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ABSTRACT 
Viewing and manipulating three-dimensional (3D) structures in molecular graphics 
software are essential tasks for researchers and students to understand functions of 
molecules.  Currently, the way to manipulate a 3D molecular object is mainly based 
on mouse-and-keyboard control, which is usually difficult and tedious to learn.  While 
gesture-based and touch-based interactions are increasingly popular in interactive 
software systems, their suitability in handling molecular graphics has not yet been 
sufficiently explored.  
Here, we propose to turn the mobile phone into a handy molecular object controller 
by exploiting multiple motion sensors to detect user’s gestures. Our solution supports 
translational motions in all six directions and arbitrarily rotational motions.  Two 
major improvements are achieved: (1) the use of Kalman filter to extract useful data 
from noisy sensor data and to predict current state of the system; (2) a new gravity-
and-magnetic-field-based calibration method to correct orientation drift. The mobile 
control has been realized to manipulate objects in PyMOL molecular graphics 
software. 
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CHAPTER 1. INTRODUCTION 
Three-dimensional (3D) structures of molecules are crucial to the understanding of 
molecular functions in the study of life sciences [1][2]. Molecular structures can be 
downloaded from the PDB database [3] or generated by structural bioinformatics 
methods. They can be visualized or edited subsequently using molecular graphics 
software. To date, many such software programs exist in the market, commercial or 
free, to help students and researchers to quickly display, animate, or render high-
quality images for their needs in studies and publications.  
1.1 Overview 
Nevertheless, the way to manipulate a 3D molecular object in these software 
programs is still limited to mouse-and-keyboard control in a conventional computer 
system. The mouse is an excellent and inexpensive device for object manipulation in 
two-dimensional (2D) applications. However, since the mouse is moved on a planar 
surface, it is not intuitive to use for manipulating virtual objects in 3D environment. 
To support more direct way to control, advanced input devices such as 3D mouse, 
data gloves, and gamepads are necessary [4]. Immersive virtual reality techniques, 
which allow one to fly through the microscopic worlds and directly interacting with 
the system, could be fascinating but the cost involved is high and the setup is too 
complicated. 
While these non-standard devices are not always available (such as in the school 
laboratory), sensor-equipped mobile devices can be considered as alternatives. The 
advantage of using a mobile device is that almost all of us bring along with it 
wherever we go. Many mobile devices nowadays have powerful computing 
capabilities, built-in touch screens and sensors that can be exploited to capture user's 
motions and subsequently translated into object manipulation commands in the 
software.   
1.2 Previous Work 
In our previous work, we investigated the effectiveness of gesture-based interactions 
in controlling 3D molecular objects using both motion and touch sensors in a mobile 
device. Based on the PyMOL framework [12], we developed a mobile controller 
called PyMOL mControl using client-server architecture. PyMOL mControl is a web 
APP, which is implemented using HTML5. Three fundamental viewing controls–
zooming, translation and rotation–and frequently used functions were implemented. 
The three basic motion controls of the molecular object in PyMOL, i.e. zooming, 
rotation, and translation, as explained in Table 1. 
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XY-Rotation Z-Rotation 

  
Gesture: Rotate the mobile device about 

its x- and y-axis 
Gesture: Rotate the mobile device about 

its z-axis 

Zooming Translation 

  
Gesture: Tilt the mobile device slightly to 

the user and then wave it towards the 
him/her to zoom in; tilt it away from the 

user and then wave it against him/her to 
zoom out. 

Gesture: Slide the finger on the screen 
along the desired direction. 

 

Table 1: Interaction design for three viewing controls. 
Since the original PyMOL user interface is difficult to use, a more user-friendly 
interface, which could shorten the learning curve and reduce user’s frustrations in the 
learning process, is desirable. For this purpose, frequently used operations such as 
selecting atoms, changing display style, coloring, saving scenes, etc. were also 
implemented. Generally, a molecular graphics software is only controlled by one 
person whom is sitting in front of the computer. With PyMOL mControl, everyone 
with a mobile device can participate as a “controller” to manipulate the displayed 
molecule. This feature is particularly suitable in group meetings for collaboratively 
adjusting the view of the molecule to facilitate group discussions. Results from a pilot 
user study, PyMOL mControl  provides an alternative way to manipulate objects in 
molecular graphic software with new user experiences. The software is freely 
available at http://cbbio.cis.umac.mo/mcontrol.html and the work is now under review 
by a journal.  
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1.3 Objectives 
In this project, our goal is to design more natural, more intuitive, and easier-to-use 
gestural interactions with sufficient precision for beginners and frequent users. The 
ideal way is to have a direct mapping of physical actions to virtual actions such that 
you move the molecular object by directly moving your mobile device. In this way, 
users do not need to remember any gestures, only imagining that they are holding the 
virtual object in their hand. 
The usual combination of motion sensors in mobile device included accelerometer, 
gyroscope and magnetometer. In our previous work, we only exploited accelerometer 
and gyroscope sensor, therefore restricting user motions were necessary for precisely 
controlling virtual objects. To improve this, we implemented sensor fusion to do 
translation and orientation tracking. However, there are still many factors influencing 
the result, such as inaccuracies of sensors. In signal processing, filtering is a process 
to extract the useful part of some data while eliminating the noise or other unwanted 
features. High pass filter and Kalman Filter are used in our project.  
Our solution focuses on mobile device virtual object control in six directions (left, 
right, top, down, forward and backward) and arbitrarily rotation. Additionally, 
according to our observation, the noise of sensor data is weak and symmetrically 
distributed, therefore it does not influence the result significantly. The main problem 
is from the calculation of transforming raw sensor data into values useful for virtual 
object manipulations; this calculation results in the so-called drift error. To eliminate 
inaccuracy, we implemented Kalman filter to use previous states to predict the current 
state. Moreover, to keep result stable, we propose a calibration method based on the 
fact that gravity and magnetic field keep pointing the same direction whatever 
changing the orientation and position of mobile device. These give us reference 
values from which to correct drift.  
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CHAPTER 2. RELATED WORK 
In recent years, with the advance of sensor technologies, the study of gesture-based 
input methods for interactive software has received intense focus.  Solutions using 
spatial recognition devices such as Leap Motion or Kinect for molecular 
visualizations have been reported [5]-[8]. 
For example, Fiorella et al. used the multi-touch interface of a mobile phone to 
perform 3D scene navigation [9]. Such technique was later integrated into the popular 
desktop molecular visualization system VMD [10]. Regarding the use of motion 
sensors, Sasakura et al. made a preliminary study on the use of acceleration data from 
an iOS phone to detect the orientation-free direction of leaning or movement of the 
device [11]. The design was tested using an in-house developed molecular 
visualization system, but usability of the designed gestural interactions was not clear. 
Besides, the second motion sensor commonly equipped in mobile devices nowadays–
the gyro sensor–was not studied. 
The Lightsaber Escape [15] is a new browser-based game developed by Google, to 
provide an immersive web experience. The game turns your phone into the true jedi 
lightsaber, and wave it across the screen is how you deflect the incoming fire. 
Besides, the company also published a deep technology behind the project. 

 
Figure 1: Lightsaber Escape – an experience built for Chrome. 
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CHAPTER 3. DESIGN 
3.1 Motion Sensors  
In this section, we discuss the concept of motion sensor and briefly introduce the 
types or attributes of sensor data, to understand the application of sensor and identify 
the characteristic of sensor. After overviewing of the sensors, we will describe how 
we process the sensor data in next chapter. 
MEMS (micro-electro-mechanical systems) is a widely used technology of mobile 
device nowadays, the best-known MEMS application in mobile device are 
accelerometer, gyroscope and magnetometer. Its solution plays a central role in 
motion sensing including landscape-to-portrait rotation and dead-reckoning 
navigation. 

 
Figure 2: The X,Y and Z axes defined for a mobile device. 

 
3.1.1  Accelerometer 
The accelerometer is a device that can measure the force of acceleration, whether 
caused by gravity or by movement. An accelerometer can therefore sense and 
measure the speed of movement of an object to which it is attached. In iOS mobile 
operating system, for example, the value given is expressed in g, a “g” is a unit of 
acceleration equal to Earth’s gravity at sea level. The unit of measure of 
accelerometer in the International System of Units is m/s2, in our calculation, we 
convert each acceleration sensor value into unit of m/s2 by multiplying with 9.81. 
The two types of measurements performed an accelerometer are: 

 Linear acceleration (linAcc): acceleration along each of the three coordinate 
axes caused by device motion  Acceleration (Acc): linear acceleration plus the effect of gravity 

Gravity 
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3.1.2  Gyroscope 
The gyroscope is a hardware sensor that samples rotation rate about the three axes. 
Then the data is assembled into the so-called roll/gamma, pitch/beta and yaw/alpha 
angles with the unit of radian. 
The three attributes measured by a gyroscope are: 

 Yaw (Gyroα): rotation about the Z axis. In other words, yaw is equivalent to a 
compass, but points to magnetic North, but not the True North.  Pitch (Gyroβ): rotation about the X axis. The pitch changes when the “nose” of 
the device goes up or down.  Roll (Gyroγ): rotation around Y axis. The roll changes with side tilting of the 
device to the left or to the right. 

 
3.1.3  Magnetometer 
The magnetometer measures strength of magnetic fields along each of the three 
coordinate axes. The unit of measurement of magnetometer is micro Tesla (µT). It is 
essential for detecting the direction of mobile device relative to the Earth's magnetic 
north.  
 
3.2 Coordinate Systems  
Generally, a mobile device has a default coordinate system called the device 
coordinate system. The coordinate will change when we rotate the device since the 
sensors are mounted to the device. Besides, a global coordinate system represents the 
coordinate at the beginning of action, it will not change after the device is detected to 
started to have motion.  

 
Figure 3: The global (left bottom) and device coordinate systems (top right). 
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3.3 Sensor Fusion 
In this section, we describe the process of fusing the sensor data to determine the 
position of the mobile device, i.e. the general methods for handling the continuous 
sensor data. This knowledge is essential to the understanding of our proposed 
practical algorithm for handling the discrete sensor data later in Section 3.3.2. In fact, 
the method and algorithm is not perfect, we do calibration to improve the accuracy of 
algorithm (Section 3.4). Moreover, apply the filtering not only can reduce the noisy of 
sensor data, but also enhance the useful sensor data (Section 3.5). The result has 
significantly improved. 
For clarity, the sensor data vectors are defined as follows: 

 Accelerometer data: ( ), refer to the acceleration vector in m/s2 at time t with gravity.  Linear accelerometer data: ( ), refer to the acceleration vector in m/s2 at time t without gravity.  Gyroscope data: ( ), refer to the rotation rates in radian/s around the three coordinate axes at time t.  Magnetometer data: ( ), refer to the strength of magnetic field in µT along the three coordinate axes at time t. 
 
The integration of vector functions is done as follows: 

( ) = < ( ), ( ), ( ) > 
( ) = < ( ) , ( ) , ( ) > 

 
3.3.1  Theoretical Model  
In this section, we present a simple model that calculates the position in global 
coordinate system. First, assuming that there is no rotation during its motion, we use 
the general double integral equation to measure position (Subsection 3.3.1.1). Second, 
we discuss how orientation is calculated based on measured rotation (Subsection 
3.3.1.2). Finally, we combine rotations into the equation so we can successfully 
convert the motion in device coordinate system relative to global coordinate system 
(Subsection 3.3.1.3). 
3.3.1.1 Position 
Acceleration is the rate of change of the velocity of an object. Velocity is the rate of 
change of the position of that object. In the other words, velocity is an integral of 
acceleration over time and position is an integral of velocity over time. Thus, position 
is a double integral of acceleration over time. Therefore, mathematically to measure 
translation, we can integrate the raw accelerometer sensor data twice. 
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Remark that the effect of gravity should not be included in accelerometer data since 
the direction of gravity is relative to a device. Once included in the calculation, the 
calculated position will be influenced significantly.  

( ):        
( ):        
( ) = ( )         (1) 
( ) = ( ) =  ( )       (2) 

where ( ) is the linear accelerometer vector at time t, ( ) is the velocity 
vector and ( ) is the position vector. 
However, this approach has a limitation. It assumes that the device does not change its 
orientation during device motion. Once the orientation of the device is changed, the 
accelerometer data would be measured in relative to a different coordinate system. 
Therefore, the accelerometer data should be converted to the global coordinate system 
before integration. To do this conversion, we need to know the orientation of device at 
the start of the device motion.  
 
3.3.1.2 Orientation 
To calculate the orientation of the device, first we have to define a 3D rotation matrix. 
The 3D rotation matrix is a matrix that is used to represent a rotation around an 
arbitrary axis in 3D space. Here, we would like to make a rotation about a given axis 
by an angle. To simplify the calculation, we let the axis to be a unit vector. Note that 
the procedure of formula below is well explained in [24].  
The 2 × 2 rotation matrix for a rotation by an arbitrary angle  about an arbitrary axis 
< a, b, c > is, 

(< , , >, )
=

+ (1 − ) cos (1 − cos ) − sin (1 − cos ) + sin
(1 − cos ) + sin + (1 − ) cos (1 − cos ) − sin
(1 − cos ) − sin (1 − cos ) + sin + (1 − ) cos

 

where < a, b, c > is an unit vector and √ + + = 1.  (3) 
The direction of rotation is usually determined by right-hand rule. Curl your finger 
into a half of circle and right thumb pointing in the position direction of the axis. The 
wrapped fingers will give the direction of the rotation. Here, Give an example (Figure 
4) that x axis pre-multiplied by a rotation matrix (< 0, 1, 0 >, ), then the result is 
< 0, 0, 1 > the z axis.  
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Now, we know that the rotation matrix showing the result of the rotation of the device 
coordinate system relative to the global coordinate system. Then, we will continue on 
calculating the rotation matrix using gyroscope data. 

 
Figure 4 Rotation example for (< , , >, ) 

The simple way is similar with position formula, just integrate the gyroscope data in 
time. 

( ):         
( ) = ( )   

However, 3D rotations are not commutative in general, the order of the axes which 
one rotates about affect the final position. In the other word, for example, to rotate 
twice, we multiply two rotation matrices together, the result 1 × 2 does not equal 
to 2 × 1, see Figure 5. Based on the three rotation angles, we hard to determine the 
orientation of device, so the formula is wrong.  
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Figure 5: Spatial rotations are not commutative. 
To solve this problem, we would like to catch small rotation in a short time interval 
and combine them together. Therefore, the order of the axes which one rotates about 
will not affect the result. As we know, the rotation matrices can be composed by 
multiplication, we have two rotation matrices R1 and R2, R1 x R2 represents the 
rotation R1 followed by rotation R2. For example, we multiply the sampled rotation 
matrix from the beginning of time. The composition of the matrix is the orientation 
matrix. 

 
Figure 6: Multiplication of rotation matrices. 

Before we calculate the rotation matrix, we need to know the rotation angles 
representing rotation during a time interval.  
Δ ( , ):          ( , ) 

( , ) = ( )         (4) 
To convert the vector of rotation angle into a rotation matrix, we will use Formula 3. 
Let’s discuss about the parameters in the formula, we need an axis and angle, we 
mentioned for the calculation of rotation angle just now, it’s also vector =<, , > that represents the device rotation around the coordinate axes x,y and z by 
angle ,   . The rotation angle  is obtained by calculating the length of the 
vector ‖ ‖. Also, we have defined the rotation axis as a unit vector, so we have to 
normalize vector  to a unit vector by using = ‖ ‖ . Hence, we get the rotation 
matrix between a certain time intervals.  
Δ ( , ):        ( , ) 
Δ ( , ) = ( , ) =  ( Δ ( , )

Δ ( , ) , Δ ( , ) ) 



PyMOL mControl: Manipulating Molecular Visualization with Mobile Devices 

20 of 59  21 July 2016 

Finally, we multiply those rotation matrices up to the time t in order to get the 
orientation matrix. 

( ):       
( ) = ∏ ( , + 1)        (5) 

3.3.1.3 The Final Formula 
By pre-multiplying the orientation matrix to accelerometer data, we can convert the 
accelerometer data relative to global coordinate system. Therefore, whatever we rotate 
the device, the accelerometer data would be relative to initial coordinate system at the 
beginning i.e. global coordinate system. 

( ) = ( ) ( )        (6)
   
 
3.3.2  Practical Approach 
In this section, we will discuss the practical way to process the real time sensor data to 
achieve device orientation and translation measurements. In theoretical model part, 
we have mentioned integral of continuous vector, now we need to define a similar 
operation for sensor events. Here we will describe an equation that operates on 
incoming events.  

 
Figure 7: Delta integral example 

 is the timestamp of previous event  
 is the timestamp of current event  
 is previous event data 
 is current event data 

∆ = ( − )( + )
2  
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To calculate the delta integral, we use trapezoidal rule instead of rectangular rule, so 
the errors of integration are reduced. When we sum all the delta integral up then we 
will get the entire integral. Once we apply the integration on accelerometer data, we 
get proportional approximation of the velocity. Then integrate again to get 
proportional approximation of the position. 

 
Figure 8: Double integral of accelerometer data to get position. 

 
3.3.2.1 Calculate Device Orientation from Gyroscope Data 
Using the gyroscope data to calculate the orientation matrix, we need to follow three 
steps: 
Step 1. Calculate the rotation angle using Gyroscope data and delta integral 
According to Formula 4 from the theoretical model, by performing an integration of a 
new gyroscope event data, we obtain three rotation angles around the three coordinate 
axes where t1 is time of last reading, and t2 is time of new reading. 
Step 2. Convert rotation angle to rotation matrix 
According to Formula 3 from the theoretical model, convert the vector of three 
rotation angles to a rotation matrix. The rotation matrix represents the rotation of the 
device happened between last reading and new reading. Algorithm  is a function 
returns a matrix representation of the rotation defined by an arbitrary angle about a 
unit vector. 

 :     
: 
←    , ,    , ,   

 
← ( 0 , 1 , 2 ) 

← ( 0 , 1 , 2 ) 

 , ) 
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Step 3. Generate orientation matrix by multiplying orientation matrices 
According to Formula 5 from the theoretical model, obtain the rotation matrix 
representing the orientation changes of the device between last event and new event 
and multiplied them together to generate the orientation matrix. Algorithm  
describes the combination of orientation of device over time. 

 :   
: 

←       
←   

 
← ∙  

  
 
3.3.2.2 Calculate Device Translation from Accelerometer Data 
Using accelerometer data to calculate the velocity and position, handling the global 
coordinate system is an essential process. 
Step 1. Map Accelerometer data onto global coordinate system  
According to Formula 6 from the theoretical model, to convert the accelerometer data 
relative to global coordinate system (initial coordinate system), we should pre-
multiplying the data by the orientation matrix. The pseudocode is shown in Algorithm 

.  
 : −    

: 
←        

←   
 

 ∙ ( 0 , 1 , 2 ) 
Step 2. Calculate device velocity 
According to Formula 1 from the theoretical model, as we know, summing up delta 
integral will have an entire integral. Velocity is an integral of acceleration, but before 
integration, we should ensure the accelerometer data without gravity that relative to 
global coordinate system. The pseudocode is shown in Algorithm . 

 :       
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: 
←            

←   
 

← + (  
  

Step 3. Calculate device position 
Corresponding to Formula 2 from theoretical model. Position is an integral of 
velocity. Sum up second integral will have the result of position. The pseudocode is 
shown in Algorithm . 

 :       
: 

←         
←   

 
← + ( ) 

  
 
3.4 Calibration To Correct Drift 
In this section, we design a calibration method to solve the drifting problem caused by 
inexact integration calculation discussed in the above method.  
3.4.1  Gyroscope Drift 
Although the raw gyroscope data is precise, since we do not have a prefect integral, 
accumulated integral error is increased over time during calculation. This error is 
called drift. Actually, we have already used trapezoidal rule to reduce the error. 
However, because of insufficient sampling rate, we only get around 100 events rate 
per second in reality, which is not enough to accurately measure the orientation for 
more than a few seconds. 
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Figure 9: Orientation drift after several seconds. 

Luckily, the Earth’s gravity and magnetic field point in a certain direction regardless 
of the orientation and position of the device. Therefore, we propose to use gravity and 
magnetic field to fix the orientation when the device is still. 
3.4.1.1 Stillness Detection 
The device is still when there is no any rotation and the accelerometer only caused by 
gravity. To do detect stillness, first we will use common statistical method to calculate 
variances of the magnitude of raw sensor data. Statistical variances can give a 
measure of data distribution about the mean or expected value, they are calculated as 
follows:  

←      
… ∈     

( … ) =   

( … ) = ( −  

( … ) =  

For the accelerometer and magnetometer sensors, we calculate the variance of 
respective sensor data. For gyroscope data, since the sensor values goes to zero when 
the device is still, we calculate the sum of squares instead. When the variances and 
sum of squares are less than the corresponding preset thresholds, the device is treated 
as still.  

… ∈      
… ∈      
… ∈      
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∈      
∈      
∈      
∈          

⇔ ( … ) <  
⇔ ( … ) <  
⇔ ( … ) <  

 
3.4.1.2 Fixing the Orientation Bias by Gravity Direction 
When the device is still, the current accelerometer vector relative to global coordinate 
system should match the gravity vector that calculated by the mean of accelerometer 
at the beginning of the time. If not match, we will calibrate the orientation to fix the 
bias. 

 
Figure 10: Matching the accelerometer vector to gravity vector 

Assume that the device is still, we have the below data: 
←            
←     .      ,  

                  .  
←     

There are two steps for fixing the orientation by gravity: 
1. First, we need to build a rotation matrix  that rotates the accelerometer 

vector in global system ( ∙ ) to match the gravity vector measures at the 
beginning of the time ( ). (Formula 7) 
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 ∙ ∙ =        (7) 
 
Before, we use to Formula 3 to build the rotation matrix  for a rotation by 
an arbitrary angle about an arbitrary unit vector. Now, we have to define the 
vector and the angle. As we mentioned right-hand rule before, we find that the 
cross product of two vectors can simply determine the vector and angle. 
Using your right hand, hold your first two fingers, your index finger points 
along vector , your middle finger points along vector , then your right 
thumb points in the direction of cross product × . 

 
Figure 11: Right hand rule for vector cross product. 

The formula of cross product [16]: ,     ‖ ‖       ‖ ‖                           × = ‖ ‖‖ ‖ sin  

 
Figure 12: Vector cross product.  

 
Then we would like to calculate in this way, 
 

× = ( )               ( − − − ) 
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Now, we have the calculation of get vector and angle, then we substitute them 
into the Formula 3, so that we get the rotation matrix that rotate vector  to 
match vector  can be defined as, 

( , ) =  ( ×
‖ × ‖ , sin ‖ × ‖

‖ ‖‖ ‖)     (8) 
 
Finally, according to Formula 8, we substitute the   ( ∙ ) and gravity vector ( ) to calaulate 
rotation matrix . 

= ( ∙ , )  
2. At last, we pre-multiplied the rotation matrix  by current orientation 

matrix. Therefore, we can calibrate the orientation to fix the bias.   
← ∙  

 
The pseudocode is shown in Algorithm . 

 :      
: 
←   

←    
←    

 
← ∙   
← ( , ) ∙  

  
 
3.4.1.3 Fixing the Orientation Bias by Magnetic Field Direction 
Although we have fixed the orientation by gravity, there still exists ambiguous. The 
problem is shown in Figure 13. 
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Figure 13: The same accelerometer measured in multiple orientations. 
To solve this ambiguous case, we use magnetometer sensor data. Same as fixing 
orientation by gravity, in this section, we fix by magnetic field. However, the 
orientation fix here will affect the accelerometer data in global coordinate system does 
not match the gravity vector measured at the beginning. Therefore, after fixing 
orientation by magnetic field, we will discuss and solve this problem in next section.  
The way we calibrate the orientation matrix with the accelerometer vector in global 
coordinate system, is to perform the rotation around the accelerometer vector itself. 
Therefore, we choose the rotation angle to minimize the distance between initial 
magnetic field measured at the beginning and current magnetic field relative to 
coordinate system. Once the device is still, we fix the orientation by matching the 
accelerometer vector in global coordinate system to gravity, so here the gravity vector 
refer to the accelerometer vector in global coordinate system. Figure 14 show the way 
we calibrate the orientation matrix with the gravity vector.  

 
Figure 14: Make the current magnetic field close to initial magnetic vector by rotating around 

gravity vector.  
Assume that the device is still, we have fixed the orientation by gravity and we have 
the below data: 

            .  
       

←             
                       .  

←     
There are three steps for fixing the orientation by magnetic field: 

1. Project the  and  in global coordinate system to the plane 
perpendicular to the gravity vector*. After projection, we have the result 

 and . 
*We can achieve the projection by creating a rotation matrix that denote the 
rotation from gravity vector to the z-axis vector, and then using this matrix to 
rotate the vector  to vector ∙ , after that set their z-axis to 
zero and rotate them back. This approach is used in Algorithm . 
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2. Create the rotation matrix  that denote the rotation from the vector 
 to vector .  

3. At last, we pre-multiplied the rotation matrix  by current orientation 
matrix. 

The pseudocode is shown in Algorithm . 
 :       

: 
←   
←     
←     

←    
 

← < 0, 0, 1 > 
← ( ,  

# −     
← ∙  
2 ← 0 

# −     
← ∙  
← ∙ ∙  
2 ← 0 
← ∙  

← ( ,  
← ∙  

  
 
3.4.2  Accelerometer Accuracy Varies with Orientation 
As we mentioned before, the gravity vector that calculated by the mean of 
accelerometer at the beginning of the time. However, we find that when we turn over 
the device, the current gravity vector is a little bit different compare with the gravity 
vector measured at the beginning. Therefore, it may cause the drift during the 
integration of accelerometer data.  
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Figure 15: Gravity vector has different value when the device is turned over. 

To solve this problem, we do not only fix the orientation when the device is still, but 
also adjust the gravity vector that calculated by the mean of accelerometer data at the 
beginning. If the orientation is fixed, the gravity vector will be replaced by the current 
accelerometer vector in global coordinate system. 
The pseudocode is shown in Algorithm . 

 : Fixing gravity vector by replacing current accelerometer in global coordinate 
: 
←   

←    
←    

 
← ∙   

  
 
3.4.3  Magnetic Field Noise 
As we know, magnetometer reading is easily influenced by electronic devices, such as 
Wifi receiver, mobile phone and so on. Therefore, in our calibration, we will make the 
calibration less dependent on magnetic field. First, if we check that the accelerometer 
and gyroscope are still, we will fix the orientation bias by gravity. Then, if we check 
the magnetometer is also still, we will fix the orientation bias by magnetic field. So 
that even though the magnetic field is not stable, we still can fix the orientation bias 
by gravity.  
 
3.4.4  Device is Still but Velocity is not Zero 
When the device is at rest, we find that the velocity is not zero. It is because the 
accelerometer data still has non-zero value so that the integral of accelerometer data 
will not be zero. It is serious that the position will drift caused by the velocity is not 
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zero. To solve this problem, we will set the velocity value to be zero when the device 
is still. This reduced the accumulation of errors in integration at the time. 
 
3.5 Filtering 
Generally, we just process the raw sensor data to evaluate the velocity and position is 
still inaccurate. To improve the result, we will apply the filters. It can not only reduce 
the noise of sensor data, but can also extract useful sensor data. There are many 
different filters in signal processing, select a filter should depend on the intended 
application. 
3.5.1  High-pass Filtering 
A high-pass filter only allows high frequency signals to pass through the filter, and 
attenuated or removed with frequencies lower than the threshold frequency. It is a 
common filter in signal processing and easy to understand. We use this filter to filter 
noise out of accelerometer data. The high frequency noise in accelerometer data is 
caused by bump. 
The pseudocode is shown in Algorithm . 

 :    
←    

← < 0, 0, 0 > 
←    

←    
 

0 ← 0 ∗  + 0 ∗ (1 − ) 
1 ← 1 ∗  + 1 ∗ (1 − ) 
2 ← 2 ∗  + 2 ∗ (1 − ) 

 
0 ← 0 − 0  
1 ← 1 − 1  
2 ← 2 − 2  
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In Figure 16, we set the threshold to 0.02 and can see the effect of high pass filter. 
Based on the previous data, we can predict and adjust the current data. The green line 
try to adjust the blue line close to red line, it can avoid the bias.  

 
Figure 16: Apply high-pass filter on the X-axis of accelerometer. 

3.5.2  Complementary Filtering 
Normally, in the situation that you have two different measurement sources for 
estimating one variable, and that measurement sources force on the useful information 
in high and low frequency respectively. Then you can use complementary filter. In 
fact, complementary filter manage both low-pass and high-pass simultaneously. We 
mentioned high pass filter just now, actually, low pass filter’s task is the opposite of 
high pass filter. We will apply two times the complementary filter to filter the drift out 
of the integration of gyroscope data. 
In first complementary filtering, we use accelerometer and gyroscope as the 
measurement sources. As we find, the gyroscope data is just reliable on the short 
term, it will drift after several seconds, for a long term, the accelerometer data is 
reliable but easily force on vibration. Therefore, the low pass filter filters high 
frequency signals (i.e. the accelerometer force caused by vibration) and high pass 
filters filter low frequency signals (i.e. the drift of the gyroscope).  
The pseudocode is shown in Algorithm . 

 :     
←    

←    
←       

 
← 0  

← 1  
← 2( 1 , 2 ) 

← 2( 0 , 2 ) 
 

← ∗                         # Low frequency 
             + ∗ (1 − )     # High frequency 

← ∗  + ∗ (1 − ) 
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The second complementary filtering, we use magnetometer and gyroscope as the 
measurement sources. As we mentioned just now, the gyroscope data is just reliable 
on the short term, it will drift after several seconds, for a long term, the magnetometer 
data is reliable but easily disturbed by electronic things. Therefore, the low pass filter 
filters high frequency signals (i.e. the magnetometer disturbed by electronic things) 
and high pass filters filter low frequency signals (i.e. the drift of the gyroscope). The 
overview complementary filters like this: 

 
Figure 17: The overview of two complementary filters.  

 
Figure 18: The result of complementary filter. 

Assume we get the result of the above Algorithm , the pseudocode is shown in 
Algorithm . 

 :     
←    

←    
←       

←     
←     

←    
 

← − 0 ∗ cos( ) + 2 ∗ sin (  
← 0 ∗ sin( ) + 1 ∗ cos ( ) + 2∗ cos (  

← 2( , ) 
← < , , > 
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← ∗                         # Low frequency 

                           + ∗ (1 −      # High frequency 
  

 
Figure 19: Integration of gyroscope over time cause drift. 

 
Figure 20: Apply complementary filter on integration of gyroscope.  

Compare Figure 19 with Figure 20, although application of filters makes the smooth 
curve become non-smooth, the drift is eliminated. We can see the effect that the red 
line intersects the blue line. 
3.5.3  Kalman Filtering 
Even though we use trapezoidal integration over the time, there still exists integration 
drift. In Figure 21, the velocity data is normal in short term, but after several seconds, 
the integration drift becomes serious. The explanation for this phenomenon is that the 
integration accumulates the error over time and turns error into the drift, then generate 
unexpected results. Moreover, double integral make the result become awesome. To 
solve this problem, the way we would like to do is that keep tracking on the previous 
value, then we predict a new value based on the previous value. Therefore, if the 
integration accumulates the error over time, we can adjust them. This procedure is the 
foundation concept of Kalman filtering, Kalman filter is a famous and powerful filter 
in signal processing.  
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Figure 21: Integration drift in velocity. 

Now, at first we are going to briefly introduce the basic important concept of Kalman 
filter , then we will explain the equations. Finally, we use the Kalman filter to filter 
the filtered accelerometer and velocity. 
The basics of Kalman filter: 

1. Kalman Filter is discrete. It depends on measurement samples taken between 
repeated but a certain time period. 

2. Kalman filtering is a recursive algorithm that estimates the data at a time (t) by 
using the data at time (t-1). This means its prediction of the future depend on 
the current state (position, velocity, acceleration, etc). 

3. Kalman filter is that it can be used to predict future states, getting a 
measurement from reality. Making the comparison of the two, moderating the 
difference, and adjusting its estimate with the moderated value. 

The equations of Kalman filtering: 
Inputs: 

=  .  
=  .  

Outputs: 
=       .  
=         .  

Constants: 
=   . 
=  . 
=  . 
=    . 
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=     
Equations: 

 :                     =  +   
(    
 

 :         =   +  
(   ) 
 

:                                = −   
(    ) 
 

 ∶      =   +  
(      
 

 :                            =    
(       ) 
 

 :                            = +    
(    ) 
 

 :               = ( − )  
(    ) 

 
Those equations are hard to be clearly explained in here. You can take a look in [19] 
to know more. Basically, to understand Kalman Filter, we need to have knowledge on 
matrix algebra. Once you understand mathematical models behind Kalman Filter, you 
will able to make the results more accuracy.  
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At last, we define the inputs and constants to apply Kalman Filtering. In Figure 22, it 
is obvious that the integration drift in velocity is eliminated successfully by the filter. 

   =  1  
  = 0 

  = 1 
  = 0.001  

   = 0.001 
    = 0 
     = 0 

 

 

 
Figure 22: Integration drift is eliminated successfully by Kalman filtering. 

To make the direction of motion more clear, we have a condition to check the 
significance of a signal, then integrate it only. Therefore, in Figure 22, we see the line 
Vy and Vz all go to zero. 
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3.6 The Final Flowchart 
Once we received the sensor datas, we do not calculated the position of device 
directly, in order to reduce errors in the results, we have to do calibration and filtering 
during the calcuation. In Figure 23, shows the whole flowchart of processing data. 

 
Figure 23: Flowchart of process. 
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In calibration function, we will make the calibration less dependent on magnetic field. 
First, if we check the accelerometer and gyroscope is still, we will fix the orientation 
bias by gravity. Then, if we check the magnetometer is also still, we will fix the 
orientation bias by magnetic field. The condition chart is shown in Figure 24. 

 
 

 
Figure 24: Calibration function. 
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There are mainly three steps in filtering system (Figure 25), 
Step 1: we apply high-pass filter to filter the raw accelerometer data 
Step 2: we use complementary filter with different measurement sources to filter out 
three sensors data.  
Step 3: we apply Kalman filter to filter the filtered data that is the result of Step 2, so 
now we get the velocity. Then apply Kalman filter again to filter out the velocity. 
 

 
Figure 25: Filtering system structure. 
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CHAPTER 4. IMPLEMENTATION 
The motion control is implemented in the server-client architecture. The server 
module is loaded as a plugin in PyMOL. It can receive user events in real time from 
the connected mobile device; then it processes the data and maps it to PyMOL 
operations and commands such as zooming, rotation and translation. On the other 
hand, the client module is an iOS app running on a Apple device. It utilizes hardware 
access APIs to sense user events. Collected data from user events is transferred to the 
server via Socket subsequently. 
Moreover, we design a Motion GUI for signal processing. The architecture is same as 
the above we mentioned, the only different is the server module is a GUI application. 
4.1 PyMOL mControl 
4.1.1  Server Interface 
PyMOL is a powerful and versatile program for molecular graphics, based on the C 
and Python programming languages, and with a Tcl/Tk-based GUI. One of the more 
powerful features of PyMOL is that it supports Python scripting. In our previous 
work, we have designed PyMOL mControl plugin.  
For the PyMOL mControl server, the design is same as PyMOL mControl. We use 
Tkinter module, the Python’s standard GUI package, to build the user interface of the 
plugin (Figure 26) displayed the interface of the loaded plugin. Because local IP 
address label on the interface is variables, a timeout of 1 second set to refresh the 
interface periodically.  

 
Figure 26: The interface PyMOL mControl plugin. 

Upon receipt of a user action from the mobile client, the user action will be translated 
into corresponding PyMOL commands. For this, the cmd module in PyMOL is 
utilized to manipulate molecular objects by performing zooming, rotation and 
translation. 
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4.1.2  Client Interface 
PyMOL mControl is a single-page application for iOS device, such as iPod touch and 
iPhone. It is written in Swift, which is a new programming language for iOS. As we 
mentioned at the previous work at the beginning, PyMOL mControl is a web APP, 
which is implemented using HTML5. The reason why I chose the native APP instead 
of web APP is that the sampling rate of sensors reading is much higher in native APP. 
As we find, the sampling rate of sensors reading in web APP is around 10 to 20. 
However, we can set the sampling rate of sensors reading to 100. The higher this rate, 
the more accuracy on date processing. 
The application has the ability to stream sensor data in real time through the TCP 
protocol, which allows using Wifi or mobile network. When there is no Wifi network 
or weak signal, you can use your mobile network to create a hotspot and share it with 
your computer. 

 
Figure 27: PyMOL mControl APP. 

The interface of PyMOL mControl APP is shown in Figure 27. There are two parts, 
which are Server info and Control panel, the connection is set up by users in the first 
part, once you click the bottom to connect to server, then you can choose the way of 
controlling the molecule in PyMOL. Noted that the Control panel has no effect on 
Motion GUI. 
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4.2 Motion GUI 
4.2.1  Server Interface 
Motion GUI(Graphical User Interface) is written in python, which provides a user-
friendly interface for processing and visualization of data produced by accelerometer, 
gyroscope and magnetometer sensors. In application, we use a tab bar interface to 
organize graphs, where each tab visualizes different data. We do real time plotting in 
each tab, so the time series is synchronized in all the tabs. 
Now, we will introduce each tab for you.  
4.2.1.1 Start-up 
When you start up the application, you will see the GUI window. At the bottom of 
GUI window, it shows the IP addresses, port number, event rate and state. Once you 
run the application, a TCP server is started on port 9999 (by default) on all available 
IP addresses. The server keep listening on until a client connect to the server, then 
server will accept the request from client and blocks all other connection requests 
until the client disconnects or the connection is interrupted. 
The server receives and process data from client, the event rate and state will update 
per second.   

 
Figure 28: The bottom of GUI window. 

 
4.2.1.2 Raw Sensor Data Tab 
The Raw sensor data tab (screenshot in Figure 29) visualizes the raw sensor data. 
High pass filtering is applied in accelerometer, since this filter is implemented by 
client side.  
 

 
Figure 29: Raw sensor data tab. 
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4.2.1.3 Filtered Sensor Data Tab 
The Filtered sensor data tab (screenshot in Figure 30) visualizes data after some 
calculation and application of various filters. 
For accelerometer: 

1. Remove gravity 
2. Multiply by orientation (transform to global coordinates) 
3. Apply Kalman filter 

For gyroscope: 
1. Integral of raw data   
2. Apply complementary filtering 
3. Transform to global coordinates 
4. Multiply by vector <1,1,1> 

 
Figure 30: Filtered sensor data tab. 

4.2.1.4 Displacement Tab 
The displacement tab (screenshot in Figure 31) visualizes the speed and position of 
device. The position relative to the initial device position at first, then when your 
device is still, the device position will set to zero again, the position of device relative 
to the new device position which have reset. Therefore, users do not need to 
remember the initial device position at the beginning while controlling the molecule. 
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Figure 31: Displacement tab. 

 
4.2.2  Client interface 
Same as Subsection 4.1.2. 
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4.3 Client-Server Communication 
4.3.1  Client-Server Architecture 

 
Figure 32: Client-server architecture. 

4.3.2  Data Frame 
We create a TCP socket to make the connection between the client and the server .The 
data transform from client to server is firstly encoded into a data frame before sending 
it out. 
Timestamp Linear 

accelerometer 
Gravity 
 

Gyroscope 
 

Magnetometer 
 

Rotation 
switch 

Displacement 
switch 

Table 2: Data frame. 
Timestamp represent the time of sensor reading, this help us to find the time 
difference between previous event and current event. Linear accelerometer, gravity, 
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gyroscope and magnetometer are for data processing. Rotation and displacement 
switch represent the state of switch button. 
The data frame in reality looks like the below block, here shows only one line data. 
Timestamp, Linear accelerometer, Gravity, Gyroscope, Magnetometer, Rotation switch, Displacement switch 
1462368382408.41,-0.0053679754670765,0.00931788753773407,-
0.00562449429194395,0.00201976578682661,-0.299484103918076,-0.954099178314209,-
0.0650488063693047,-0.0220732800662518,-0.0158315803855658,16.7064933776855,-
25.9362907409668,5.7522144317627,0,0 

4.4 Usage Example 
For a situation that you analysis the sensor data, 

1. Launch of the Motion GUI application on a computer. 
2. Launch of the PyMOL mControl APP on a mobile device. 
3. According to the IP addresses and port number show in Motion GUI, type 

them into the input area in PyMOL mControl APP. 
4. Click “Connect to server” button. 

 
For a situation that you manipulate the molecule, 

1. Launch of the PyMOL mControl plugin on a computer. 
2. Launch of the PyMOL mControl APP on a mobile device. 
3. According to the IP addresses and port number show in PyMOL plugin, type 

them into the input area in PyMOL mControl APP. 
4. Click “Connect to server” button. 
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CHAPTER 5. TESTING 
To test the effectiveness of the designed interactions in PyMOL mControl and to 
understand user’s experience on molecular viewing via mobile controller, we 
conducted three functional test cases for users. To emphasize that, we would use 
iPhone5 to run PyMOL mControl APP for testing. 
The default initial device position for three functional test cases:  

1. Test case for rotation in Situation A, the device default lay on the table. 
2. Test case for translation in Situation B, defaults pick up the device vertically 

with a hand. 
3. Test case for zooming in Situation B, defaults pick up the device vertically 

with a hand. 
 

 
Figure 33: The default initial device position for test cases. 

5.1 Test Case for Rotation 
In this experiment, we will do 3D rotation test which testing on pitch, roll and yaw. 
First, we define the three tasks: (1) rotate 90 degree around x-axis of device 
coordinate system (pitch) (2) rotate 90 degree around y-axis of device coordinate 
system (roll) (3) rotate 90 degree around z-axis of device coordinate system (yaw). 
Before those tasks, we have prepared the molecule and setup all the things for you. 
Then, your turn is to rotate a given molecule to a specific view. 

(1) Task 1 (2) Task 2 (3) Task 3 
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5.2 Test Case for Translation 
In this experiment, we will do translation in 2D space. First, we define the two tasks: 
(1) move the device left i.e. X-axis in global coordinate system. (2) move the device 
up i.e. Y-axis in global coordinate system. Before those tasks, we have prepared the 
molecule and setup all the things for you. Then, your turn is to translate a given 
molecule to a specific view. 

(1) Task 1 (2) Task 2 

  

5.3 Test Case for Zooming 
In this experiment, we will do translation in 3D space. First, we define the task: (1) 
move the device forward i.e. Z-axis in global coordinate system. Before those tasks, 
we have prepared the molecule and setup all the things for you. Then, your turn is to 
translate a given molecule to a specific view. 

(1) Task 1 
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CHAPTER 6. EVALUATION 
Based on the test cases, we are going to evaluate the results. We will compare the user 
result with the expected result in order to check the correctness of that result.  
We provide an initial molecule view shown in Figure 34. Now, user follow the tasks 
in test case for rotation, translation and zooming, we capture the results and evaluate 
them. 

 
Figure 34: Initial molecule view. 

 
6.1 Evaluation of Test Case for Rotation 
Task 1: rotate 90 degree around x-axis of device coordinate system (pitch) 

Expected result User result 

  
Visualizaton of user motion data 
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The pitch result is acceptable since we are not easily to rotate exactly 90 degree 
without any tool help, we just feel the angle is 90 degree. 
Task 2: rotate 90 degree around y-axis of device coordinate system (roll) 

Expected result User result 

  
Visualizaton of user motion data 

 
 
The roll result is acceptable since we are not easily to rotate exactly 90 degree without 
any tool help, we just feel the angle is 90 degree. 
Task 3: rotate 90 degree around z-axis of device coordinate system (yaw) 

Expected result User result 
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Visualizaton of user motion data 

 
 
The yaw result is acceptable since we are not easily to rotate exactly 90 degree 
without any tool help, we just feel the angle is 90 degree. 
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6.2 Evaluation of Test Case for Translation 
Task 1: move the device left i.e. X-axis in global coordinate system.  

Expected result User result 

  
Visualizaton of user motion data 

 
The user result drift seriously, according to the visualizaton of user motion data, we 
can see the velocity has unwanted value. That value caused by the accumulated 
integral error of accelerometer data.  
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Task 2: move the device up i.e. Y-axis in global coordinate system. 

Expected result User result 

  
Visualizaton of user motion data 

 
Same as Task 1, the user result drift seriously, according to the visualizaton of user 
motion data, we can see the velocity has unwanted value. That value caused by the 
accumulated integral error of accelerometer data. 
Fortunately, in those two tasks, when the rotation changed, the coordinate of device 
also changes into global coordinate system. Therefore, the direction is correct. 
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6.3 Evaluation of Test Case for Zooming 
Task 1: move the device forward i.e. Z-axis in global coordinate system. 

Expected result User result 

  
Visualizaton of user motion data 

 
The user result drift seriously, according to the visualizaton of user motion data, we 
can see the velocity has unwanted value. That value caused by the accumulated 
integral error of accelerometer data. 
Fortunately, in this task, when the rotation changed, the coordinate of device also 
changes into global coordinate system. Therefore, the direction is correct. 
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CHAPTER 7. DISCUSSION 
Overall, the result of our experiment is not perfect. We are able to rotate the molecule 
arbitrarily and move it in six directions (left, right, top, down, forward and backward). 
For the molecular rotation, since we do a lot of works on fixing orientation bias, so we 
can achieve the expected result. For the translation and zooming of molecule, we 
discover the position drift problem. It caused by the integration accumulates the error 
over time. Even though we apply the simple Kalman filter, the error can be perfectly 
removed.  
Give the visualization of sensor data (Table 3), let us discuss the problem that we are 
facing: (1) the accelerometer data is not smooth at all (2) based on accumulation of 
errors in integration over time, the velocity data included unexpected data.   

Filtered 
accelerometer Velocity Distance 

 
Table 3: The visualization of sensor data.  

We suggest that we should have deeply research on Kalman filter in order to make the 
filter’s result more accurate. Kalman filter is powerful if you understand the 
mathematical model behind it. Moreover, we can study IMU and AHRS sensor fusion 
algorithms. It’s a well-known open source calibration method for IMUs consisting of 
gyroscope and accelerometer. More details in [22] and [23]. 
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CHAPTER 8. ETHICS AND PROFESSIONAL CONDUCT 
8.1 Intellectual Property 
In our project, if we used the other’s algorithms and code, we will cite them into 
reference list. Acknowledgement should be given to the valuable feedback of all the 
participants in the experiments.  
8.2 Privacy 
The Privacy Policy explains what information we collect about you and how we use 
that information. In our project, we need to collect the sensor data though user’s 
mobile device. The use of this information is to capture user’s motion at present. We 
will not save your motion data after the server is closed. Our data transformation 
between server and client and data processing are both real time. 
8.3 Liability for Unreliability 
In the discussion, we point out the problems that we are facing. Before, we release 
this application, we have to solve those problems and do evaluation to consider the 
quality and effectiveness. There have two kinds of measurement: (1) qualitative 
measurement, to evaluate the overall usability and effectiveness of the application. (2) 
subjective measurement, to evaluate the suitability of two different viewing controls 
though questionnaire. We should strive to achieve the highest quality. 
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CHAPTER 9. CONCLUSION 
According to the result of our experiment, this work demonstrates, for the first time, 
the application of mobile sensors on detecting user motions for molecular 
visualization. We have studied the use of sensor techniques comprehensively and 
proposed two major improvements to achieve higher accuracy, namely calibration 
method to correct drift and filtering methods to extract noiseless data. The proposed 
method has been realized in controlling molecule viewing in PyMOL, this is expected 
to improve software usability and user experience.  
Overall, it is possible to capture the short-term motion using mobile device equipped 
with a low-end accelerometer, gyroscope and magnetometer. Now, we only can 
achieve the goal of determining the direction of position, if we need to know the 
actual distance of position, it’s hard to implement and have the result in high 
accuracy. In fact, capture the motion to manipulate molecular visualization with 
mobile devices is a challenge project, the difficulty is to improve the precision of user 
motion detection. 
On the other side, we can apply the technology to other application, such as AR 
(Augmented Reality) game. Nowadays, AR games allow gamers to have experience 
playing in a real world environment. The Lightsaber Escape game also used sensor 
fusion technology behind the project. It successfully creates an immersive interactive 
experience for user. 
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