
 
 
 

 
 

DEGREE FINAL PROJECT 
 
 

Study and analysis of the Leap Motion sensor and the 
Software Development Kit (SDK) for the implementation 

of visual Human Computer Interfaces 
 
 
 
 
 
 

 
 

Carmen Alabart Gutiérrez del Olmo 
JULY 2015 

 



  Page 2 of 55        

DEGREE FINAL PROJECT 
 
Title: Study and analysis of the Leap Motion sensor and the Software Development Kit 
(SDK) for the implementation of visual Human Computer Interfaces. 
 
Author: Carmen Alabart Gutierrez del Olmo 
 
Tutor: Carlos Roberto del Blanco Adán 
 
Department: Señales, Sistemas y Radiocomunicaciones 
 
 
 
JUDGE MEMBERS 
 
President: Luis Salgado Álvarez de Sotomayor  
 
Chair: Carlos Roberto Blanco Adán 
 
Secretary: Carlos Cuevas Rodriguez 
 
Acting judge: Francisco Morán Burgos 

 
They agree to give to the Degree Final Project a mark of: 
 
Madrid, the          of July of 2015 

 
 
 
 
 
 
 
 
 

 



  Page 3 of 55        

 
 
 

 
 

DEGREE FINAL PROJECT 
 
 

Study and analysis of the Leap Motion sensor and the 
Software Development Kit (SDK) for the implementation 

of visual Human Computer Interfaces 
 
 
 
 
 
 

 
 

Carmen Alabart Gutiérrez del Olmo 
JULY 2015 

 



  Page 4 of 55        

ABSTRACT 
 
In this project, a technical report of the Leap Motion controller and its corresponding 
Software Development Kit is presented, which is a device with a depth camera oriented 
to hand-based Human Computer Interfaces. This is done for the purpose of the future 
development of a human machine interface based on hand-gestures recognition. 
 
After an exhaustive study of the Leap Motion controller, several example programs are 
developed with the intention of verifying the capabilities described on the technical 
report, testing the Application Programming Interface, and evaluating the accuracy of 
different measurements and data provided by the Leap Motion controller. 
 
Finally, a prototype of hand-gesture recognition system has been implemented. Position 
and orientation of the fingertips obtained from the Leap Motion controller are used to 
develop a hand-based feature descriptor, which is delivered to a multi-class Support 
Vector Machine classifier, which performs the hand gesture recognition. For the 
evaluation task, a public database based on the American Sign Language has been used. 
 
Keywords: Leap Motion, Software Development Kit, hand-gesture recognition, multi-
class Support Vector Machine classifier. 
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RESUMEN 
 
En este proyecto, se presenta un informe técnico sobre la cámara Leap Motion y el 
Software Development Kit correspondiente, el cual es un dispositivo con una cámara de 
profundidad orientada a interfaces hombre-máquina. Esto es realizado con el propósito 
de desarrollar una interfaz hombre-máquina basada en un sistema de reconocimiento 
de gestos de manos. 
 
Después de un exhaustivo estudio de la cámara Leap Motion, se han realizado diversos 
programas de ejemplo con la intención de verificar las capacidades descritas en el 
informe técnico, poniendo a prueba la Application Programming Interface y evaluando 
la precisión de las diferentes medidas obtenidas sobre los datos de la cámara. 
 
Finalmente, se desarrolla un prototipo de un sistema de reconocimiento de gestos. Los 
datos sobre la posición y orientación de la punta de los dedos obtenidos de la Leap 
Motion son usados para describir un gesto mediante un vector descriptor, el cual es 
enviado a una Maquina Vectores Soporte, utilizada como clasificador multi-clase.  
  
Palabras clave: Leap Motion, Software Development Kit, sistema de reconocimiento de 
gestos, clasificador multi-clase, Maquina Vectores Soporte. 
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1. INTRODUCTION 
 
In the present world, computers, mobile phones, tablets, and TVs have become an 
essential part in our lives to such an extent that they are present in almost every action 
we do every single day (work, shop, communicate…). To use them efficiently, naturally, 
and friendly, a natural human-computer interaction (HCI) methodology is becoming 
more and more important [3]. In computers, mouse and keyboard have typically 
provided this interaction. However, these devices offer a limited interaction experience 
that is even more evident in the new era of multimedia electronic devices. Gesture based 
interactions can provide an attractive, intuitive, and natural alternative, or at least 
complementary, to the existing traditional HCI. 
 
Some popular types of gesture recognition systems are those based on visual sensors, 
which can provide colour, depth, or skeleton information (and also a combination of 
them). The specific characteristics of the own visual sensor along with the quality of the 
related Software Development Kit (SDK) are key factors in the design of a hand gesture 
recognition system. From this point of view, the Leap Motion Controller (LMC) is a 
promising device for hand gesture interfaces that provides skeleton information related 
with hands: vectors that allow to measure the position, orientation, and motion of 
palms, and fingers [6].  
 
Two clearly differentiated parts make up the current project. First of all, the study and 
analysis of the Leap Motion solution (LM) with the purpose of evaluating its viability to 
develop a potential hand gesture recognition system. This implies the analysis of both 
the sensor and the SDK, and all the related functionalities: skeleton information, hand 
and finger tracking, recognition of predefined gestures, etc.  
 
Secondly, the implementation of a basic prototype of a hand gesture recognition system 
to evaluate more realistically the potential feasibility of a complete LM-based HCI. As a 
result of the evaluation of the LM solution and the implementation of the hand gesture 
recognition prototype, a discussion about the convenience of using the LMC as central 
part of a future project, called ‘Virtual Showcase’, will be presented. It consists in the 
interaction between a showcase and consumers, allowing them to see the product that 
they really want, through the gesture recognition system based on the LM sensor. 
 
To reach the main goals mentioned before, the following methodology is used: 
 
! Elaboration of a technical report: a comprehensive study will be made about the LM 

documentation to understand and be aware of its capabilities. Then, several 
programs will be implemented to test and show the functionalities and correct hand 
gesture tracking. 
 

! In concern with the hand gesture recognition prototype, the main goal is to design a 
set of relevant features from the data provided by LMC, and deliver them to a 
Support Vector Machine (SVM) classifier in order to recognize some specific 
gestures [14].  
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2.  LEAP MOTION DEVICE 
 
The LMC is a human-computer interface device based on hand gestures that work 
along with the keyboard, mouse, or trackpad, complementing all this elements (without 
any special adapter), and providing an extra freedom of movement to the user. This 
means that the interaction between the computer and the user is not restricted to a 
physical device that only works on a two-dimensional space (mouse or keyboard). The 
user can use its own body (hands or fingers) to interact with the computer, having a 
three-dimensional experience. The LMC uses the three-dimensional space between the 
user and the computer to detect and track the movement of each hand, finger, or tool. 
 
The LMC dimensions are 13x13x76 millimetres, and its weight is 45 grams, which 
makes it a very portable and embedded device. Moreover, the LMC is fed by the same 
USB interface (24’’ and 60’’ USB 2.0 connectors) used for data transmission, boosting its 
integration with laptops and tablets. 

 
The LMC has two monochromatic infrared (IR) cameras and three infrared LEDs. The 
device observes a roughly hemispherical area with a field of view of about 150º. The 
effective range is extended from approximately 25 to 600 millimetres above the device. 
In Figure 1, the internal structure of the device can be observed. Both IR cameras are 
symmetrically separated 20 millimetres from the centre of the LMC. 
 

 

 
 

 

 
 
 
 

 
Figure 1 - Different parts of the LMC. 

  
 
 
 
 

IR Cameras 
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The LMC reports the units of the acquired data using the metric system, as it can be 
observed in Table 1. 
 
 
 
 
 
 
 
 
 

Table 1 - Measures and units of the LMC. 

3.  LEAP MOTION SDK 
 
The LM software combines the data captured by the LMC with an internal model of 
the human hand providing information about the whole structure of a human hand to 
improve the estimation of the hand pose, fingers, and gestures (see Figure 2). This is 
especially useful when the conditions are not good enough to have a clear high-contrast 
view of an object (hand, fingers…). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 - Internal model of the human hand. 

In the following sections, the LM SDK architecture is explained (Section 3.1), as well as 
how the LMC is connected, and how it provides data to the applications (Section 3.2). 
There is also a description about the data that the LM is capable to provide and how 
the user can get this information (Section 3.3). 
  

Measures Units 

Distance mm 

Time us 

Speed mm/s 

Angle rad 
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3.1 SYSTEM ARCHITECTURE 
 
The LM software does not provide a direct communication channel between the LMC 
and LM-enabled applications. This fact implies that an intermediate communication 
point must be provided as a bridge to guarantee the communication between both 
elements. This communication bridge between the LMC and the LM-enabled 
application is provided by a service (Windows) or daemon (Mac), which is a computer 
program that operates in the background without user intervention. Once the LM 
service (LMS) is running, it is connected to the LMC over the USB bus. Then the LM-
enabled applications have access to the LMS to receive data. The access to this data can 
be made in two different ways, i.e. the LM SDK provides two varieties of Application 
Programming Interfaces (APIs). This APIs are formed by a set of general functions and 
tools for building software applications, facilitating the acquisition of data from the 
LMC (see Figure 3). These two APIs are: 
 
! Native Interface: Dynamic Library. 

 
! Web Socket Interface: Web app. 
 

 

 
 

Figure 3 - Overview LM architecture. 

The native interface is provided through a dynamically loaded library (DLL), which is 
composed by a set of classes containing methods and data structures. Data can be 
provided to the LM-enable application using this library through the LMS. It can be 
directly programmed in C++ and Objective-C programming languages, or through one 
of the language bindings provided for Java, C#, and Python.  
 
The procedure by which a LM-enable application receives data from the sensor using 
the Native interface is as follows. The LMS receives data from the LMC through the 
USB bus. Then, it processes that information, and sends it to the LM-enabled 
applications. By default, the service only sends data to those applications that are in the 
foreground mode. An application is said to be in foreground mode (in multitasking 
environments) when it is currently accepting input from the keyboard or other input 
devices, such as the LMC. This foreground application is said that has the input focus. 
This condition is configured by the functions provided by the DLL. On the other hand, 
applications created to work in background mode can request permission to receive 
data. When a LM-enable application loses the operating system input focus, the LMS 
stops sending data to it. A general overview of the LM native interface is shown in 
Figure 4. 
 

Leap 
Motion 

Controller 

Leap 
Motion 
Service 

Leap-enabled 
App 

Native 
Interface 

Web 
Socket 

Interface 

  USB 
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The LMS can be configured via the LM application (LMA), which is a Control Panel 
applet on Windows or a Menu Bar application on Mac. The LMA runs separately from 
the LMS and allows the user to configure their LM installation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 - Overview LM native interface. 

The web socket interface is the other API for interfacing the LMS, and acquiring data 
from LMC using a web server and a web browser. The communication between the 
client and the server (web browser and server) is made via the Hypertext Transfer 
Protocol (HTTP). The LMS uses a web socket on the local host domain (by default at 
port 6437) to send data acquired by the LMC to the web server that is listening to 
client’s requests in this port number. The control and management of the data between 
the web server and the web browser (the client) is accomplished by JavaScript Object 
Notation (JSON) messages. JSON messages are a specific data format used primarily to 
transmit data between a server and a web application, which is easy for humans to read 
and write.  
 
On the client-side, a web browser is used to have access to the information provided by 
the LMC. The connection to the web server is established by a JavaScript client library 
(leap.js), which consumes JSON messages and displays the data as regular 
JavaScript objects. In addition, an application can send back configuration messages to 
the server. A general overview of the LM web socket interface is shown in Figure 5. 
 

     
 
 

 
 
 

 

Figure 5 - Overview LM web socket interface. 
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This document will be focused in the use of the LM native interface and how it can be 
implemented. So from now on every piece of information will be related to this LM 
API. 

3.2 INITIALIZATION OF THE LMC 
 
In order to properly use the LMC, the position of the user should be in front of the 
LMC (the user has to be at the same side as the green LED of the LMC), and the 
computer screen has to be behind of the LMC (see Figure 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 - LMC position. 

The initialization and interaction of the LMC using the Native Interface based on 
Dynamic Load Libraries is carried out by means of the creation of an object of the 
Controller class. After the Controller object is created, a connection between 
this object and the LMS is automatically established. Once the connection is made, its 
state can be checked out using the class methods 
controller.isConnected()and controller.isServiceConnected(). 
Table 2 presents an example in C++ that creates a Controller object and checks its 
state. 
 

Green LED of the LMC 
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Table 2 - Creation and initialization of a Controller object. 

In multitasking environments (those environments that can make more than one task at 
once), the captured data by the LMC can be send to a foreground or a background 
application. By default, the LMC sends all the data to the foreground application that 
has the focus of the operating system, i.e. it is the application currently used and 
manipulated by the user. This prevents those applications that are working in the 
background (applications that the user cannot see or are not aware of) receive LMC 
data that are intended for another application. To know if the a LM-enable application 
is working in the foreground or in the background, the method 
controller.hasFocus() can be used. 
 
This setting can be changed so that the application can receives data when it is in the 
background by means of the method controller.setPolicy()and the 
argument: POLICY_BACKGROUND_FRAMES. This allows applications working in 
background to receive data from the LMC. 
 
The method controller.setPolicy() can also be used to configure the 
reception of images from the LMC using the argument: POLICY_IMAGES. The “Allow 
Images” checkbox must be also enabled in the LMA to receive the images. By default, 
data images are not sent. 

 
Table 3 shows an example of code where the data policies have been configured in such 
a way that applications working in background can receive hand information (objects of 
Frame class that will be described in the next section), and both, foreground and 
background applications, can receive images from the LMC. 

 
#include <iostream> 
#include <sstream> 
#include <unistd.h> 
 
#include "Leap.h" 
 
using namespace Leap; 
 
int main(){ 
 
    // Add a controler object that it's automatically connected to the 
LM service. 
 
    Controller controller; 
    … 
    if(controller.isConnected()){ 
        //Perform action that requires a connected controller. 
       … 
     } 
 
    // Keep this process running until Enter is pressed 
    std::cout << "Press Enter to quit..." << std::endl; 
    std::cin.get(); 
 
     return 0; 
 
} 
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Table 3 - Changing LMC pre-sets. 

  

… 
 
int main(){ 
 
    // Add a controler object that it's automatically connected to the 
LM service 
    Controller controller; 
 
    controller.setPolicy(Controller::POLICY_BACKGROUND_FRAMES); 
    controller.setPolicy(Controller::POLICY_IMAGES); 
 
    … 
 
    if(controller.isConnected()){ 
        //perform action that requires a connected controller 
        … 
    } 
 
    // Keep this process running until Enter is pressed 
    std::cout << "Press Enter to quit..." << std::endl; 
    std::cin.get(); 
 
    return 0; 
 
} 
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3.3 DATA ACQUISITION 
 

In this section, the data acquisition module is explained (see Figure 7), making a full 
description of each class. Table 4 summarizes the most important classes and structures 
used by the acquisition module to represent the data acquired by the LMC. In the 
following sub-sections they will be described. 
 

Class Description 

Frame Is the root of the data model and provides access to all 
the tracked entities. At each update interval a new 
Frame is created. 

Hand Hands are the main entity tracked by the LMC. The 
LM matches the internal model against the existing 
data. Information about the position, orientation, 
visible fingers… of each hand (left or right separately) 
are provided. 

Arm It describes the position, direction, and orientation of 
the arm to which a hand is attached. 

Pointable: finger or 
tool 

It defines the direction, length, tip position or 
velocity… of every pointable detected. 

Bone Represents the position and orientation of each bone 
(metacarpal, proximal, medial and distal). 

Gesture Four kind of gestures defined by the LM: 
CircleGesture, KeyTapGesture, ScreenTapGesture 
and SwipeGesture. 

Image It provides the raw sensor data and the calibration 
grid for the LMC. 

Utility Classes Description 
Vector It provides an easy way to define some useful maths 

functions and to describe points and directions of 
every object captured by the LMC. 

Matrix It represents things such as rotations. 
InteractionBox It provides some functions that define a rectilinear 

area within the LMC field of view, which allow the 
user to normalize and map the LMC coordinates. 

 

Table 4 - Brief description of the classes that constitutes the native library. 
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Figure 7 - Overview of the data acquisition system. 
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3.3.1. InteractionBox and Coordinate System in LMC 
 
All the measurements performed by the LMC can be referred to different coordinate 
systems:  
 
! LMC coordinate system. It is based on the coordinate system defined by the LM 

SDK. It sets the coordinate system origin in the centre of the LMC. Figure 8 shows 
the origin and the disposition of the three axes.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 - LMC Coordinate System. 

! Hand coordinate system. It is based on the hand entity defined by the LM SDK 
(explained in Section 3.3.3). It sets the coordinate system origin in the centre of the 
hand plane (palm of the hand). Figure 9 shows the disposition of the three axes. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 - Hand Coordinate System. 

! Application coordinate system. It is defined by the application’s workspace. The LM 
coordinates are mapped to application coordinates. For this purpose, the user has to 
decide how to scale the LMC coordinates to suit the application (for example how 
many pixels per millimetre). The greater the scale factor, the more sensibility the 
interface will be to small physical movements. The best balance between speed and 
precision has to be found. An example of how this conversion can be done is 
presented next:  

  

𝑥!"" = 𝑥!"#$ − 𝐿𝑒𝑎𝑝!"#$" ∗ !"#!!"#$%
!"!!"#$%

+ 𝐴𝑝𝑝!"#$") 

𝐿𝑒𝑎𝑝!"#$% = 𝐿𝑒𝑎𝑝!"# − 𝐿𝑒𝑎𝑝!"#$"  

+ Y 

+ X
+ Z
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𝐴𝑝𝑝!"#$% = 𝐴𝑝𝑝!"# − 𝐴𝑝𝑝!"#$"  

Where 𝑥!"#$  corresponds to a point referred to the LM coordinates and 𝑥!""  

corresponds to a point referred to the application coordinates. The 𝐿𝑒𝑎𝑝!"#$% variable 
refers to the area covered by the LMC field of view, and the 𝐴𝑝𝑝!"#$% is the area 
defined by the application coordinates. By changing the start and end points of the 
application (𝐴𝑝𝑝!"#$"  and 𝐴𝑝𝑝!"# ) and the LMC ( 𝐿𝑒𝑎𝑝!"#$"  and 𝐿𝑒𝑎𝑝!"# ), the 
mapping of coordinates can be changed to cover a larger or smaller area in the 
application. 
 
The process of converting the LMC coordinates into the application coordinates starts 
with the normalization of the LMC coordinates to the range [0…1], and then these are 
transformed into the final coordinates with the correct application scale.  
 
The LM SDK provides some tools to ease the conversion between one coordinate 
system to another: 
 
! hand.basis() method: provides the orientation of the hand as a basis matrix, 

which is used to transform the coordinate of a point from the LMC coordinate 
system to the hand coordinate system. The basis matrix is defined as follows: x-axis, 
positive in the direction of the pinky; y-axis, positive above the hand; and z-axis, 
positive in the direction of the wrist. Table 5 shows a piece of code where the 
method hand.basis() is used to obtain the transformation matrix. In addition, 
the origin of the hand coordinates system is established over the centre of the palm, 
which is defined by the method handTransform.origin(). Once the basis 
matrix is defined, the inverse matrix is calculated only if the matrix consists entirely 
of rigid transformations (translations and rotations). It should be noticed that all 
matrices provided by the LMC are rigid, so this inverse matrix will be always 
performed. Then some vector elements (such as the fingertips position) that are 
referred to the LMC coordinate system can be referred to the hand coordinate 
system by means of the method 
matrix.transformPoint(vector_tipPosition). 

 
      // Obtaining of the transformation matrix, which axes are: 
      // xAxis Positive in the direction of the pinky 
      // yAxis Positive above the hand 
      // zAxis Positive in the direction of the wrist 
 
      Matrix handTransform = hand.basis(); 
 
      // Setting of the origin of the hand coordinate system. 
      handTransform.origin = hand.palmPosition(); 
 
      // Computes inverse matrix. 
      handTransform = handTransform.rigidInverse();       
 
     // Transforms a vector with the previous obtained matrix.  
     Vector transformedPosition = 
handTransform.transformPoint(vector_tipPosition); 
… 

 

Table 5 - From the LMC Coordinate System to the Hand Coordinate System. 
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! InteractionBox class: represents a volume within the LMC field of view (see 
Figure 10), and provides a function, 
normalizePoint(vector_palmPosition), which normalizes every 
position inside of this volume to coordinates in the range [0…1]. This class includes 
other functions that give information about the dimension (depth and height) and 
centre of the defined virtual box:  

 
" interactionBox.depth(): provides the depth in millimetres of the 

InteractionBox. It is measured along the z-axis. 
  

" interactionBox.height(): provides the height in millimetres of the 
InteractionBox. It is measured along the y-axis. 
 

" interactionBox.center(): provides the centre in millimetres of the 
InteractionBox. It is measured over the LM coordinates. 

 

 
 

Figure 10 - InteractionBox volume. 

For a more efficiently use of the InteractionBox, the user has to establish the 
height value in the setting of the LMA. Based on this parameter, the LMC will adjust 
the dimensions of the virtual box. If the user maintains their hands or fingers within this 
box, these will remain in the LM field of view. In the case that the interaction height is 
upper or lower than the user hands, the controller software will adjust the position of the 
box automatically (the automatic correction of the virtual box position can be undone if 
this setting is uncheck on the LMA).  Due to the fact that the position of the box can be 
different from one frame to another, the normalized coordinates of a point measured in 
one frame may not match the normalized coordinates of the same real world point in 
another frame. A possible solution for this problem is to save a single 
InteractionBox object (ideally the one with the largest height, width, and depth), 
and use it as a reference to normalize all the points.  
 
Table 6 presents a piece of code where the InteractionBox is created. 
 



  Page 22 of 55        

 
    Vector leapPoint = [4, 5, 6]; 
 
    // Obtaining the InteractionBox 
    InteractionBox iBox = frame.interactionBox(); 
 
    // normalizePoint(const Vector & position, bool clamp = true), 
    // clamp =  Whether or not to limit the output value to the range 
    [0,1] when the input position is outside the InteractionBox. 
    Vector normalizedPoint = iBox.normalizePoint(leapPoint,false); 
 
    //scale to more than one to make it more sensitivity. 
    normalizedPoint *= 1.5;  
    normalizedPoint -= Leap::Vector(.25, .25, .25); // re-center. 
     
    float appX = normalizedPoint.x * windowWidth; 
 
    // inverts the y-axis by subtracting the normalized y coordinate 
    before multiplying by the maximum height. 
    float appY = (1 - normalizedPoint.y )* windowHeight; 
 

 

Table 6 - InteractionBox implementation. 

3.3.2. Frame 
 
The Frame class manages all the data provided by the LMC. The Frame class is the 
root of the data model, and provides access to all the data entities: a list of hands (having 
access to each hand), pointables (fingers or tools, having access, for example, to the 
fingers of a specific hand), and gestures. A Frame object can be created from a 
Controller object, as shown in the example code of Table 7. The user can access to 
this information in to different ways: by getting frames by polling or with callbacks. 
 
Getting frames by polling is the simplest strategy where the user gets the data by calling 
the method controller.frame() (see Table 7). 
 
int main(){ 
    Controller controller; 
    // Wait until the LM is working properly and we can get frames 
from it 
    sleep(2); 
 
    if(controller.isConnected()){ 
 
        //Perform action that requires a connected controller 
       Frame frame = controller.frame(); 
      … 
     } 
 
    // Keep this process running until Enter is pressed 
    std::cout << "Press Enter to quit..." << std::endl; 
    std::cin.get(); 
    return 0; 
} 

 

Table 7 - Getting Frames by Polling 
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Notice that the method sleep() in the Table 7 must be used so that the LMC can 
correctly establish an automatic connection with the LMS. The reason is that the 
connection with the LMC is not instantaneously, it takes a few milliseconds, and 
therefore this brief period of time given by the method sleep() guarantees the proper 
connection between the application and the LMC. 
 
The LMC provides frames of data to a potential LM-enable application at a certain rate 
(frames per second). A new Frame object is created at each update interval, and an 
identification number (ID) is assigned to each object. The user can get this ID value by 
means of the method frame.id(). This frame rate fluctuates depending on available 
computing resources, activity within the device field of view of the LMC, and other 
issues.  If the application frame rate exceeds the LMC frame rate or vice versa, a frame 
could be got twice or it could be skipped. In both cases, the user should evaluate the ID 
value of the last processed frame. Due to the fact that consecutive frames have 
increasing IDs values, when an error occurs a lack of continuity can be found in the list 
of IDs frames. Furthermore, if the SDK enters in robust mode (a setting option in the 
LMA) to compensate for bright IR lighting conditions, each frame is evaluated twice 
(two sensor frames are analysed for each Frame object). In this case, two consecutive 
IDs from Frame objects are increased by two.  
 
The SDK also provides a ‘history’ buffer to get back the mistaken frames or even to 
detect the errors in the sequence of IDs. This frame ‘history’ buffer is capable to save 
until 60 frames. In Table 8, the piece of code shows how to access to this buffer. 
 
int main(){ 
 
    Controller controller; 
 
    // Wait until the LM is working properly and we can get frames 
from it. 
    sleep(2); 
 
    if(controller.isConnected()){ 
 
       Frame frame = controller.frame();   // The last frame 
       Frame frame = controller.frame(1);  // The previous frame 
       Frame frame = controller.frame(59); // The first frame stored 
in the frame history buffer 
      … 
     } 
 
    // Keep this process running until Enter is pressed 
    std::cout << "Press Enter to quit..." << std::endl; 
    std::cin.get(); 
    return 0; 
 
} 

 

Table 8 - Frame history buffer. 

The other procedure to get frames is by using callbacks. This is only possible by means 
of the use of a Listener class, which handles all the events sent by the Controller 
object using callback functions (see Table 9). When a Controller object is created, 
the LMC establishes an automatic connection with the LMS. When this connection is 
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made, the LMC starts sending data using events to the application in the form of 
Frame objects. By using a Listener class, frames can be got at the same frame rate 
as the LMC sent them.  
 

 

Table 9 - Listener callbacks functions. 

Callbacks are multi-threaded, i.e. several sequences of instructions can be executed 
concurrently, since each callback function is called on an independent thread. All the 
data transfers from the LMC are threading safe.  
 
Frames can be missed if the callback function takes too long to process a Frame 
because the callback function is not invoked until the first invocation returns. If the LM-
enable application cannot finish the processing of a Frame in time, that frame can be 
left behind, and do not add to the frame history buffer. 
 
Table 10 shows a piece of code where the callback-based procedure is used. For its 
implementation, the user has to create a subclass that inherits the Listener class. 
Inheritance means that the subclass created (SampleListener in Table 10) is based 
on another class (super class), the Listener class in this case, from which inherits the 
method. Once the Listener subclass is defined, the user can use it by creating a 
SampleListener object, and then activating it with the method 
controller.addListener(listener). When the user wants to stop listening 
to the LMC, the listener have to be removed through the method   
controller.removeListener(listener). 
  

Callback function Event involved 

onConnect() The LMC is plugged in and the LMC is connected 
to the LMS. 

onDeviceChange() The status of a LMC changes. 
onDisconnect() The LMC is unplugged or disconnected from the 

LMS. 

onExit() The controller object is destroyed. 

onFocusGained() The application is working in the foreground so it is 
on focus, and it will start receiving data. 

onFocusLost() The application is not working in the foreground so 
it is not on focus, and it will stop receiving data. 

onFrame() A new Frame object of data is available. 



  Page 25 of 55        

#include <iostream> 
#include <sstream> 
#include <unistd.h> 
 
#include "Leap.h" 
 
using namespace Leap; 
 
class SampleListener : public Listener { 
    public: 
 
    virtual void onConnect(const Controller&);  
    virtual void onFrame(const Controller&);  
}; 
 
void SampleListener::onConnect(const Controller& controller) { 
    std::cout << "Connected" << std::endl; 
    … 
} 
void SampleListener::onFrame(const Controller& controller) { 
 
    // Get the most recent frame and report some basic information 
    const Frame frame = controller.frame(); 
    … 
} 
 
int main(int argc, char** argv) { 
 
    SampleListener listener; 
 
    Controller controller; 
 
    controller.addListener(listener); 
 
    // Keep this process running until Enter is pressed 
    std::cout << "Press Enter to quit..." << std::endl; 
    std::cin.get(); 
 
    // Remove the sample listener when done 
    controller.removeListener(listener); 
 
    return 0; 
} 

 

Table 10 - Implementation of the Listener class. 
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3.3.3. Hand 
 
A Frame object includes a list of tracked hands in the form of a HandList object. 
This object is designed to work like a vector array and supports iterators (an object that 
enables the user to traverse a list) to get each element from the list. Hands are the main 
entities tracked by the LMC. The LM SDK matches the internal model of the human 
hand against the existing data provided by the LMC. This design was made to ensure 
that if an object was not completely visible (for example a sudden change of position of a 
finger that is obscure for the LMC), the internal model of the hand infers the missing 
data, providing sensible hand estimation.  
 
Figure 11 shows the tracked hand captured by the visualizer of the LMA. It is noticeable 
the internal model of the human hand, which is explained more accurately later on. In 
this figure, it is also shown some interesting data such as: the number of frames per 
second (fps), in the upper left corner; the inverse yellow triangle, that represents the field 
of view of the LMC; the coordinates of every fingertip in different colours; and labelled 
axes (x, y, z) with scale measured in millimetres. 
 

 
Figure 11 - Tracked hand. 

The objects (Hands objects) that constitute the list of hands (HandList object) cannot 
be removed or changed, which means that the user can only read the information 
provided by the HandList object. In addition, the HandList class has some 
functions based on the relative position of the objects of the list within the LM 
coordinate system. These functions are: hands.leftmost(), 
hands.rightmost(), and hands.frontmost(). The information provided 
by these functions are based on the relative position of hands, for example: 
hands.leftmost()returns the hand within the hand list that is farthest to the front 
in the z-axis. The acquisition of the HandList object from a Frame object and its 
additional functions are presented in Table 11. 
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… 
void SampleListener::onFrame(const Controller& controller) { 
 
   const Frame frame = controller.frame(); 
 
    // Hands information: 
    // List of Hand objects detected in this frame (HandList) 
 
    HandList hands = frame.hands(); 
  
    // Member of the list that is farthest to the left (x-axis): 
    Hand hand_left_most = hands.leftmost();    
    // Member of the list that is farthest to the right (y-axis): 
    Hand hand_right_most = hands.rightmost();  
    // Member of the list that is farthest to the front (z-axis): 
    Hand hand_front_most = hands.frontmost();      
    … 
} 
…  

 

Table 11 - Getting hands (HandList object). 

The Hand object provides a whole set on information about the position, velocity, 
orientation, etc. of the hand, the arm, fingers, and bones. 
 
To identify each hand, an ID value (hand.id()) is specified when the hand is 
detected. If the hand stands in the LMC field of view (Section 2), the ID value remains 
the same across consecutive frames. If tracking is lost, the SDK may assign a new ID 
when it detects the hand in a future frame. If an object identified by an ID cannot be 
detected, an invalid object (a Hand object that do not contain valid data and do not 
correspond to a physical entity) is returned instead, as a way to prevent future errors in 
the application. 
  
The Hand object gives information about each hand (distinguishing between the right 
hand, hand.isRight(), or the left hand, hand.isLeft()), and it also contains 
other methods that describes the hand position, movement, and orientation: 
 
! Orientation: is defined by two vectors provided by the SDK, the direction vector 

(hand.direction()), and the palm normal vector (hand.palmNormal()).  
 
 
 
 
 
 
 
 
 
 

 
               Palm 
normal 

 
Direction  

Palm position (from the LMC origin) 

Figure 12 - Hands features. 
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! hand.palmPosition(): provides a vector in millimetres that points from the 
LMC origin up to the palm centre. In Table 13, line 24, there is an example about 
how to get the palm centre vector from a Hand object. 

 
! hand.direction(): provides a unit vector in millimetres that points from the 

palm centre towards the fingers. In Table 13, line 28, there is an example about how 
to get the direction vector from a Hand object.  

 
The direction vector provides some additional functions. These functions allow the 
user to have information about: 

 
" hand.direction.pitch(): provides an angle in radians that represents 

the rotation around the x-axis, i.e. the pitch angle of the palm. It is the angle 
between the negative z-axis and the projection of the vector onto the y-z plane 
(see Figure 13). In Table 13, line 33, there is an example about how to get the 
pitch angle from a direction Vector object. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13 - Pitch angle. 

" hand.direction.yaw(): provides an angle in radians that represents the 
rotation around the y-axis, i.e. the yaw angle of the palm. It is the angle between 
the negative z-axis and the projection of the vector onto the x-z plane (see Figure 
14). In Table 13, line 35, there is an example about how to get the yaw angle 
from a direction Vector object. 

 
 

  

 

 

 

 

 

 

Figure 14 - Yaw angle. 
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! hand.pamNormal(): provides a vector in millimetres that its perpendicular to 
the plane of the hand, it points downward out of the palm. In Table 13, line 27, 
there is an example about how to get the palm normal vector from a Hand object.  

 
The palm normal vector provides an additional function, 
hand.palmNormal.roll() that allows the user to have information about the 
roll angle of the palm. This angle represents the rotation around the z-axis in 
radians. It is the angle between the negative y-axis and the projection of the vector 
onto the x-y plane (see Figure 15). In Table 13, line 34, there is an example about 
how to get the roll angle from a palm normal Vector object. 

 
 
 
 
 
 
 
 
 

 

Figure 15 - Roll angle. 

! hand.palmVelocity(): provides a vector in millimetres per second (mm/s) 
that represents the rate of change (speed and direction of the movement) of the palm 
position. 

 
! hand.grabStrength(): provides a float number in the range of [0…1] that 

indicates how close a hand is of being a fist (any fingers that are not curled will 
reduce the parameter of the grab strength). Figure 16 includes two different figures, 
each one represents one of the extreme possibilities of the range of values: a whole 
extended hand, which grabs value is 0, and a hand comparable to a fist, which grabs 
value is 1.  

  
 
 
 
 
 
 

 
Figure 16 - Different levels of GrabStrength. 

! hand.pinchStrength(): provides a float number in the range of [0…1] that 
indicates whether one finger is touching another (pinching can be done between the 
thumb and any other finger of the same hand). Figure 17 includes two different 
figures, each one represents one of the extreme possibilities of the range of values: a 
whole extended hand, which pinch value is 0, and a hand with two fingers close 
enough to such an extent that the SDK recognize it as a pinch pose, in this case 
pinch value is 1.  
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Figure 17 - Different levels of PinchStrength. 

A Hand object also provides information about some basic motions. The LM API 
defines three kinds of motions (see Figure 18 and Table 12) of a user’s hands over a 
period of time (between two frames). To measure motion factors, two elements are 
required to decide the magnitude of the motion that is being studied Therefore, 
depending on what elements are considered, two different ways can be used to obtain 
the motion factors: in a scene context, having as reference the different objects within 
the scene, where all the motion factors are obtained from a Frame object 
(frame.rotationAngle(startFrame)), or in a more accurate and small space, 
having as reference both hands and fingers, where all the motion factors are obtained 
from a Hand object (hand.rotationAngle(startFrame)).  
 

Motion 
From the point of view of a: 

Frame object Hand object 

Scale Frame scaling is defined by the 
movement toward or away of the 
objects that are within the scene. 

Hand scaling is defined as the change 
in finger spread. 

Rotation The differential movement of the 
objects that are within the scene 
defines frame rotation.  

Hand rotation is defined as the 
change in the orientation of a single 
hand. 

Translation Frame translation is defined by 
the average change in position of 
all the objects that are within the 
scene.  

Hand translation is defined as the 
change in hand position. 

 

Table 12 - Defined motions. 
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Figure 18 - Defined motions. 

In addition, a Hand object provides access to a list of the pointable elements, such as 
fingers or tools (hand.pointables(), hand.fingers() and hand.tools()).  

 

Table 13 - Hand features. 

… 
void SampleListener::onFrame(const Controller& controller) { 
 
   const Frame frame = controller.frame(); 
 
    // Hands information: 
    // List of Hand objects detected in this frame (HandList) 
 
    HandList hands = frame.hands(); 
 
    // C++ iterator set to the beggining of this Handlist 
    for (HandList::const_iterator hl = hands.begin(); hl != 
hands.end(); ++hl) { 
 
      // Get the first hand 
      const Hand hand = *hl; 
 
      // Identifies whether this hand is a left or a right hand 
      std::string handType = hand.isLeft() ? "Left hand" : "Right 
hand";     
 
      std::cout << std::string(2, ' ')  
      << handType << ", id: " << hand.id() 
 [24] << ", palm position: " << hand.palmPosition() << std::endl;  
 
      // These two vectors defines the orientation of the hand 
 [27] const Vector normal = hand.palmNormal(); 
 [28] const Vector direction = hand.direction(); 
 
      // Calculate the hand's pitch, roll, and yaw angles (radians) 
           std::cout << std::string(2, ' ') <<  "pitch: "  
 [33] << direction.pitch() * RAD_TO_DEG << " degrees, " 
 [34] << "roll: " << normal.roll() * RAD_TO_DEG << " degrees, " 
 [35] << "yaw: " << direction.yaw() * RAD_TO_DEG << " degrees"  
      << std::endl; 
 
      // Get the arm bone (Arm) 
 [40] Arm arm = hand.arm(); 
      std::cout << std::string(2, ' ') 
 [42] << "Centre forearm: " << arm.center()  
 [43] << "Arm direction: " << arm.direction()  
 [44] << " wrist position: " << arm.wristPosition()                   
 [45] << " elbow position: " << arm.elbowPosition() << std::endl;      
      …  
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3.3.4. Arm  
 
An arm is a bone-like object. This kind of object provides information about the centre 
of the forearm (midpoint between the wrist position and the elbow position), the 
direction (direction in which the arm is pointing from elbow to wrist), the wrist position, 
and the elbow position. 
 
The following methods of the class Arm can be used to get the previous information (see 
also lines of code 40-45 in Table 13): 
 
! arm.center(): provides a vector that represents the centre of forearm. 

 
! arm.direction(): provides a vector in millimetres that points from the elbow 

to the wrist. 
 
! arm.wristPosition(): provides a vector in millimetres that represents the 

position of the wrist. 
 
! arm.elbowPosition(): provides a vector in millimetres that represent the 

position of the elbow. 
 

3.3.5. PointableList, Pointables, Fingers, and Tools 
 
A PointableList object is composed by a group of Pointable objects (just like 
the HandList case). There are two ways to get this pointable list: getting all detected 
pointables from a Frame object (by means of the method 
controller.frame.pointables()), or getting all detected pointables from a 
Hand object (by means of the method 
controller.frame.hands[0].pointables()).  
 
A Pointable object obtained from a PointableList object belongs to an abstract class 
that refers to every element that can be pointed, such as fingers or tools. The 
Pointable class has several methods to get relevant information about the direction, 
tip position, and the tip velocity. This is accomplished by the following methods: 
 
! pointable.direction(): provides a unit vector in millimetres that points as 

the same direction as the fingertip or tool. 
 

! pointable.tipPosition(): provides a vector in millimetres that points from 
the LMC origin to the position of the pointable tip. 

 
! pointable.tipVelocity(): provides a vector in millimetres per second 

(mm/s) that represents the rate of change (speed and direction of the movement) of 
the palm position.  

 
The SDK includes a functionality to simulate a virtual 2D touch surface that uses the 
pointable objects of a hand (see Figure 19). This surface is oriented roughly parallel to 
the x-y plane. A touch occurs when a Pointable object is close-to or touching this 
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surface. There are two methods in Pointable objects that are used to determine 
touches, see Table 14 to know how they are implemented: 
 
! hand.pointable.touchZone(): provides information about the touch zone. 

There are three kinds of zones that are identified as: ‘Hovering’ (near to the touch 
surface), ‘Touching’ (penetrating the touch surface), and ‘None’ (too far from the 
surface or pointing to the wrong direction).  
 

! hand.pointable.touchDistance(): provides information about the touch 
distance, which is defined as the distance of a finger moving to and through the 
virtual touch plane. The touch distance is only valid when a pointable is within the 
hovering or touching zones. The distance is a normalized value in the range [+1…-
1], where ‘hovering’ (+1) and ‘touching’ (0). If the pointable element pushes deeper 
into the touch zone, the distance moves closer, but never exceeds -1. 

 
 
… 
if(controller.isConnected()){ 
 
       Frame frame = controller.frame();        
       Hand hand = frame.hands()[0]; // Select one hand 
       Pointable pointable = hand.pointables()[0];  
 
       switch (pointable.touchZone()) { 
           case Pointable::ZONE_NONE: 
               std::cout << "The Pointable object is outside the 
               hovering zone, in the NONE ZONE" << std::endl; 
               break; 
           case Pointable::ZONE_HOVERING: 
               std::cout << "The Pointable object is close to the    
               touch plane, in the HOVERING ZONE" << std::endl; 
               break; 
           case Pointable::ZONE_TOUCHING:               
               std::cout << "The Pointable object has penetrated the  
               touch plane, in the TOUCHING ZONE" << std::endl; 
               break; 
           default: 
               //Handle error cases... 
               break; 
       }        
… 
      
    float distance = pointable.touchDistance(); 
       if (distance > 0) { 
           std::cout << "The Pointable object is close to the touch  
           plane" << std::endl; 
       } else { 
           std::cout << "The Pointable object is touching the touch 
           plane" << std::endl; 
       } 
… 
 
 

Table 14 - Touch Surface. 



  Page 34 of 55        

 
 

Figure 19 - Adaptive touch zone. 

 
 
In addition, the LM SDK provides the function 
pointable.stabilizedTipPosition() to stabilize the position of 
Pointable objects using an adaptive filter. The position is reported in reference to 
the standard LM coordinate system. 
 
A Pointable object can be a finger or an artificial tool. The LM is able to distinguish 
between a tool and a finger because it defines a tool as an object that it is thinner, 
straighter, and longer than a typical finger (see Figure 20).  
 
 
 
 
 
 
 
 

Figure 20 - Tool object. 

Once the Pointable object is identified as a finger or tool, a Finger or Tool 
object instance is created. Table 15 shows how to get the PointableList from a 
Hand object. This list will always contain five fingers (the LM estimates positions for 
fingers and bones that cannot be tracked properly) along with every pointable tool 
captured. It shows also how to get the PointableList from a Frame object. This 
list will contain every pointable element captured (fingers and tools). Once the 
PointableList object is created, each Pointable object is converted into its 
specific Finger or Tool class. 
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void SampleListener::onFrame(const Controller& controller) { 
 
   const Frame frame = controller.frame(); 
   HandList hands = frame.hands(); 
   PointableList p_hand = hands[0].pointables(); // Fingers and Tools 
   PointableList pointables = frame.pointables();// Fingers and Tools 
    
   for (PointableList::const_iterator fl = pointables.begin(); fl != 
pointables.end(); ++fl) { 
 
       // Select each pointable from the PointableList. 
       const Pointable pointable = *fl; 
 
       if (pointable.isFinger()) { // See if it is a Finger object. 
 
           // Conversion into a Finger object 
           Finger finger = Finger(pointable);  
         
       } else { // If it is not a Finger object, it is a Tool object. 
 
           // Conversion into a Finger object. 
           Tool tool = Tool(pointable); 
       } 
} 

 

Table 15 - PointableList objects. 

Alternatively, Finger objects can be created directly from a Hand object by creating 
a list of fingers (FingerList object). On the other hand, Tool objects can be created 
from a Frame object by creating a list of tools (ToolList object). Table 16 shows 
how to obtain directly the list of fingers and tools from a Frame object, without the 
intermediate steps shown in Table 15. 
 
In conclusion, Finger objects extend the Pointable class to represent physical 
fingers. Each finger is classified with a specific name (thumb, index, middle, ring, and 
pinky), as is shown in Figure 21. An ID value is assigned based on the hand ID. If a 
hand has an ID of ‘5’, then its fingers have IDs from 50 up to 55, ordered from thumb 
to pinky. Also, each finger will have associated a direction, and a set of bones. 
 
 
 
 
 
 
 
 
 
 

Figure 21 - Fingertips direction. 

 
 

Thumb 
Index 

Middle 

Ring 

Pinky 
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void SampleListener::onFrame(const Controller& controller) { 
     
    const Frame frame = controller.frame(); 
 
    HandList hands = frame.hands(); 
 
    for (HandList::const_iterator hl = hands.begin(); hl != 
hands.end(); ++hl) { 
 
        const Hand hand = *hl; 
 
        // Extraction of the list of Fingers from a Hand object 
        const FingerList fingers = hand.fingers(); 
 
        // Acquisition of each Finger from the FingerList object 
        for (FingerList::const_iterator fl = fingers.begin(); fl != 
fingers.end(); ++fl) { 
            const Finger finger = *fl; 
            … 
        } 
     } 
      
     // Extraction of the list of Tools from a Frame object 
     const ToolList tools = frame.tools(); 
 
  
     // Acquisition of each Tool from the ToolList object  
     for (ToolList::const_iterator tl = tools.begin(); tl != 
tools.end(); ++tl) { 
         const Tool tool = *tl; 
      … 
     } 
}  

 

Table 16 - Fingers and Tools objects. 

A Bone object defines every bone and joint that constitutes the hand. All fingers 
contain four bones ordered from base to tip: metacarpal, proximal, medial, and distal 
(see Figure 22). The thumb model includes a zero-length metacarpal bone so that the 
thumb has the same number of bones and the same indexes as the other fingers. This 
object provides some of the following methods:  
 
! bone.type(): provides the name of the anatomical type (metacarpal, proximal, 

medial and distal) of the bone that invoked it. 
 

! bone.nextJoint(): provides the coordinates in millimetres of the next joint 
position, closest to the finger tip. 

 
! bone.prevJoint(): provides the coordinates in millimetres of the previous joint 

position, closest to the wrist. 
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Figure 22 - Internal model of the human hand. 

Table 17 shows a code example with two enumerations to classify fingers and bones. 
Afterwards, the FingerList is obtained from a Hand object, analysing each finger, 
and getting information provided by the Finger class.  Then, it is obtained the set of 
bones that conform the finger, and the information related to each bone. 
 
// Fingers classification 
const std::string fingerNames[] = {"Thumb", "Index", "Middle", "Ring", 
"Pinky"}; 
// Bones classification 
const std::string boneNames[] = {"Metacarpal", "Proximal", "Middle", 
"Distal"}; 
 
void SampleListener::onFrame(const Controller& controller) { 
       … 
      // Get fingers (FingerList) 
      const FingerList fingers = hand.fingers(); 
      for (FingerList::const_iterator fl = fingers.begin(); fl != 
fingers.end(); ++fl) { 
        const Finger finger = *fl; 
        std::cout << std::string(4, ' ') <<  
        fingerNames[finger.type()]         // Finger type 
        << " finger, id: " << finger.id() 
        << ", length: " << finger.length() // in mm 
        << ", direction: " << finger.direction() << std::endl; 
       } 
 
        // Get finger bones (Bone) 
        for (int b = 0; b < 4; ++b) { 
          Bone::Type boneType = static_cast<Bone::Type>(b); 
          Bone bone = finger.bone(boneType); 
          std::cout << std::string(6, ' ') <<  boneNames[boneType] 
          << " bone, start: " << bone.prevJoint()          
          << ", end: " << bone.nextJoint() << std::endl;  
        } 
} 

 

Table 17 - Fingers and Bones features. 

The pointable, fingers and tool lists defined by the PointableList, FingerList, and 
ToolList classes have a similar structure. All of them are designed to work like a vector 
array, and support iterators to get each element from the list. The objects that constitute 
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a list of hands cannot be removed or changed. In addition, these classes define some 
functions based on the relative position of the objects of the list related to the LM 
coordinate system. These functions are: fingers.leftmost(), 
fingers.rightmost(), and fingers.frontmost(). These three functions 
are available in pointables and tools list as well. The information provided by these 
functions are based on the relative position of its pointable elements. For example: 
fingers.leftmost()returns the finger that is farthest to the front in the z-axis. 
The acquisition of the FingerList object from a Hand object and its additional 
functions mentioned are presented in Table 18. 
 
void SampleListener::onFrame(const Controller& controller) { 
     
    const Frame frame = controller.frame(); 
 
    HandList hands = frame.hands(); 
 
    for (HandList::const_iterator hl = hands.begin(); hl != 
hands.end(); ++hl) { 
 
       const Hand hand = *hl; 
 
       const FingerList fingers = hand.fingers(); 
 
       // Member of the list that is farthest to the left (x-axis): 
       Finger hand_left_most = fingers.leftmost();    
       // Member of the list that is farthest to the front (z-axis): 
       Finger hand_front_most = fingers.frontmost();  
     } 
   

 

Table 18 - Hand coordinate system as reference. 

3.3.6. Gestures 
 
The information captured by the LMC includes a set of predefined gestures. Each 
gesture should be enabled; otherwise no gestures are recognized or reported. LMC looks 
for certain movement patterns that can fit as a user gesture or command. Once the 
LMC detects a gesture, it adds a Gesture object in a Frame instance as a gesture list, 
and assigns an ID value to each new gesture added. LMC recognizes four types of 
movement patterns (see Table 19). This four types of gestures, are divided into two main 
groups:  
 
! Continuous gestures: gestures that occur over many frames. When the gesture 

begins, an ID value is assigned to the gesture. Then, the LM software updates in 
each subsequent frame the gesture and their properties by adding a Gesture 
object with the same ID value, until the gesture stops.  
 

! Discrete gestures: gestures that occur on a single frame. The LM software only 
reports each gesture in a single Gesture object with a unique ID value. 
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Movement 
Pattern 

Gesture’s 
Lifetime Description Image 

Circle Gesture 

Continuous 
Movement 

Patterns 

Circular movement 
made by a finger or 

tool. 

 

Swipe Gesture 
Straight-line 

movement made by 
the hand with fingers 

extended. 

 

Key Tap Gesture 

Discrete 
Movement 

Patterns 

Downward tapping 
movement by a 

finger 

 

Screen Tap 
Gesture 

Forward tapping 
movement by a 

finger 

 

 

Table 19 - Overview LM gesture types. 

Each gesture has some configuration parameters that can be changed through the 
Config class (see Table 20). The configuration of parameters must be performed after 
the controller has connected to the LMS (when the functions 
controller.isConnected() or controller.isServiceConnected() are true). 
These changes are not persistent, so the application needs to set the values every time. 
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Movement 
Pattern Key string 

Parameter 
Description 

Circle 
Gesture 

Gesture.Circle.MinRadius Minimum radius in 
millimetres 

Gesture.Circle.MinArc Minimum arc length 
in radians 

Swipe 
Gesture 

Gesture.Swipe.MinLength Minimum length in 
millimetres 

Gesture.Swipe.MinVelocity 
Minimum velocity in 

millimetres per 
second 

Key Tap 
Gesture 

Gesture.KeyTap.MinDownVelocity 
Minimum velocity in 

millimetres per 
second 

Gesture.KeyTap.HistorySeconds 
Minimum finger 

movement in 
millimetres 

Gesture.KeyTap.MinDistance 

Adjust the detection 
window for 

evaluating the 
movement in 
millimetres 

Screen 
Tap 

Gesture 

Gesture.ScreenTap.MinForwardVelocity 
Minimum velocity in 

millimetres per 
second 

Gesture.ScreenTap.HistorySeconds 
Minimum finger 

movement in 
millimetres 

Gesture.ScreenTap.MinDistance 

Adjust the detection 
window for 

evaluating the 
movement in 
millimetres 

 

Table 20 - Configuration parameters. 

Table 21 shows a piece of code where gestures are detected. First of all, gesture 
recognition has to be enabled in the application by means of a Controller object 
(see lines [6], [12], [13] and [14]), since by default gestures are not captured or 
recognized. When a gesture is enabled, the setting established by default can be changed 
with the method config(). 
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… 
void SampleListener::onConnect(const Controller& controller) { 
    std::cout << "Connected" << std::endl; 
 
    // Enable recognition for each gesture you intend to use 
[6] controller.enableGesture(Gesture::TYPE_SWIPE); 
 
    // To change the configuration of the gesture 
    controller.config().setFloat("Gesture.Swipe.MinLength", 200.0); 
    controller.config().save(); 
 
[12]controller.enableGesture(Gesture::TYPE_KEY_TAP); 
[13]controller.enableGesture(Gesture::TYPE_SCREEN_TAP); 
[14]controller.enableGesture(Gesture::TYPE_CIRCLE); 
} 
 
void SampleListener::onFrame(const Controller& controller) { 
 
    const Frame frame = controller.frame(); 
 
    // Gestures information: 
 
    const GestureList gestures = frame.gestures(); 
 
    for (int g = 0; g < gestures.count(); ++g) { 
      Gesture gesture = gestures[g]; 
      … 
    } 
} 
 

 

Table 21 - Gestures configuration. 

Continuous gestures have three different states depending on the temporal instant: 
 
! STATE_START: when the gesture starts. A few seconds have to be passed until the 

device recognizes it. 
 

! STATE_UPDATE: when the gesture is still running. 
 
! STATE_STOP: when the gesture is finished. It ends when the finger or tool leaves 

the gesture location, or it is moving too slowly. 
 
The continuous circle gesture is recognized when the tip finger draws circles inside the 
LMC field of view. From a general Gesture object, a CircleGesture object can 
be constructed as: 
 
if (gesture.type() == Gesture:: TYPE_CIRCLE) { 
      CircleGesture circle = CircleGesture(gesture) 
} 

 

Table 22 - CircleGesture object.  
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A CircleGesture object provides the following methods: 
 
! circle.center() and circle.radius(): provides the centre point and 

radius of the circle that is being made by the fingertip. 
 

! circle.pointable(): provides the Pointable object that is performing the 
circle gesture. 

 
! circle.normal(): provides the normal vector in millimetres for the circle that 

is being performed. Using the vector provided by the normal vector, the user can 
know if the circle is being drawn clockwise (the normal vector points in the same 
direction as the Pointable object involved in the drawing action), or counter-
clockwise (the normal vector points in the opposite direction). If the angle between 
the normal and the pointable is less than 90 degrees, then the circle is clockwise. 
The following piece of code shows an example that determines the direction of the 
performed circle. 

 
CircleGesture circle = gesture; 
std::string clockwiseness; 
 
if (circle.pointable().direction().angleTo(circle.normal()) <= PI/2) { 
    clockwiseness = "clockwise";         // In clock direction 
} else { 
    clockwiseness = "counterclockwise"; // Opposite to clock direction 
} 

 

Table 23 - Circle Gesture direction. 

A swipe gesture is recognized when the finger makes a swiping motion inside of the 
LMC field of view. From a general Gesture object, a SwipeGesture object can be 
constructed as: 
 
if (gesture.type() == Gesture:: TYPE_SWIPE) { 
      SwipeGesture swipe = SwipeGesture (gesture) 
} 

 

Table 24 - SwipeGesture object. 

A SwipeGesture object provides the following methods: 
 
! swipe.direction(): provides the direction of the vector in millimetres parallel 

to the swipe motion. 
 

! swipe.pointable()): provides the Pointable object that is performing the 
swipe gesture. 

  
! swipe.position() and swipe.speed(): provides the position vector and 

the speed of the motion . 
 
 
 
 



  Page 43 of 55        

On the other hand, discrete gestures only have one single state: STATE_STOP. 
 
The movement of a fingertip defines a key tap gesture, if it is moving up and down. 
From a general Gesture object, a KeyTapGesture object can be constructed as: 
 
 
if (gesture.type() == Gesture:: TYPE_KEY_TAP) { 
      KeyTapGesture tap = KeyTapGesture(gesture); 
} 

 

Table 25 - KeyTapGesture object. 

The movement of a fingertip defines a screen tap gesture, if it is moving forwards and 
backwards. From a general Gesture object, a ScreenTapGesture object can be 
constructed as: 
 
if (gesture.type() == Gesture:: TYPE_SCREEN_TAP) { 
      ScreenTapGesture screentap = ScreenTapGesture(gesture); 
} 

 

Table 26 - ScreenTapGesture object 

These kinds of gestures provides the following methods: 
 
! tap.direction()/screentap.direction(): provides the direction 

vector in millimetres, which is the direction of the motion being made by the finger. 
It returns a unit vector if the fingertip is moving, or a zero vector if it is not. 
 

! tap.pointable()/screentap.pointable(): provides the Pointable 
object that is performing the tap gesture. 

 
! tap.position()/screentap.position(): provides the position vector in 

millimetres of the motion that it is being made.  
 

3.3.7. Camera Images 
 
The LMC has also the capability to provide brightness images from both 
monochromatic IR cameras. However, to permit applications to receive IR camera 
images from the LMC, the ‘Allow Images’ setting in the LMA must be checked. 
Moreover, the policy images has to be changed to allow applications to receive images 
from the device cameras using 
controller.setPolicy(Controller::POLICY_IMAGES) (as was already 
mentioned in Section 3.2), since by default they are not sent. 
 
Images can be obtained in to different ways: through a Controller object, getting 
the most recent set of images, or through a Frame object. In the last case, depending on 
the frame rate, the set of images used to create that frame can be slightly older, at least 
one camera frame behind the images obtained from the controller. Although the 
controller has the smallest latency, it will not fit either with the data of the current 
frame. Both methods, returns an ImageList object that contains two Image objects 
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(one from each camera). The image with index 0 belongs to the left camera, and index 1 
for the right camera 1.  
 
Table 27 shows how to allow the application to receive images from the LMC. It also 
presents how to get these images from a Frame object. 
 
int main(){ 
 
    Controller controller; 
    controller.setPolicy(Controller::POLICY_IMAGES); 
 
    sleep(2); 
 
    if(controller.isConnected()){ 
         
       Frame frame = controller.frame(); 
       ImageList images = frame.images(); 
       Image image = images[0]; // Left camera image 
       … 
   } 
} 

 

Table 27 - Getting images from the LMC. 

If a Listener is used, the function onImages() will be invoked by the controller as 
soon as a new set of images is ready.  
 
Until the user does not insert their hands within the field of view of the LM cameras, it 
is not possible to know in which direction the images are oriented. When the cameras 
detect hands, the LM software automatically adjusts the coordinate system so that the 
hands are located in the positive direction of the z-axis. Although, this option of auto-
orientation can be disabled using the LMA. 
 
Image data is a set of brightness values stored in a buffer provided by the LM SDK 
(image.data()). This buffer contains an array of pixel values representing a grey-
scale image (see Figure 23), using one byte per pixel. The length of the data buffer is 
calculated as follows:  
 

𝐿𝑒𝑛𝑔𝑡ℎ  𝑏𝑢𝑓𝑓𝑒𝑟 =     𝑖𝑚𝑎𝑔𝑒.𝑤𝑖𝑑𝑡ℎ  𝑥  𝑖𝑚𝑎𝑔𝑒. ℎ𝑒𝑖𝑔ℎ𝑡  𝑥  𝑖𝑚𝑎𝑔𝑒. 𝑏𝑦𝑡𝑒𝑠𝑃𝑒𝑟𝑃𝑖𝑥𝑒𝑙                      

Depending on the current operating mode of the LMC (enabling or not de robust mode 
in the LMA), the width and height of the image can change from frame to frame. In 
“robust mode”, images are half as tall. In the next example (see Table 28), the OpenCV 
library is used to copy the brightness values from the data buffer to a bitmap image. 
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Figure 23 - Getting raw images. 

 
#include <opencv2/core/core.hpp> 
#include <opencv2/highgui/highgui.hpp> 
 
using namespace Leap; 
using namespace cv; 
 
int main(){ 
   … 
           if (image.isValid()){ 
 
             // Get the Raw Images 
             int rows = image.height();  // 240 
             int cols = image.width();   // 640 
 
             Mat result; 
             result.create(rows, cols, CV_8UC1);  
 
             // brightness values 
             const uchar* image_buffer = image.data();  
 
             memcpy(result.data, image_buffer, 
sizeof(uchar)*rows*cols*image.bytesPerPixel()); 
 
             namedWindow("Raw Image 1"); 
             imshow("Raw Image 1", result); 
             waitKey(0); 
        } 
    } 
… 
} 

 

Table 28 - Getting raw images. 

The captured IR images present a pronounced distortion. This effect is produced by the 
lens curvature and other imperfections. The LM SDK provides a calibration map to 
correct this imperfection, allowing the user to obtain a distortion-free image.  
 
The calibration map is a 64x64 grid of points provided by the function 
image.distorsion(). Each point consists of two 32-bit values (8 bytes per point), 
resulting in a buffer size of 64 x 64 x 8. Each point in the buffer indicates where to find 
the corrected brightness value for the corresponding pixel in the raw image. It uses 
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normalized coordinates within the range [0…1]. In the reconstructed image, there are 
some red portions that represent areas for which no brightness value is available (see 
Figure 24). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 24 - Un-distorted image 

The length of the calibration map is: 
 

𝐿𝑒𝑛𝑔𝑡ℎ  𝑏𝑢𝑓𝑓𝑒𝑟 =     𝑖𝑚𝑎𝑔𝑒.𝑑𝑖𝑠𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑊𝑖𝑑𝑡ℎ  𝑥  𝑖𝑚𝑎𝑔𝑒.𝑑𝑖𝑠𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝐻𝑒𝑖𝑔ℎ𝑡  𝑥  4            

 There are two ways to get the image correction: 
 
! Using the image.warp() and image.rectify() functions. The simples method, 

but relatively slow, and therefore it is not good for real-time distortion correction. 
This method is usually used for a small set of points.  

 
This procedure is presented in Table 29, where a target image is defined, and then it 
is filled with un-distorted data through the warp function.  

 
! Using the data in the image.distortion() buffer directly, which can correct the 

entire raw image while maintaining a good application frame rate. It is designed to 
be used with a GPU shader program. 
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int targetWidth = 400; 
int targetHeight = 400; 
unsigned char brightness[3] = {0,0,0}; 
 
Mat target; 
target.create(targetHeight, targetWidth, CV_8UC3); 
 
for(int i = 0; i < target.rows; i++){ 
   for(int j = 0; j < target.cols; j++){ 
 
      //Normalize from pixel xy to range [0..1] 
      Leap::Vector input = Leap::Vector((float)j/targetWidth, 
(float)i/targetHeight, 0); 
 
      //Convert from normalized [0..1] to slope [-4..4] 
      input.x = (input.x - image.rayOffsetX()) / image.rayScaleX(); 
      input.y = (input.y - image.rayOffsetY()) / image.rayScaleY(); 
 
      Leap::Vector pixel = image.warp(input); 
 
      if(pixel.x >= 0 && pixel.x < image.width() && pixel.y >= 0 && 
pixel.y < image.height()) { 
      int data_index = floor(pixel.y) * image.width() + 
floor(pixel.x); //xy to buffer index 
      brightness[0] = image.data()[data_index]; //Look up brightness 
value 
       brightness[2] = brightness[1] = brightness[0]; //Greyscale 
       } else { 
       brightness[0] = 255; //Display invalid pixels as red 
       brightness[2] = brightness[1] = 0; 
       } 
 
       target.at<cv::Vec3b>(i,j)[2]= brightness[0]; 
       target.at<cv::Vec3b>(i,j)[1] = brightness[1]; 
       target.at<cv::Vec3b>(i,j)[0]= brightness[2]; 
   } 
} 

 

Table 29 – Getting un-distorted images 
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3.3.8. Serializing Data 
 
The LM provides a method for serialization, which is the process of turning data 
structures or object states into a format that can be stored and reconstructed to use them 
later in the same or in a different computer environment. The Frame class contains a 
method to serialize the data as a sequence of bytes. New frames can be created through 
this sequence of bytes by passing them to a deserializer, and copying them to this new 
frame. To deserialize frame data, a Controller object has to be created before. In this 
process, there will not be access to the images stored previously. Table 30 shows the use 
of the method frame.serialize()to serialize a Frame object. 
 
 
void SampleListener::onFrame(const Controller& controller) { 
 
    const Frame frame = controller.frame(); 
 
    // Serialize 
    std::ofstream outputFile("frame.data"); 
    const std::string serializedFrame = frame.serialize(); 
    outputFile << serializedFrame; 
    outputFile.close(); 
 
    // Deserialize 
    std::ifstream inputFile("frame.data"); 
    std::string frameData((std::istreambuf_iterator<char>(inputFile)), 
std::istreambuf_iterator<char>()); 
    Frame reconstructedFrame; 
    reconstructedFrame.deserialize(frameData); 
} 
 

Table 30 - Serializing/Deserializing data. 
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4. PROTOTYPE 
In this section, the implementation of a basic prototype of a hand gesture recognition 
system is presented. The main contribution is the design of a set of features based on the 
acquired LM data that is used along with a machine-learning technique (multi-class 
Support Vector Machine classifier) to conform the gesture recognition system (see 
Figure 25). 

 
 

Figure 25 - Overview of the gesture recognition system. 

 
The feature descriptor stage takes the data extracted from the LMC to compute a 
feature vector, called Histogram of Relative Distances and Angles among Hand Entities 
(HRDAHE), which robustly encodes the information to recognize hand gestures. More 
specifically, the following information from the LMC is used (see Figure 26): 
 
! Position of the fingertips (see Section 3.3.5) respect to the LMC origin.  
 
! Palm position (see Section 3.3.3) respect to the LMC origin. 
 
! Palm normal (see Section 3.3.3). 
 
 
 
 
 
 
 
 
   
 
 

 

Figure 26 – LMC data used to build the feature descriptor. 

Finger_pos 
Palm_pos 

Palm_normal 
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There are two problems regarding the data related with the fingertips, which must be 
properly addressed by the feature descriptor to build a robust hand gesture 
representation. The first one is that the sensor is not always capable to capture or 
recognize all the fingers that are within the LMC field of view. Fingers that are really 
close, or a movement of a finger that is behind or directly in front of the hand, can get 
lost. Moreover, some visible fingers are not captured if the hand is not perpendicular to 
the LMC. Also, protruding objects near the hand, such as a bracelet, are easily confused 
as fingers. This means that in different executions of the same gesture the number of 
captured fingers could vary. The other problem is that the LM SDK does not return 
any information about the matching between the acquired fingertip points and the 
corresponding fingers, resulting in that they are randomly ordered. The proposed 
HRDAHE descriptor addresses these both problems by using relative distances among 
hand related entities, and using a bag-of-words strategy to deal with the randomness of 
the fingertips. The procedure to compute the HRDAHE is as follows. First, a set of 
relative distances and angles among the different hand related entities are computed: 
 
! Set of relative distances:  

 
" 3D distances between the palm position and each fingertip position: 𝐷1!   =

    | 𝐹_𝑃𝑜𝑠! −   𝑃𝐶 |. 
 

" 3D distances among fingertips: 𝐷2!   =      | 𝐹_𝑃𝑜𝑠! −   𝐹_𝑃𝑜𝑠   |. 
 

" 3D distance between the palm normal and each fingertip position: 𝐷3! =
    | 𝑉1! −   𝑃𝑁 |. 

 
Where |𝑥 | = 𝑣!! + 𝑣!! + 𝑣!  ! is the norm of 𝑥, 𝐹_𝑃𝑜𝑠! is the fingertip position, 𝑃𝐶 
is the palm center, and 𝑃𝑁 is the palm normal vector. 

 
! Set of relative angles: 

 
" Angle between the vector formed by the fingertip position and the vector of 

palm normal, taking the palm centre as origin of coordinates: 
 

𝐴1! =    𝑐𝑜𝑠!!(
!!!∙!"
!!! | !" |

). 

" Angle among vectors formed by the fingertip positions, taking the palm centre as 
origin of coordinates: 

 
𝐴2! = 𝑐𝑜𝑠!!( !!!∙!!

!!! | !! |
). 

Where 𝑉1! is the vector between the palm position and each fingertip position, 
and 𝑃𝑁 is the palm normal vector 

 
Both sets of features are used to compute two different histograms, one related to 
distances and the other related to angles, in order to recognize the gestures. The 
number of intervals/bins parameterizes the histograms. The optimum number of 
intervals is a trade-off between the discriminative power of the resulting descriptor and 
its robustness to noisy hand movements. Then, both histograms are normalized because 



  Page 51 of 55        

of the differences between the measurements related with distances and angles. The 
final vector descriptor HRDAHE is obtained by concatenating the previous normalized 
histograms. Afterwards, the classifier stage delivers this vector descriptor to a multi-class 
SVM classifier, which performs the hand gesture recognition [2]. This multi-class 
classifier is based on the One-vs. -All algorithm [1]. For the implementation of this 
algorithm, 𝐺 different SVM classifiers have been created. Thus, 𝐺 possible hypothesis 
(ℎ! 𝑥 , 𝑖   =   1…   𝐺) will be used to estimate the hand gesture. I.e., when a new feature 
descriptor is available, the recognition system evaluates all the ℎ!(𝑥) obtained, and picks 
the one according to the Winner-takes-All strategy (the one that maximizes the output). 
Regarding the parameters of each SVM classifier, a non-linear Gaussian Radial Basis 
Function (RBF) kernel has been used.  
 

4.1 Results 
 
With the purpose of evaluating the performance of the gesture recognition system, a 
database of gestures has been acquired from the web page: 
http://lttm.dei.unipd.it/downloads/gesture. It contains a total of 10 
different gestures (a subset of the American Manual Alphabet), which are represented in 
Figure 27. The gestures have been obtained with the LMC, and each gesture has been 
performed 10 times by 14 different people. In total, there are 1400 different training 
examples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 27 - Gesture database. 

The dataset has been divided into two sets: 80% of the data is dedicated to perform the 
training set, and 20% of the data is dedicated to perform the testing set. 
 
Table 31 shows the confusion matrix using the previous database with the proposed 
prototype of hand recognition system. This table shows cells with different colours, 
where each one means: 
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! Green cells represent true positive cases, i.e. those cases where the predicted gesture 
and its actual value match.  
 

! Red cells represent false positive cases where the predicted gesture does not match 
with the actual gesture. 

 
! Black cells contain two percentages: global true positive cases (in green) and global 

false positive cases (in red). The general equation to calculate the percentage of true 
positive cases is: 

𝑇𝑟𝑢𝑒  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑟𝑎𝑡𝑒 =   
𝑇𝑟𝑢𝑒  𝑝𝑜𝑠𝑡𝑖𝑣𝑒𝑠

𝐴𝑙𝑙  𝑜𝑢𝑡𝑝𝑢𝑡  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠  

 
The general equation to calculate the percentage of true positive cases is: 
 

𝐹𝑎𝑙𝑠𝑒  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑟𝑎𝑡𝑒 =   
𝐹𝑎𝑙𝑠𝑒  𝑝𝑜𝑠𝑡𝑖𝑣𝑒𝑠

𝐴𝑙𝑙  𝑜𝑢𝑡𝑝𝑢𝑡  𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠  

  
The last right black column is referred to the output classes, while the last black row is 
referred to the target classes. 

 
! Blue cells represent the total accuracy percentage (in green) of the hand recognition 

system. 

 

 

Table 31 - Confusion matrix. 
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The accuracy of the gesture recognition system is 55,4%. As it is observed, the accuracy 
of the prototype system is not too high. However, there are two gestures which 
prediction is far greater than the others: G1 gesture that corresponds with a fist, and G9 
gesture that corresponds with a hand with all fingers extended. These two predictions 
are clearly more accurate because they are significantly more different from the others, 
while G2 and G3 (a hand with only one finger extended), for example, are quite similar 
which means that its prediction is more complex. However, these are just preliminary 
results that can be further improved by testing massively different system configuration. 

 

Figure 28 shows the roc graphic, where the false positive rate is compared with the true 
positive rate. This figure summarizes the capacity of the hand recognition gesture to 
detect correctly each gesture. The higher is the true positive rate and the lower is the 
false positive rate, the more accurate is the recognition system for each gesture. As it is 
observed, the optimal case occurs with G9 gesture follow by G1 gesture, as it was 
predicted previously in Table 31.  
 
 

 
 

Figure 28 - Roc. 
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5. CONCLUSIONS AND FUTURE WORK 
 
In this project, a complete evaluation of the LMC has been made. First of all, a 
technical report about the whole set of capabilities provided by the LMC and the LM 
native interface have been presented. For this task, several C++ program examples have 
been made to prove these capabilities, and to test the functioning and correct gesture 
tracking of the hands. 
 
Finally, a prototype of a gesture recognition system based on the LMC has been 
developed. With this purpose, a multi-class SVM classifier is used to recognize some 
specific gestures made with a hand. Despite of the fact that the prototype designed is not 
as accurate as desired, it could be improved by the development of different features, or 
by choosing different parameters in its implementation. 
 
Over the future work, there are two main lines of action. The first line is based on a 
translation process, in which the whole Matlab program is adapted to a C++ program, 
fostering a real-time version of the gesture recognition system. The second line is to use 
the LMC in a future project mentioned in the introduction section as “Virtual 
Showcase”. This will imply a more accurate prototype, and the evaluation of more 
complex situations over a complete LM-based HCI. 
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