Supplementary materials and methods

Motion analysis

In this study, the following motion metrics were analyzed.
	
	i. Path length (PL) (m): total length of the tip trajectory of an instrument.

	Where n is the total number of frames, and , , and  are tip positions of an instrument in frame . In this study, the trajectory that lies inside the 3D models is the measurement target, excluding that outside of them.

ii. velocity (m/s): average velocity of the tip of an instrument.


iii. acceleration (m/s2): average acceleration of the tip of an instrument.

iv. jerk(m/s3): average jerk of the tip of an instrument.


v. angular velocity vector (rad/s): average velocity vector of an instrument. 
	Motion capture data also measures the posture information of each instrument in world coordinates. The attitude information measured in this study is obtained at ZYX Euler angles , and the rotation matrix  is calculated from the ZYX Euler angles. The angular velocity vector was calculated from the difference of the rotation matrices. The difference of the rotation matrix between the frame  and frame   is calculated as follows.

Note that the difference of the rotation matrices  is defined with respect to the local (instrument’s) coordinate frame.
	The angular velocity vector  is expressed by the following equation.

where  is the sampling time,  is the matrix logarithm (18), and  is the operator defined by

Since  is calculated from the difference of the rotation matrix between the frame  and frame , is the moving average of angular velocities of  frames.  was set to 20, and the sampling time  was 0.01 s.  is defined with respect to the local (instrument’s) coordinate frame.


vi. angular acceleration vector (rad/s2): average acceleration vector of an instrument.


vii. angular jerk vector (rad/s3): average jerk vector of an instrument.


	In this study, the trajectory of the tip of an instrument ( was smoothed by the Savitzky-Golay filter, and its derivatives were also obtained by the filter. The polynomial order of the filter was set to 3, and the number of sampling frames of the filter was set to 101.



Principle component analysis

Principal component analysis is a data reduction technique used to summarize an abundant number of variables to a small number of important and relevant features (principal components). 
Suppose, hypothetically for example, experts tended to have shorter path lengths of surgical instruments and shorter task completion times (Figure). A normalized and dimensionless plot of the subject's surgical instrument path length and task completion time would be shown in the following figure (a).
	In principle component analysis, the first principal component axis is taken in the direction with the largest data variance. The second principal component axis is taken in the direction with the second largest data variance and orthogonal to the first principal component axis. The value of the first principal component axis for each data best represents the characteristics of each data as illustrated in the figure (b). Hence the two-dimensional data can be approximated by the one-dimensional data. In the first versus second principal components plot, original axes correspond to the loading plot. As described in the above example, the characteristics of many-dimensional data can be explained by several principal components.


[image: ]
                   (a)                              (b)
Figure: An example for explanation of principle component analysis.
In this example, it is supposed that experts (+) tend to have shorter path lengths of surgical instruments and shorter task completion times than novices (dot). (a) The data of experts and novices are plotted in the rectilinear coordinates, where the x-axis and y-axis represent task completion time and path length, respectively. The first principal component axis (red) is taken in the direction with the largest data variance. The second principal (blue) component axis is taken in the direction with the second largest data variance and orthogonal to the first principal component axis. (b) The data are re-plotted in the new coordinates where the first principal component axis (red) and the second principal component (blue) are taken as the x-axis and y-axis, respectively. Here, the two sorts of variables (task completion time and path length) are approximated by one data (the value of the first principal component axis). By repeating this process, many variables can be summarized into a small number of important and relevant features. The symbol of + and dot represents experts and novices, respectively.
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