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Abstract. A recent boom has been seen in 3D virtual worlds for entertainment, 
and this in turn has led to a surge of interest in their educational applications. 
Although booming development has been seen, most of them only strengthen 
the traditional teaching methods using a new platform without changing the na-
ture of how to teach and learn. Modern computer science technology should be 
applied in STEM education for the purpose of rising learning efficiency and in-
terests. In this paper, we focus on the reasoning, design, and implementation of 
a 3D virtual learning system that merges STEM experiments into virtual labora-
tory and brings entertainment to knowledge learning. An advanced hand gesture 
interface was introduced to enable flexible manipulation on virtual objects with 
two hands. The recognition ability of single hand grasping-moving-rotating ac-
tivity (SH-GMR) allows single hand to move and rotate a virtual object at the 
same time. We implemented several virtual experiments in the VR environment 
to demonstrate to the public that the proposed system is a powerful tool for 
STEM education. The benefits of this system are evaluated followed by two vir-
tual experiments in STEM field. 
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1 Introduction 

Digital virtual worlds have been used in education for a number of years, as the com-
mon use of which, the issues of providing effective support for teaching and learning 
arouse continuing discussions. Considerable limitation exists in the modern pedago-
gies and their practices. According to Mohan, “students are presented with the final 
results of knowledge but not with data and experience to think about” [1]. Many  
current educational tools, instead of enhancing the notions of interaction and student-
centered learning, only strengthen the traditional teaching methods using a new  
platform without changing the nature of how to teach and learn. The functions of 
computers in online learning environments and the existing interactive systems are far 
from what is desirable. Examination based teaching assessment, although widely 
being used, always has difficulty in revealing teaching effect and instructing the suc-
ceeding action of teachers and students [2]. If technology can give timely feedback to 
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players in the process of learning activity, learners would timely adjust their under-
standing, behaviors, and implementation. Computer games are much attractive to 
young people, which provide a possible breakthrough to push forward new instructive 
technologies. Playing games in virtual worlds with educational purposes, students are 
not only able to learn knowledge, but also explore new experiments on their own [3]. 
The fast development of Internet-based communication technologies, e.g. online vid-
eo chat, portable devices, mobile platforms and cloud computation, allows instructors 
and learners to be connected and get access to knowledge anytime and anywhere such 
that they can have "face-to-face" talk and "hands-on" educations even if they are not 
in the same classroom. 

A recent boom has been seen in 3D virtual worlds for entertainment, and this in 
turn has led to a surge of interest in their educational applications. We will focus on 
the reasoning and the design of a 3D virtual learning system that merges real experi-
ments in virtual laboratory and brings entertainment to knowledge learning. The de-
sign of the system aims at improving teaching and learning efficiency and interest by 
introducing advanced human machine interface and VR interactive teaching software 
into classroom and online learning. We will discuss the benefits of applying hand 
gesture interface and VR environment into e-learning and also give a design of the 
system with two examples. 

2 Benefit Analysis of 3D Virtual Learning 

Our advanced hand gesture interaction and the VR environment described above per-
fectly meet the demand of the purpose of the online virtual learning and training. The 
benefits of the system are: 
 
Empowerment. Pan [4] stated that VR is an empowerment technique that opens 
many new path for learning. VR-based learning provides a paradigm shift from old 
pedagogies since it provides interaction with all human sense, such as vision, sound, 
and even touches, taste and smell [5]. The VR interactive teaching system focuses on 
students, their learning motivation and learning practice. Instead of receiving input 
from teachers all the time, students are able to control their own learning by manipu-
lating learning materials and practicing in or out of classroom. Even though student-
centered teaching has been advocated for ages, the fact is many teachers find it hard 
to shift and transfer their power to students, not to say there are teachers who are  
not aware of their current roles. One of the reasons for the hard shift is the lack of 
creative and friendly learning environments, in which activity and practice play an 
indispensable role. 
 
Learning by Doing. We all know that when learning new and abstract concepts, e.g. 
global warming, sound transmission, magnet, etc. we find it is hard to understand 
without connecting to a concrete example. Things could be different when students 
have something that they can see and manipulate in front of them because it helps 
them connect abstract concepts with concrete experiences. Furthermore, they are  
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provided with more practice and knowledge through the exploration in a 3D interac-
tive system. For instance, in the study of heat transformation, students are not only 
able to understand the concept of it, but also able to get to know under what circums-
tances and structure and through what types of objects that heat can be transferred. 
 
Sustaining the Learning Interest. One of the benefits of game-like educational 
technology is to motivate learners and sustain their learning interest by letting learners 
control their world of knowledge/game, interact, explore and experience it. The inte-
raction with the system is a key for learners to build more on their previous know-
ledge, though they might go through many trials of failure before they can move on to 
the next step. In the process of practicing, learners can modify their solutions to 
achieve the best performance required for the law in STEM areas. 
 
Better Teaching Performance. Teaching and learning are mutual process [6]. The 
introduction and application of 3D interactive system is not to decrease the signific-
ance of teachers but to help teachers better their teaching by using technology into 
classroom. Compared to words, visual products such as videos and animation carry 
much more information. Therefore, a combination of words and animations could 
enhance the amount of output of information and knowledge. More importantly, 
teachers are able to explain topics by connecting concrete concepts as with real world, 
by motivating students and sustain their interests. 
 
Materializing Abstract Knowledge. There are many abstract concepts, models, 
processes, methods existing in STEM field need to be showed dynamically and sur-
realistically. Illustrating only by descriptive characters and figures may not be enough 
to give students whole pictures of them. An application aiming at explaining the con-
cept of food chain, asks players to initialize the quality of grass, rabbit, and fox. Run-
ning this game, the qualitative relationship among these creatures shows on the screen 
in a dynamic way, forcing the players to consider the environment in an equilibrious 
way to achieve ecological balance. The system can also display invisible matter in a 
visible way, such as energy and force. 
 
Real Time Assessment. The traditional classroom teaching is not able to give imme-
diate feedback information about the learning and performance of students because 
teachers are not able to stay around students watching all the time. Formative assess-
ments, summative assessments, and official assessments are three typical techniques 
used for classroom assessments [7]. But these methods do not provide specific and 
timely information about student learning. They are always slow respond, biased, and 
limited by test writers. The paper-and-pencil test that is the most common use as-
sessment is more the enhancement of lower level cognitive behavior rather than that 
of higher level cognitive behavior, according to Bloom’s Taxonomy classification. 
This problem is improved by adding an intelligent assessment agent module in the 
system. Running as a background agent, it monitors learners operation in real time 
and makes assessment about whether instructive objectives are reached. 
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Improved Online Communication and Cooperation Experience by Cloud Com-
puting. The most advantage of cloud computing is that information and services can 
be accessed anytime and anywhere by different platforms. Users are always able to 
get access to educational applications, personal information, performance assessments 
and real time communication from instructors or others. These will greatly lower the 
learning cost and boost the flexibility, which is very suitable for online learning. Stu-
dents' learning process, special needs, assessment, etc, can be stored in cloud and then 
checked by instructors. Moreover, cloud computing provides a platform for conve-
nient communication, collaboration, team-building and group-centered project. 

3 Design of the Hand Gesture Interface 

According to the need of e-learning and e-business, we design an efficient and low-
cost human computer interaction interface. Our proposed hand gesture interface is 
designed to recognize two hands movements, hand poses (open hand and closed 
hand), and single hand rotations. There is no need to extract individual finger move-
ments in this case. Also, we properly allocate the stereo camera to prevent it from 
dealing with complex situations. Moreover, we carefully design the gestures of appli-
cations so that hand overlapping is not necessary.  

As shown in Figure 1(a), the stereo camera is placed on top of the computer screen 
and tilts down to capture the hands that are placed right above the table. This ar-
rangement prevents from capturing human heads in the view. Also, the reflection of 
ambient light on hand is mostly uniform, which reduces the recognition error caused 
by shadow changes. In addition, it is suitable for long time operation because users' 
hands are well supported by the table. Users' hands are free to move in horizontal (x), 
vertical (y) and depth (z) direction, and rotate in yaw, pitch and roll. 

 

         (a)                            (b)                                 (c) 

Fig. 1. The design of hand gesture interaction. (a) hardware configuration, (b) left camera view, 
(c) right camera view. 

One of our contributions to hand gesture interaction is that the system is capable of 
recognizing single hand grasping-moving-rotating (SH-GMR) activity. Compared 
with traditional two hand "steering wheel" [8] gesture for rotating a virtual object, a 
hand gesture interface with single hand rotation integrated is able to fully control an 
object [9, 10]. Figure 2 illustrates the SH-GMR activity by an example. SH-GMR 
contains three major actions: preparing, grasping, and moving and rotating. 
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A human hand changes its shape from open-handed status (a hand with fingers 
stretched) to a grasping posture such that an object is captured and fully controlled. 
Moving and rotating action may occur simultaneously or independently. Keeping the 
same grasping gesture, the hand shifts or rotates so that the virtual object is shifted 
and rotated correspondingly. The hand changes its shape back to the open-handed 
posture, thus releasing the virtual object from being controlled. Compared with the 
traditional "steering wheel" gestures for object rotating, this method naturally maps 
hand gestures in the real world to the 3D virtual space. 

     
          (a)                                 (b)                            (c) 

Fig. 2. Illustration of the SH-GMR activity, (a) initial posture, (b) grasping action, (c) moving 
and rotating actions 

In our design, all of the icons, objects, and shapes are treated as physical objects and 
can be interacted with very natural hand gestures. Users manipulate objects by com-
mon sense, not by memorizing a bunch of hand gestures. Only two poses (open and 
closed) are needed to be discriminated, which allows a wide tolerance range for users' 
real postures.   

Figure 3 shows the diagram of the whole system that we design. The input sensor is the 
calibrated stereo camera. Hand parameters, including positions, status, rotation angles, etc, 
are extracted from the hand gesture interface module for each frame. The VR environment 
in the e-learning module reacts to the gesture input with dynamic information. 

A
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Fig. 3. The system diagram of the e-learning and e-business using the proposed hand gesture 
interface 
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4 Implementation of the 3D Virtual Learning System 

4.1 Stereo Camera 

Considering that the two applications are e-learning and e-business, mature and low-
cost stereo imaging technology should be used. Webcams are chosen to be the image 
sensors for our system. Two high quality webcams with VGA resolution and 30fps 
frame rate are physically aligned and fixed on a metal base. They can be easily 
mounted on computer screens or tripods. The physical alignment makes the optic axis 
of the two cameras parallel and pointing to the same direction. Due to the manufactur-
ing defects and the imperfect alignment, the output images should be undistorted and 
rectified before they are used to extract depth information.  

4.2 Camera Calibration and Rectification 

Single camera checkerboard calibrations are implemented for both left and right cam-
eras. We use Heikkila and Silven's [11] camera model that takes focal points and 
principal points as the camera intrinsic parameters. Lens distortion, including radial 
distortion and tangential distortion, are described by 5 parameters. 16 different check-
erboard images are taken to guarantee a robust estimation of the camera parameters. 
Then, the stereo calibration estimates the translation vector T and rotation vector R 
characterizing the relative position of the right camera with respect to the left camera 
(reference camera).  

With the intrinsic parameters, an undistortion process [11] is applied on each cam-
era in each frame to suppress tangential and radial distortion. To simplify the compu-
tation of pixel correspondence, two image planes need to be rectified first. A. Fusiello 
et al. [12] proposed a rectification procedure that includes image plane rotation, prin-
cipal point adjustment and focal length adjustment. Let [ ]Tvum 1=  be the ho-

mogeneous coordinates of pixels on the right camera’s image plane. The transforma-

tion of the right camera’s image plane are ( )( ) old
oonave

new mRKRKm 1−= , where oldm

and newm are the homogeneous coordinates of pixels on the right camera’s image 

plane before and after rectification, 
nR is an identity matrix, and 

oR is the rotation 

matrix of the camera before the rotation.  

4.3 Hand Gesture Recognition 

For the purpose of generating skin color statistics, luminance and chrominance  
need to be separated. We convert the image sequence from RGB color space to 
YCbCr [13] by:  
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where, Y is the luminance component, and Cb and Cr are the chrominance compo-
nents. This color space conversion has to be done on both left and right cameras.  

Color-based segmentation is used to discriminate hands from their background.  
S. L. Phung and et al. [14] proved that Bayesian classifier performs better compared 
to linear classifier and Gaussian single and mixture models. Whether a pixel is con-
sidered as a skin pixel is decided by a threshold τ: 

                                     
τ
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1

0

Xp

Xp

                              (2)  

where ω  and ω  denote skin color and non-skin color, )|( 0ωXp  and )|( 1ωXp  

are the conditional probability density functions of skin and non-skin colors. A color 
calibration procedure is needed when users first use the system. Users are asked  
to wave their hands in the camera view so that the training data of the skin color can  
be acquired. With this, the system is able to adaptively learn users' skin color as well  
as lighting conditions.  

We want to discriminate hand in open and closed poses by learning the geometrical 
features extracted from hands. A contour retrieving algorithm is applied to topologi-
cally extract all possible contours in the segmented images. We empirically use the 
two largest segmented areas as hand segmentations because normally two hands are 
the largest skin color areas in the view. A convex hull and its vertex set are computed 
[15]. The number of vertex after a polygon approximation procedure should be in the 
range of 8 to 15 considering both computational cost and accuracy. Several features 
can be extracted from the convexity: the distance between the starting point A and the 
ending point B of each defect, and the distance between depth points C and the far-
thest points on hand D. Distance lAB and lCD fully describe the situation of two adja-
cent fingers.  

To help determinate the open hand and closed hand poses, we train a classifier us-
ing the Cambridge Hand Gesture Dataset [16]. The reason is that the image in the 
dataset has the similar camera position with ours, and the dataset provides sequences 
of hand actions that are suitable for learning hand dynamics. We select 182 images 
from the dataset and manually label them with w  (open hand) and w  (closed 
hand). For each image, we extract lAB and lCD distance from all convexity defects of 
the hand. The training vector is described as L, ω , where L is the set of lAB and lCD  distance in a hand. A support vector machine is trained on the resulting 14-
dimensional descriptor vectors. Radial basis function is used as the kernel function to 
nonlinearly map the vectors to higher dimension so that linear hyper plane can be 
decided. 

Since there is no need to track single finger movements, positions of hands on both 
camera views are decided by two coordinates:  xL,  yL  and xR,  yR . The coordi-
nate of one hand on each camera view is calculated by the center of gravity of the 
hand segment. This will smooth the vibration caused by the segmentation. After the  
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image rectification, we have yL  yR. The disparity along x direction is computed by d xL xR. The depth z of the point is given by: 

              d

fT
z =

                                  (3) 

where f is the focal length, T is the baseline of the stereo camera. Note that the unit 
in equation (3) is in pixel. 

Existing hand interaction is highly limited by the current two-hand rotation gesture 
due to the lack of the research on hand fist kinematics. A single fist rotation detector 
(FRD) is crucial to implement the SH-GMR activity that makes possible control of 
different objects by two hands simultaneously. With this concern, a feature-based 
FRD was proposed to extract robust and accurate fist rotation angle [9]. The features 
we find on fists are called "fist lines" which are 3 clearly dark lines between index, 
middle, ring and pinky fingers.  

The FRD is a three-step approach. The first step is fist shape segmentation locating 
single fist in a search window. A clustering process is used to decide the fist position 
along human arms. The second step finds rough rotation angles with histograms of 
feature gradients using Laplacian of Gaussian (LOG), and then refines the angles to 
higher accuracy within 90 , 90  with constrained multiple linear regression. The 
third step decides the angle within 360 , 360  by making use of the distribution 
of other edge features on the fist. 

5 Benefit Evaluation with two Examples 

We implemented two simple virtual science experiments to demonstrate the im-
provement. Figure 4(a) shows an analog circuit experiment that help students learn 
how to measure electrical quantities with a multimeter. In the virtual environment, a 
student is able to turn on the multimeter and twist the dial plate to a right setting with 
single hand operation. Then, the student drags both probes to connect to the resistor 
with two hands operation. If the setting and the connection is correct, the resistance 
value can be read from the screen of the multimeter. In the circuit experiment, all 
electronic components are listed in a virtual toolbox. Students are allowed to take out 
demanded objects from the toolbox, and make circuits in the space.  

Figure 4(b) shows a virtual environment for implementing chemical experiments. 
Kinds of experiment equipments are placed on the table in the space, including beak-
ers, test tubes, flasks, alcohol lamps, etc. Different chemicals can be found in virtual 
containers. The text descriptions of the chemical compositions are popped out if users 
put hands on them. The figure shows a user is holding a flask containing certain 
chemical liquid on his right hand and a breaker containing another chemical power on 
the left hand. He is pouring the liquid from the flask to the breaker to trigger certain 
chemical reaction. The shifting and moving of an object is fully controlled by one 
hand. The chemical reaction can be displayed in the form of color changes, anima-
tions, sound effects, etc, to give the user the feedback of his operations. 
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Fig. 4. Simple applications of the virtual learning systems. (a)  Multimeter (b) chemical  
experiment. 

6 Conclusion 

The objective of this paper is to boost online teaching and learning efficiency as well 
as interests with modern computer science technologies, a 3D virtual learning system 
for STEM education. In the proposed system, students are able to carry out virtual 
STEM experiments with advanced hand gesture interface and VR environment. The 
theoretical reasoning and two examples above illustrate the improvement from current 
e-learning paradigms. Fully functioned online education systems that aim at particular 
grades and disciplines are urgently needed. Future research should focus on the usa-
bility study of the more applications for a better understanding of their benefits. 
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