SAL, and NP) averaged across repetitions and subjects in each direction for all the sectors is reported in Figure 3 for P2P movements.



In the P2P movement, the NJ was between 10 and 12.5 in all the directions and sectors, except in the horizontal sector, in which the SW, W, NW, and N directions presented the highest values (12.6, 13.4, 14.1 and 13.6), while the S, SE, and E directions showed the lowest values (6.6, 7.3, and 8.5). The SM ranged between 0.55 and 0.63 in all the directions and sectors, except in the horizontal sector in which the SM was 0.72 in the E direction. The SAL, instead, varied between sectors and the highest value was −1.70 in the E direction of the horizontal sector and the lowest one was −2.12 in the SE and S directions of the left sector. Finally, the NP was on average about 1 for all the directions and sectors.



The radar plot representing the smoothness metrics (NJ, SM, SAL, and NP) averaged across repetitions and subjects in each direction for all the sectors is reported in Figure 4 for the EXP movement.



In the EXP movements, the NJ was between 8 and 13, while the SM ranged between 0.57 and 0.65 in all the directions and sectors. The SAL was between −1.20 and −1.77, except for the left sector in which the SAL was between −2.30 and −2.15. Finally, the NP was on average about 1 in all the sectors and directions, except for the up sector in which the NP was higher than 1 in some directions.



The color maps in Figure 5 represent the metrics with respect to the articular angles of the shoulder, plane of elevation, and elevation angle.



In P2P movements, the color maps of NJ, SM, and SAL indicated that smoother movements were performed where both the plane of elevation and the elevation angle were low. If the angles were above 90°, the smoothness decreased. The NP indicated almost the same smoothness for all the angles. In EXP movements, the NJ and the SM found high smoothness when both angles were high and low smoothness when angles were very small. The SAL, instead, showed that the whole region in which the plane of elevation angle was high was a low smoothness area. The NP indicated almost the same smoothness for all the angles, except with plane of elevation between 60° and 90° and elevation angle between 90° and 120°.



The representation of the smoothness metrics in the 3D workspace of the upper limb is reported in P2P movements in Figure 6 and in EXP movements in Figure 7.



In P2P movements, the lowest NJ in the horizontal sector was found in the directions close to the subjects, while the highest values were in the left and up sectors and in the north-west side of the horizontal sectors. The right and the frontal sectors presented similar values of NJ. The same smoothness distribution was found with the SM. The SAL was higher in the horizontal, the right and the frontal sectors, while it was lower in the left and up sectors. Finally, the NP was almost the same in all the sectors, with higher values in the horizontal one.



In EXP movements, the NJ was higher in the left sectors with respect to the others and the highest NJ was in the NE direction of the frontal sector. The same smoothness distribution was found with the SM. The SAL was higher in the left sector; the other sectors presented similar values. Finally, the NP was almost the same in all the sectors, with higher values in the up one.



Smoothness differences between sectors were investigated with statistical tests for each metric and the results are reported in Figure 8.



In P2P movements, the NJ in the frontal and the horizontal sectors was significantly lower than the NJ in the up (p = 0.003, p = 10−4) and left sectors (p = 0.04, p = 0.01). The SM was significantly higher in the frontal, right and horizontal sectors with respect to the up (p = 10−4, p = 10−4, p = 10−11) and left (p = 10−6, p = 10−6, p = 10−14) sectors. Moreover, the SM in the right sector was lower than in the horizontal sector (p = 0.04). The SAL was significantly lower in the left (p = 10−14) and in the up (p = 10−14) sectors. Moreover, the SAL in the right sector was higher than in the right sector (p = 0.02) and in the horizontal sector (p = 10−4). The NP, instead, was not significantly different between sectors.



In EXP movements, the NJ in the left sector was significantly higher than for the right (p = 10−4) and horizontal (p = 0.001) sectors, while the SM was lower in the left sector (p < 10−3) with respect to the other sectors. The SAL in the left sector was significantly lower than the other sectors (p < 10−3) and was lower in the up sector (p < 10−3) with respect to the frontal, right and horizontal sectors. Finally, the NP was higher in the up sector (p < 0.02).



Correlation plots between each possible pairs of metrics are shown for each repetition and subject in Figure 9 for the P2P movements and in Figure 10 for the EXP movements.



In P2P movements, the NJ had a very high negative correlation with the SM with r coefficient = −0.86 (p < 0.001). The NJ had r correlation coefficient = −0.10 (p = 0.01) with the SAL and r = 0.16 (p = 10−5) with the NP. The correlation coefficient was 0.23 (p = 10−10) between SM and SAL, 0.01 (p = 0.71) between SM and NP, and 0.03 (p = 0.44) between SAL and NP.



In EXP movements, the NJ had a very high negative correlation with the SM with r coefficient = −0.83 (p < 0.001). The NJ showed r coefficient = −0.12 (p = 0.003) with SAL and r = 0.43 (p < 0.001) with NP. The SM had a low correlation coefficient with SAL (0.24, p = 10−9) and no correlation with NP (−0.08, p = 0.06). The correlation coefficient between SAL and NP was 0.06 (p = 0.14).




4. Discussion


Smoothness metrics represent the basis of many motor control tests performed in clinical environments to assess the patients’ motor performance [4,9,23]. Upper limb gestures are typically evaluated with jerk-based indexes and associated to pathologies that involve motor impairment. It was found that smoothness is correlated with motor impairment [31] and with standard clinical measures [32,33,34]. Smoothness is used as a parameter for motor performance evaluation during rehabilitation in post-stroke patients [20], parkinsonian patients [35] and spinal cord injury [36]. In the previous studies, motor recovery was associated with increased smoothness. Moreover, smoothness measures can be also used for detailed evaluation of motor performance that cannot easily be assessed with clinical scales. For example, the normalized jerk was sensible enough to identify a limited motor performance of the ipsilesional limb in post-stroke patients [37]. Smith et al. [38], instead, found that smoothness metrics could detect motor dysfunctions related to Huntington’s disease before clinical tests.



However, no studies so far have investigated the sensibility of these measurements in a wide mapping of the upper limb in healthy subjects as benchmark values for clinical applications.



In this paper, four smoothness metrics based on wrist motion were used to reconstruct a map of movement smoothness in the upper limb workspace in a cohort of fifteen healthy subjects. First, two upper limb movements, namely point-to-point reaching movements and multi-directional exploration tasks, were acquired from fifteen subjects in five sectors of the workspace: frontal, up, left, right and horizontal. Then, the smoothness was computed with the NJ, the SM, the SAL, and the NP. A smoothness map of each metric was reported for all the sectors, in the 3D space and with respect to the shoulder articular angles, that describe the direction of movements. Statistical tests were performed between sectors in order to investigate which sectors could be discriminated with the smoothness metrics. Finally, correlation coefficients between pairs of metrics were computed. Thus, the outcomes of this work include comprehensive smoothness maps, established in a wide variety of directions in the upper limb workspace, and a comparison between four commonly adopted metrics for movement smoothness.



Smoother movements correspond to lower NJ and NP and higher SM and SAL. The NJ presented similar results between directions in each sector, except for P2P movements in the horizontal sector. In general, the left and the up sectors showed higher NJ in P2P movements and these sectors also correspond to the regions in which the plane of elevation and/or the elevation angle were higher. In EXP movements, the NJ was lower in the horizontal and frontal plane, while it was high in the left sector. The SM was always in accordance with the results of the NJ, and it shows strong discriminative sensibility between sectors. The NJ and the SM showed a very high negative correlation. The SAL presented results similar to NJ and SM, interestingly detecting lower smoothness in the up and the left sectors, probably due to the fact that the limb has less dexterous control in such sectors, that are “at the borders” of the upper limb workspace. The SAL could discriminate smoothness differences between the sectors in a similar way with respect to the SM, presenting a positive correlation with SM. The NP, instead, was for almost all the conditions = 1 and could discriminate only some of the directions of the up sector in EXP movements as less smooth. The NP showed no correlation with the other metrics, and it had low positive correlation with NJ in EXP movements. This index was not suitable for analyzing the smoothness of reaching movements performed by healthy subjects, since in reaching movements the number of velocity peaks is usually one. In fact, healthy persons’ movements are mainly characterized by bell-shaped velocity profiles with only one velocity peak [6,39]. The NP could be more suitable for more complex movements and especially for evaluating patients’ performances [30,40]. It was shown that in post-stroke patients, the number of velocity peaks may increase despite the reduced articular range of motion (due to neurological diseases) with respect to healthy people motion [30]. In a previous study [21], the NP showed to have high variability and failed to capture the trend of the performance of healthy subjects. This effect is also related to the choice of the filtering parameters; the lower the cutoff frequency of the low pass-filter, the less is the capability of NP of discriminating different levels of smoothness. While this is true for all the smoothness metrics, this is particularly crucial for NP.



The areas of the workspace that presented the lowest smoothness were the up and left sectors, in which the movement execution was less comfortable and dexterous due to the high shoulder flexion angles, that require effort and coordinated control in poorly used areas of the upper limb workspace [41]. Furthermore, in P2P movements, the length of the trajectory and the execution time were higher, leading to generally less smooth movements, as already demonstrated in other studies [42,43].



The application of different smoothness metrics on healthy subjects in a large set of upper limb movements covering the workspace provided reference values for four commonly used metrics that may be useful for the understanding of the physiological mechanisms related to smoothness and may find use when assessing motor performance of impaired patients. Since smoothness is considered as the result of a cognitive process and the improvement of motor control in patients, the use of smoothness metrics can be important for the appropriate evaluation of the motor recovery in impaired subjects [8,20]. This work provides reference values that may be used as benchmark for the evaluation of smoothness related measurement in a clinical context, as well as deepens the relationships found between such movements.



This work has some limitations. First, only movements of healthy people were considered, reducing the range of application for some of the indexes, such as the NP. However, this study is the first step towards the application of these metrics in clinical assessments and its aim is to provide reference values for future studies on specific diseases. Moreover, the use of only healthy subjects allowed us to have coherence between the smoothness metrics and to interpret the results in consistent experimental conditions. Future work may involve patients suffering from neurological and neuromuscular diseases. Second, gender differences in smoothness metrics were not investigated since the sample size of this study was limited and we could not provide statistical evidence of gender differences. Future work could include a larger cohort of subjects, with a balanced number of males and females in order to assess the smoothness differences between genders. Finally, despite us providing a quantification of smoothness computed with several metrics, covering a comprehensive set of 3D directions in the upper limb workspace, the movements we considered were all approximately rectilinear or with little curvature. Developments of this concept may include more complex movements of the activity of daily living that require more complex coordination.




5. Conclusions


In this study, a smoothness map on the 3D workspace of the upper limb was computed, comparing four smoothness metrics based on wrist motion, namely the normalized jerk, the speed metric, the spectral arc length, and the number of speed peaks. Fifteen healthy subjects performed reaching movements and exploration tasks in multiple directions in five sectors of the workspace. The smoothness metrics were in accordance, discriminating well the sectors, identifying low smoothness in the up and left sectors, while the number of peaks was a metric not suitable for assessing movements of healthy subjects. However, strong correlation was found only between normalized jerk and speed metrics. These results can be used as a benchmark for clinical studies.
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Figure 1. Scheme of the work. Upper limb movements (P2P and EXP) were performed in 5 sectors of the workspace by 15 subjects. The data were segmented in phases and the wrist kinematics and the articular angels were computed. Then, four smoothness metrics based on wrist motion were computed and smoothness was compared between sectors, mapped with respect to articular angles and in the 3D workspace for each of the smoothness metric. Finally, the correlations between pairs of metrics were computed. 
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Figure 2. Marker positioning and articular angles. Markers were placed on D5 and C7 vertebras, acromion (shoulder—S), right elbow epicondyle (elbow—E), and on the styloid process of the ulna (wrist—W). Shoulder elevation angle is shown in the first panel, shoulder plane of elevation in the second one and the elbow flexion angle in the last panel. 
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Figure 3. Radar plot for P2P movements. The smoothness metrics are represented in separate plots. In each radar plot, the five sectors—up (purple), left (orange), frontal (green), right (blue) and horizontal (in red)—are reported and each point is the average of the metric across repetitions and subjects. 
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Figure 4. Radar plot for EXP movements. The smoothness metrics are represented in separate plots. In each radar plot, the five sectors—up (purple), left (orange), frontal (green), right (blue) and horizontal (in red)—are reported and each point is the average of the metric across repetitions and subjects. 
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Figure 5. Color maps representing the level of smoothness with respect to articular angles. Results of the P2P movements (first row) and of the EXP movements (second row) are reported with respect to shoulder plane of elevation and shoulder elevation angle. The four metrics are represented in the columns. The blue areas represent the regions of the workspace in which the performed movement was smoother (lower NJ and NP, and higher SM and SAL); the yellow areas are the regions in which the movements were less smooth. 
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Figure 6. 3D maps in cartesian coordinates—P2P movements. The 3D maps representing the level of smoothness are reported in cartesian coordinates referred to the shoulder. The five sectors are visualized in the 3D space with different shapes: frontal (square), up (triangle), left (bullet), right (circle) and horizontal (cross). The upper limb starting position is represented in black for a typical subject for visual reference. Each point is the average across repetitions and subjects and their colors indicate the magnitude of the metrics. The x axis points to the right of the subject, the y axis points frontally and the z axis is vertical. 
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Figure 7. 3D maps in cartesian coordinates—EXP movements. The 3D maps representing the level of smoothness are reported in cartesian coordinates referred to the shoulder. The five sectors are visualized in 3D space with different shapes: frontal (square), up (triangle), left (bullet), right (circle) and horizontal (cross). The upper limb starting position is represented in black for a typical subject for visual reference. Each point is the average across repetitions and subjects and their colors indicate the magnitude of the metrics. The x axis points to the right of the subject, the y axis points frontally and the z axis is vertical. 
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Figure 8. The statistical tests between sectors are reported for each metric (in the column). Both P2P (first row) and EXP (second row) are reported. 
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Figure 9. Correlation plots between each possible pair of smoothness metrics—P2P movements. The correlations between pairs of smoothness metrics are reported in each plot and the regression lines are marked in blue. 
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Figure 10. Correlation plot between smoothness metrics—EXP movements. The correlations between pairs of smoothness metrics are reported in each plot and the regression lines are marked in blue. 
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