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ABSTRACT 
In this paper, we discuss the development of Virtual Training Studio (VTS), a virtual 
environment-based training system that allows training supervisors to create training instructions 
and allows trainees to learn assembly operations in a virtual environment. Our system is mainly 
focused on the cognitive side of training so that trainees can learn to recognize parts, remember 
assembly sequences, and correctly orient the parts during assembly operations. Our system 
enables users to train using the following three training modes: (1) Interactive Simulation, (2) 3D 
Animation, and (3) Video. Implementing these training modes required us to develop several 
new system features. This paper presents an overview of the VTS system and describes a few 
main features of the system. We also report user test results that show how people train using our 
system. The user test results indicate that the system is able to support a wide variety of training 
preferences and works well to support training for assembly operations. 

1 INTRODUCTION 

The workforce in most industries requires continued training and update. Current training 
methods, for the most part, involve a combination of paper-based manuals, DVD/video-based 
instructions and/or hands on master-apprentice training. Due to the rapid influx of new and 
changing technologies and their associated complexities, accelerated training is a necessity in 
order to maintain an advanced and educated workforce. We believe that existing training 
methods can be further improved in terms of cost, effectiveness, time expenditure and quality 
through the use of digital technologies such as virtual environments (VE). The advent of 
personal virtual environments offers many new possibilities for creating accelerated training 
technologies.    

Our exploratory studies indicated that people preferred to utilize the virtual environment 
differently, for training purposes, based on the task at hand and the individual training styles of 
the user. We found that sometimes it is useful to get 3D visual clues from 3D animation and 
sometimes it is useful to see images of real parts. Sometimes practicing assembly tasks in the 
virtual environment helps facilitate training and aids in transferring that knowledge to real life.  
To meet this requirement, we have developed a system that supports three different training 
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modes. Developing these training modes and providing the ability to seamlessly switch between 
them required us to develop several new features.  

The virtual environment based training system we have developed is called Virtual Training 
Studio (VTS). The VTS aims to improve existing training methods through the use of a Virtual 
Environment based multi-media training infrastructure that allows users to learn using different 
modes of instruction presentation while focusing mainly on cognitive aspects of training as 
opposed to highly realistic physics based simulations. The VTS is composed of the following 
three modules: Virtual Workspace, Virtual Author and Virtual Mentor. Virtual Workspace 
provides the underlying VE multi-modal infrastructure.  It provides the platform for the other 
two modules to function and integrates the hardware and software into a cohesive package.  
Virtual Author is a component of the VTS that allows non-programmers to quickly create new 
tutorials. Virtual Mentor is a module, running on top of the Virtual Workspace, which checks for 
user errors, assists users in the training process and provides additional details to further clarify 
the action required.   

This paper provides an overview of VTS system. Section 3 discusses system goals, system 
design, and rationale behind design decisions.  Our system has a number of unique features not 
found in other VR based training systems. These features were needed to support the multimodal 
nature of our system involving 3D animation mode, interactive simulation mode and video 
mode. Section 4 describes some of these features in detail. We also conducted detailed studies to 
assess the system performance. Section 5 describes main findings from these studies.   

 

2  RELATED WORK 

The topics directly related to this paper can be classified into the following categories: 

• Simulation of Spatial Manipulation Tasks in Virtual Environments: A significant 
amount of recent research on virtual environments has been dedicated to simulation of spatial 
manipulation tasks in the context of mechanical design, assembly planning and assembly 
evaluation. The primary focus on this work is development of new algorithms and software 
to support real-time and accurate collision detection, physics based modeling, and assembly 
path planning. A paper by Jayaram et al. describes several case studies in the use of virtual 
assembly in industry [22]. A paper by Wan et al. describes a multi-modal immersive virtual 
assembly system [9]. Gupta et al. describe a system for prototyping and design for assembly 
analysis using multi-modal virtual environments [6].  Mikchevitch et al. describe how to 
model of flexible components for assembly path planning [13].  Banerjee and Cecil describe 
a virtual reality based decision support framework for manufacturing simulations [2]. 
Another focus in this area is the development of new interfaces for humans to interact with 
the virtual environments [11, 8].  

• Tutorial Authoring by Interactive Demonstration: Researchers have used interactive 
demonstrations as a means for conveniently creating tutorials. An example of this type of 
authoring tool is the Cognitive Tutor Authoring Tool (CTAT) [12]. CTAT builds math 
tutorials by demonstration. Author performs a scenario using a windows based GUI while 
system records the procedure. Author must also manually demonstrate all alternative correct 
and incorrect solution paths. Another example of this type of authoring tool is RIDES [15], 
which can train amongst other things, nurses to use medical equipment. In simple mode 
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RIDES allows an author to 'record' a procedure that students must learn, simply by carrying 
out the procedure in a window based user interface. VIVIDS is a more advanced descendent 
of RIDES which can build lessons for use in Virtual Reality and employs an autonomous 
agent that can observe and critique student actions. Another example of virtual authoring is a 
system called UVAVU [19], which generates assembly sequences by observing an author 
perform an assembly in a virtual environment. UVAVU makes use of known information 
about final part locations within the assembly to perform snap-ons upon collision during the 
author’s demonstration. Testing conducted with UVAVU showed that assembly plans 
produced in virtual reality were similar to those produced in a real environment.  

• Real-Time Error Detection and Feedback Generation in Training Sessions: This area of 
research involves developing techniques to detect errors made by trainees during training 
sessions and generating hints to provide them with meaningful feedback. An example of a 
system that uses these techniques is Georgia Tech Visual and Inspectable Tutor and Assistant 
[3], a tutoring system designed to teach satellite control and monitoring operations. Lessons 
can be assigned one of many styles of tutoring ranging from demonstration via animation 
with little control of the lesson by the user to system monitoring of trainee progress with only 
occasional intervention by the system. In effect the tutor “fades” as the trainee progresses 
through the curriculum. Each lesson specifies performance requirements, which the student 
must satisfy to proceed to the next lesson. Another example of this type of system is Steve 
[18], an animated agent who helps students learn to perform procedural, physical tasks in a 
virtual environment. Steve can demonstrate tasks, monitor students and provide basic 
feedback when prompted by trainee. Steve signals mistakes with shaking of the head and 
saying "No". Yet another good example is a system designed by Abe et al [1], which teaches 
novices assembly / disassembly operations on mechanical parts inside a virtual environment 
by showing a technical illustration to trainees with lines representing assembly paths. The 
hand motions of trainees are tracked and errors are detected. Trainees are alerted when they 
grasp wrong parts or move parts in the wrong direction. Paiva and Machado describe a 
pedagogical agent for training [16]. Monitoring errors and user actions in spatial 
manipulation tasks and providing highly descriptive feedback will require us to develop new 
types of algorithms.  

• Use of Virtual Environment in Training: Researchers have explored the use of virtual 
environment in training applications. A significant amount of research in this field is devoted 
to teaching of motor skills. Representative areas where VE-based training research has 
received recent attention is in the medical field where VE based surgery training is growing 
[17, 14, 21, 10] and in areas where mistakes in the assembly process are dangerous or 
expensive [7, 5, 4].  VE-based training is also finding use in preflight training operations to 
simulate certain aspects of microgravity and to be an effective countermeasure for space 
motion sickness and spatial disorientation [20]. 

3 SYSTEM OVERVIEW 

3.1 Overview of Virtual Training Studio 
The VTS system has two main goals. The first goal is to ensure that virtual environment based 
instructions for training personnel in the manufacturing industry can be created quickly so that an 
overall training cost reduction can potentially be realized by the use of our system. The second 
goal is to accelerate the training process for the trainees through the use of adaptive, multi-modal 
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instructions. With this system, training supervisors have the option of using a wide variety of 
multi-media options such as 3D animations, videos, text, audio, and interactive simulations to 
create training instructions. The virtual environment enables workers to practice instructions 
using interactive simulation and hence reduces the need for practicing with physical components. 
Our system is mainly geared toward cognitive skills: training workers to recognize parts, learn 
assembly sequences, and correctly orient the parts in space for assembly.  The VTS was designed 
to be an affordable Personal Virtual Environment (PVE) for training. We developed a low cost 
wand design and use an off the shelf head mounted display (HMD). The level of physics based 
modeling that has been implemented as well as the hardware selected reflects this design 
decision. The VTS system architecture is shown in Figure 1. 

The user interacts with the tutorial using a Head Mounted Display (HMD) and a wireless wand. 
Four optical trackers (infrared cameras) and two gyroscopes are used to track the position and 
orientation of the user and the wand. The wand consists of an off the shelf wireless presenter, an 
infrared LED, and a wireless gyroscope. Inside the Virtual Reality environment, the user can 
manipulate the parts and the buttons using a virtual laser pointer, which is controlled by the 
wireless wand. A wireless gyroscope and another infrared LED are mounted on the HMD. The 
cameras track the two LEDs and use triangulation to return the x,y,z, positions. Use of haptics 
and gloves was avoided in order to keep the cost of the system down. After user testing with a 
glove-based version of the system, utilizing 2 5DT DataGloves, we made the decision to create a 
wand based system due to the complications of the user interface in the use of gloves and the 
simplicity and user friendliness of the wand interface. The glove-based interface, when 
integrated with our system, forced users to memorize some gestures, caused excessive arm and 
body movement. These problems could have been overcome by use of a more expensive glove. 
But we decided against it to reduce the system cost.  

The software infrastructure of the VTS was built using a combination of programming 
languages: C/C++, Python, OpenGl. Additionally, a number of libraries were used: WoldViz’s 
Vizard for general purpose loading and transformation of VRML models, ColDet for collision 
detection, Gnu Triangulated Surface library (GTS) for segmentation and wxPython for Graphical 
User Interface. Figure 2 shows the software infrastructure. 

Figure 3 shows a screenshot of the VTS environment as the user would see it through the HMD 
and Figure 4 shows a photograph of a user immersed in the virtual environment. 

3.2 Virtual Workspace 
The goal of this component of the VTS is to provide the basic infrastructure for multimodal 
training and to incorporate the appropriate level of physics-based modeling consistent with the 
operation of a low cost PVE. Virtual Workspace houses the necessary framework to allow 
manipulation of objects, collision detection, execution of animations, and it integrates the 
hardware with the software to provide the user an intuitive, easy to use interface to the virtual 
environment. Virtual Workspace also acts as the platform for the Virtual Author and the Virtual 
Mentor. A major new feature of the Virtual Workspace is dynamic generation of animations. 
This feature is described in Section 4.3. The current version of the Virtual Workspace places the 
user in a furnished room with a table at the center and a projector screen on one of the walls. 
Parts used in the tutorial are placed on the table, while video as well as text instructions are 
displayed on the projector screen. The user interacts with the VE using a single wand, 
represented in the VE as a virtual laser pointer, to pick up, move and rotate objects and to click 
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on buttons located on the control panel at the front of the room. The implementation of the 
Virtual Workspace also includes the option to interact with the VE through a desktop personal 
computer (PC) interface. Virtual Workspace offers three primary modes of training: 3D 
Animation Mode which allows users to view the entire assembly via animations, Interactive 
Simulation Mode which is a fully user driven mode that allows users to manually perform the 
assembly tasks and Video Mode which allows users to view the entire assembly via video clips. 
Trainees can switch between these modes at any time with the click of a button. Figure 3 shows a 
screen shot of the control panel in the Virtual Workspace. 

3.3 Virtual Author 
The goal of the Virtual Author is to enable the user to quickly create a VE-based tutorial without 
performing any programming. The current version of the Virtual Author is PC-based. The 
Virtual Author package includes a ProEngineer (ProE) plug-in written in ProE Toolkit, which 
allows an engineer to load an assembly into ProE and export it to the file formats used in the 
VTS – VRML, STL, XML. The instructor then loads an XML file representing an assembly into 
the PC-based Virtual Author. The authoring process is divided into three phases. In the first 
phase, the author begins with a complete assembly and detaches parts and subassemblies from it, 
creating an assembly/disassembly sequence. In the process of doing this, the instructor also 
declares symmetries and specifies the symmetry types. Each time a part or subassembly is 
detached, Virtual Author creates a final marker and an insertion marker. The insertion marker is 
an abstract point just outside of the container assembly which represents the position at which 
the trainee will have to place the attaching part before activating the animation which completes 
the assembly. The insertion marker also has orientation information associated with it. The final 
marker represents the final location of the attaching subassembly within the container 
subassembly. In the second phase the instructor arranges the parts on a table. In the third and 
final phase, the instructor plays back the generated assembly/disassembly sequence via 
animation. During this final phase, the partial set of text instructions is generated automatically 
by combining data about collision detection and part motion. Another very important feature, 
which resides in the Virtual Author, is segmentation and extraction of axes discussed in section 
4.5. The module also has the ability to generate 2-D images, for use as visual aids in the paper-
based manual, from screenshots of the assembly process captured during the tutorial creation. 
Figure 5 shows a screenshot of Virtual Author in the final replay phase. Nozzle assembly is 
being animated into its final location within cartridge case. Notice the generated text instructions 
in the bottom window. The shown text instruction belongs to the previous step as the current step 
is still being animated in the figure. 

3.4 Virtual Mentor 
The goal of the Virtual Mentor is to simulate the classical master-apprentice training model by 
monitoring the actions of the user in the Virtual Workspace and assisting the user at appropriate 
times to enhance the trainee’s understanding of the assembly/disassembly process. If users make 
repeated errors, then the system will attempt to clarify instructions by adaptively changing the 
level of detail and inserting targeted training sessions. The instruction level of detail will be 
changed by regulating the detail of text/audio instructions and regulating the detail level of visual 
aids such as arrows, highlights, and animations. The current version of the Virtual Mentor 
performs the following tasks: 

• Error detection and presentation of very specific error messages 
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• Handling symmetries during interactive simulation 

• Extensive logging 

• Testing 

In the most interactive mode, called Interactive Simulation, the user first positions and orients a 
part so that the interfaces align and the components can be assembled. The user can then click on 
a "Complete" button. If the part is positioned and oriented correctly near the insertion marker, 
allowing for a certain margin for error, the assembly of the part is completed via animation. If 
the orientation or position of the part is incorrect, an error message is given and the user must 
realign the part so that assembly can be completed. In this manual mode, Virtual Mentor must 
check for alternate orientations and insertion positions based on the symmetries that were 
specified in the Virtual Author. This feature is described in detail in section 4.1. 

The extensive logging that the Virtual Mentor currently performs is the first step toward an 
adaptive Virtual Mentor that adjusts the level of detail and provides dynamic, performance-based 
hints. This is described in section 4.4. Currently, the analysis of the logs and adapting of 
instructions is performed interactively by the user. Adapting of instructions or annotation of 
ambiguous instructions is done by analysing the logs. Ongoing work, however, aims to achieve a 
higher level of automation in this area. Error detection is described in section 4.2. 

4 TECHNICAL APPROACH BEHIND NOVEL SYSTEM FEATURES 

4.1 Handling Symmetries and Multiple Clones 
According to the case studies and the system testing conducted to date (discussed in detail in 
section 5), interactive simulation, which involves manual assembly, turned out to be a popular 
system capability amongst users. As will be shown in section 5, only one of thirty participants in 
the latest case study completed the training in the tutorials by using only animations and not 
using interactive simulation. We believe that an important aspect of a well designed interactive 
simulation is the proper handling of symmetries. This allows a user to place a part that is 
symmetric in some way at one of the alternate insertion locations as it could be done in real life 
without the system giving an error. It also allows the user to use one of many clones of a part in 
the assembly process at a particular step without the system requiring the use of a particular 
clone. We believe that proper implementation of symmetries speeds up the training process by 
not forcing the user to attempt various correct insertion locations or orientations until the user 
finally uses specifically those that were declared during assembly sequence declaration. 

In real world mechanical assemblies very often there are parts that are highly symmetric along 
certain planes. Such symmetries often mean that there is more than one correct insertion position 
and insertion orientation. The challenge of this problem is that the system is not aware of any 
symmetries and the only information it has access to is the single position and single orientation 
of each part within the overall assembly. The challenge for VTS is to find out what type 
symmetries exist and to calculate other possible positions and orientations during interactive 
simulation. 

The Virtual Mentor is responsible for enforcing correct attachments and insertions involving 
part/assembly symmetries, though the Virtual Author is used to declare and categorize the 
symmetries. When creating tutorials via the Virtual Author described earlier, the instructor 
specifies for each part that exhibits symmetry the main symmetry axis of the part. The 
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instructor also specifies the number of different permissible orientations around this axis. We call 
this type of symmetry type A. In addition to this information, the instructor declares a second 
type of symmetry for each step, which we call type B. In type B symmetry, the instructor 
specifies one secondary symmetry axis which is perpendicular to the main symmetry axis and 
also specifies a sub-type. The specified assembly sub-type informs the system how it should 
handle the Type B symmetry at that particular step. The current version of the Virtual Mentor 
simplifies the problem by allowing only one alternate attachment location for the part being 
attached to an assembly. Sub-types for symmetry type B in the current version are:  

• Subtype B1: Allow primary position and primary orientation only 

• Subtype B2: No alternate position allowed, but alternate orientation for primary position is 
allowed 

• Subtype B3: Alternate position allowed but with primary orientation only (no alternate 
orientation for primary position) 

• Subtype B4: All combinations of (alternate/primary) positions and orientations are allowed 

• Subtype B5: Alternate position allowed but with alternate orientation only (no alternate 
orientation for primary position) 

“Alternate orientation” means that the part may be rotated 180 degrees around the secondary axis 
specified for symmetry type B.  

We came up with a computationally simple method to handle placement of parts at alternate 
locations. Our current method causes the animation to always attach parts to their unique, 
designated locations and orientations, which were declared during instructor’s assembly 
sequence specification. This strategy simulates the placement of parts at their alternate locations 
and orientations, by rotating, swapping, and repositioning parts in a way that is least noticeable 
to the trainee before activating the animation mechanism, which is part of the Virtual Workspace 
infrastructure.  

Upon loading all the parts, Virtual Author automatically detects and marks identical parts. It does 
this by comparing the number of vertices and the bounding boxes of the parts. At the end of 
interactive simulation, right before the animation that completes the step is activated, the system 
swaps clones depending on which clone was originally the designated attachment part for that 
particular step. This strategy once again allows the Virtual Workspace animation to always 
attach parts to their unique, designated locations and orientations. 

After the check for clones is made, the Virtual Mentor checks if the position of the released part 
is close enough to the ideal position(s) relative to the receiving assembly. The correct position 
for the attaching part depends on the sub-type of symmetry type B. For sub-type B5, for instance, 
there are two allowed positions – primary and alternate. The primary position is specified by the 
instructor explicitly via Virtual Author. Virtual Mentor automatically ascertains the alternate 
position for sub-type B5 by first drawing a vector from the primary insertion location to the final 
location and then doubling that vector. A marker is placed at the tip of this vector. Virtual 
Mentor then checks if the released part is close to the alternate position. If all checks are passed 
for subtype B5, the Virtual Mentor eventually flips the receiving assembly/part 180 degrees 
around the instructor specified secondary axis before passing control to the Virtual Workspace 
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animation generating mechanism. In most cases the trainee does not notice this rotation. An 
example of type B5 symmetry is the attachment of a cap to a cylinder. 

The final check that the Virtual Mentor makes is the correctness of rotation around the primary 
symmetry axis. If the placement is correct, the Virtual Mentor rotates the attaching part in 
increments based on the number of permissible orientations. For example, if this number is three 
then the increment is 120 degrees. If the number is 4 then the increment is 90 degrees. The 
system must rotate in these increments to make sure the user does not notice a change in rotation. 
By rotating in these increments, Virtual Mentor takes advantage of the attaching part’s symmetry 
to conceal the rotation. The reason why the attaching assembly must be rotated at all is because 
without such “setup rotation” the animation will be forced to rotate the part until it reaches its 
designated orientation within the assembly, slowing down the training in the process. 

The two tutorials used in the latest case study contain twelve steps involving symmetries out of a 
total of nineteen steps.  Three steps out of nineteen also involve the use of clones. During the 
case study we observed users placing symmetric assemblies and parts at both their primary and 
alternate locations. Virtual Mentor demonstrated 100 percent accuracy in detecting alternate 
correct placements and allowing users to proceed. One such case that we observed was step three 
of the ejection seat rocket tutorial in which one of the users had to place cartridge propellant 
grain into a cartridge case. The propellant grain was cylindrical while the case was a tube. The 
user placed the cartridge propellant grain on the other side of the cartridge case, which was not 
the original insertion location declared in the Virtual Author. Virtual Mentor correctly gave the 
user a success message and correctly animated the propellant grain going into the case from the 
alternate location. Figure 6 shows a screenshot of the placement of the propellant grain at its 
alternate location relative to the case and the Virtual Mentor’s response. 

4.2 Error Detection 
Detailed and precise error messages are important in the quick diagnosis and resolution of a 
problem, like an incorrect assembly attempt. In order to provide detailed error messages and 
helpful hints in the event of a mistake, the system must first determine exactly what type of error 
was made. The current version of the Virtual Mentor is capable of detecting four types of error: 

• Incorrect part used for the given step in the process 

• Part was placed at an incorrect position 

• Primary axis of the part is not correctly aligned 

• Part is not correctly rotated around the primary axis of the part 

Whenever the Virtual Mentor gives the third or fourth errors to the user it draws the primary axis 
through the part which the trainee attempted to assemble to another part or subassembly. This 
way the trainee knows exactly what axis the Virtual Mentor is referring to.  

In the process of testing our system using volunteers we observed that when trainees paid 
attention to the text error messages they, on average, more quickly corrected their mistakes in 
order to complete the step. Trainees who, for whatever reason, did not pay attention to the text 
errors took significantly longer on average to correct their mistakes.  
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For the two tutorials used in the latest case study Virtual Mentor reported a total of 146 errors 
during training. While monitoring the training of each trainee in VTS, no error detection or error 
classification mistakes on the part of Virtual Mentor were observed.  

4.3 Dynamic Animations 
As we mentioned in section 4.1 interactive simulation proved to be a powerful and popular 
capability of VTS. An important aspect of interactive simulation is animation. Users place one 
part near another and signal to the system to complete the assembly. If placement is correct, the 
system takes over and completes the assembly using animation. Many virtual environments 
utilize static animations where all the information about the animation is generated only once and 
stored in volatile or non-volatile memory. The positions and paths of the objects cannot be 
altered in static animations. For our system, it was necessary for the animation to be dynamic 
because the trainees are given the freedom to place parts anywhere prior to activation of the 
animation. For dynamic animations it is necessary to perform some re-planning each time the 
animation is activated. 

The Virtual Workspace is responsible for generating dynamic animations. The Virtual 
Workspace allows two forms of animation. In the first type, the attaching part is first gradually 
rotated until it matches the orientation of the entry marker. The attaching part is then gradually 
translated to the position of the entry marker. Finally, the attaching part is gradually translated to 
the position of the final marker. In the second form of animation, the Virtual Workspace follows 
the same procedure as the first except for translating the part to its insertion location. Instead of 
drawing a direct route, the Virtual Workspace first translates the part along the Y axis (top-
down) until the part’s y component matches the y component of the insertion marker. Then the 
part is gradually translated along the Z axis (forward-back) and finally along the X axis until the 
part reaches its insertion location.  

We discovered that using the second animation method allows us to decrease the chance of 
collisions without using a more computationally expensive path planning algorithm (as long as 
the room is along the standard x,y,z, axes and the front of the room is at the positive z). The 
instructor can use the second animation method to reduce chance of collisions during animations 
by placing parts on the table in a certain arrangement. Instructor can further reduce chance of 
collisions during animations by requiring the Virtual Workspace to reset the positions of the 
parts to certain default positions on the table prior to beginning the animation, in effect making 
the animation static instead of dynamic. However, realizing the importance of sophisticated path 
planning for our application, an efficient and robust path planning algorithm is currently in 
development.  

One of the cases we observed during usability testing shows the effectiveness of dynamic 
animations. In step five of the airplane engine tutorial a trainee was attempting to place the glow 
plug in the center of the cylinder head. The trainee correctly positioned the glow plug above the 
cylinder head but oriented it upside down. After signalling to the Virtual Mentor to complete the 
assembly, the trainee received an error message. Unable to determine their mistake, the trainee 
pressed the “Hint” button for the first time and the glow plug flashed momentarily. At this point, 
the user knew that they had selected the correct part but was still unable to determine their error. 
The trainee then pressed the “Hint” button a second time. At this point, Virtual Mentor activated 
a high detail hint (discussed in the next section 4.4) by creating a translucent clone of the glow 
plug and activated the Virtual Workspace dynamic animation mechanism. The clone of the glow 
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plug was then animated to the correct position by gradually rotating 180 degrees and moving to 
the ideal insertion location. At the end of the animation the clone disappeared leaving the 
original glow plug in the incorrect position. After viewing an animation of the correct position 
and orientation, the trainee was able to complete the step correctly. Without such a dynamic 
animation, all parts would be reset to certain default positions and orientations before animation 
could begin and the hint function would not be as effective due to the sudden change in 
perspective.   

4.4 Annotation of Ambiguous Instructions 
Our testing and the results of the case studies of the early versions of the system revealed that for 
some steps the interactively generated instructions were ambiguous or not specific enough. In 
one such example users had to attach a cap to a nozzle. Many attempted to attach the cap to the 
wrong side of the nozzle because they did not notice a small relief machined into one of the faces 
of the nozzle, allowing the cap to fit snugly. After one such round of user testing, we 
interactively inserted more detailed tutorial instructions in the form of more detailed text, more 
detailed audio instructions and additional visual aids such as arrows. The arrows were used to 
point out certain features of parts that many users overlooked leading them to make assembly 
mistakes, i.e. the relief machined in the nozzle. After a second round of similar testing, there was 
a very significant decrease in the number of user mistakes. This example is depicted in Figure 7. 

It soon became clear to us that very often only a small amount of user testing was necessary to 
reveal ambiguities in the tutorials, which the trainers believed were clear. It also became 
apparent that different steps of a tutorial often required different levels of detail, depending on 
the complexity of the part or the step. Too little detail on some steps led to confusion and an 
increase in the number of errors. Too much detail on simpler steps would cause trainees to 
become desensitized to details in all steps which would lead to errors in the more complex steps. 
Too many high detail instructions also unnecessarily slowed down the training. This realization 
led us to begin the practice of starting with low detail tutorials and adding more details after 
testing. We also implemented some rudimentary variable detail hints. The first time a user 
pushes a ”Hint” button for example Virtual Mentor offers a low detail hint by flashing the part 
the trainee must pick up next. The second time the user pushes the “Hint” button, Virtual Mentor 
offers the ghost animation described in section 4.3. Our case studies have shown that these 
techniques reduced the occurrence of errors. In the latest case study, low detail hints were 
activated 86 times while high detail hints were activated 52 times. 

 

4.5 Segmentation and Extraction of Axes 
As we mentioned in section 3.3, in the first phase of the Virtual Author the instructor loads a 
complete assembly and detaches parts and subassemblies from it to declare an assembly 
sequence as well as the primary insertion locations and orientations. During the disassembly, the 
instructor must select an axis along which a part is moved out of the assembly. The insertion 
location, in the current version of the system, must reside somewhere on this axis just outside of 
the containing assembly. The system must present the right set of axes to the user to allow proper 
disassembly. Presenting the default x,y,z axes of the assembly being taken apart may work for 
some assemblies but not for others. In order to generate the right set of axes that will allow 
correct detachment of all parts the system must analyze the surfaces of the assembly and return 
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axes that are parallel to the normal vectors of the biggest planar surfaces or parallel to the axes of 
cylindrical surfaces. 

To accomplish these tasks, we have implemented segmentation of part geometries and extraction 
of axes of planar and cylindrical patches. To extract axes of parts used in the VE tutorial, the 
system performs segmentation on all the parts. Segmentation allows us to divide a single 
geometry into a set of surfaces and then extract axes and normals for certain types of surfaces. 
Current version of the algorithm classifies all extracted surfaces into three categories: planar, 
cylindrical, and curved. Axes are calculated for planar and cylindrical surfaces. Surfaces which 
the system has determined do not fall in the planar or cylindrical category are placed in the 
curved category. Axes of the generic curved patches are not extracted. Segmentation and 
classification is conducted in three stages. In the first stage, the algorithm calculates angles 
between all adjacent facets and places all adjacent, coplanar facets into planar groups. In the 
second stage, the algorithm visits all planar groups, which represent small planar patches, and 
combines certain adjacent planar groups into larger curved groups based on a set of heuristics. 
The heuristics are based on the area of a planar patch relative to total part area, area of planar 
patches relative to area of neighboring planar patches, and angles between neighboring planar 
patches. In the final stage the algorithm visits all curved patches which were created in the 
previous stage and labels some of them as cylindrical based on certain characteristics. If at least 
90 percent of the surface area of a curved patch belongs to facets which share a common axis, 
then the curved patch is redesignated as cylindrical. By common axis we mean an axis which is 
perpendicular to the normals of a set of planar surfaces. Once the cylindrical surface is 
discovered the system uses the common axis belonging to most of the surface area as the axis of 
the patch. The axis of a planar patch is simply the normal of the surface. A flow chart depicting 
this process is presented in Figure 8. 

Figures 9 and 10 show how two parts were segmented into patches. The part in Figure 9, a model 
airplane engine piston, has 12 planar patches, 6 cylinder-like patches and 0 generic rounded 
patches. The segmentation algorithm produced 13 planar patches, 6 cylinder-like patches and 1 
generic rounded patch. The part in Figure 10, a parachute deployment device (PDD) cartridge, 
has 4 planar patches, 2 cylinder-like patches and 1 generic rounded patch. The segmentation 
algorithm produced 4 planar patches, 2 cylinder-like patches and 1 generic rounded patch. Figure 
11 shows the sequence declaration phase of Virtual Author where a tutorial for the ejection seat 
rocket is being built. The axis shown can be used by the instructor to extract parts from the main 
assembly. The axis was generated dynamically based on the geometries of selected parts. 

5 SYSTEM TESTING AND RESULTS 
We conducted a detailed user study involving 30 subjects1 and two tutorials to assess 
performance of our system. Thirty subjects were selected from three different groups: 10 
undergraduate engineering students, 10 graduate engineering students and 10 working engineers.  
The purpose of this study was to gather large amounts of data from each user and mine this data 
to gain a better understanding of how people were training in the VTS.  Also of interest was 
which features and training modes were most used, how long people were training and user 
response through pre and post-training questionnaires.  

                                                                 
 
1 Overall 35 subjects participated in the study. 5 users did not complete study due to motion sickness. Hence the data 
for these 5 subjects was discarded. We only used data for 30 subjects who successfully completed the study.    

 
 

11



The structure of the study allowed it to be broken up into two parts: Training Session I and 
Training Session II.  This was done for two reasons. First it allowed the test subjects to not 
dedicate a single 3 hour block of time to complete the study. Second it provided a natural 
stopping point for the subjects to be interviewed about their performance in training session I 
before beginning training session II.  Both training sessions consisted of surveys, question and 
answer, training in the VTS and real life testing. The data logging system, set to collect every 0.5 
seconds, was activated for each tutorial and during the VE testing sessions.  This information 
included modes and functions being used, time and errors. 

The first tutorial created for use in this study was based on a small military rocket motor that is a 
component of an ejection seat release mechanism.  The tutorial taught the proper assembly of the 
rocket motor from beginning to end.  The assembly consisted of 9 steps and 10 components with 
varying geometric complexity.  This device was selected because most test subjects would not 
have experience in assembling devices similar to this and its part count and step count were in 
the desired range so that the amount of time subjects were committing to the study was 
manageable. Figure 12 shows a screen shot of the rocket motor parts in the virtual environment. 
Figure 13 is a photograph of the actual device. Parts in the virtual environment were augmented 
in size for easier manipulation and viewing of feature details. A properly scaled quarter was 
placed on the table with the parts to give a sense of true sizes. 

The second tutorial created for use in this study was based on a small, single cylinder (.60 cubic 
inch displacement) model airplane engine.  The tutorial taught the proper assembly of the 
airplane engine from beginning to end.  The assembly consisted of 10 steps and 11 components 
with varying geometric complexity.  This device was selected because it is similar in difficulty to 
the rocket tutorial and because most test subjects would not have experience in assembling 
devices similar to this.  Also, its part count and step count were close to the rocket tutorial so the 
amount of time that subjects were committing to the study was manageable. Figure 14 shows a 
screen shot of the model airplane engine parts in the virtual environment. Figure 15 is a 
photograph of the actual device. 

The following is a step by step description of the procedures followed in the first training 
session, which demonstrated the assembly of the rocket motor. The process is summarized in 
Figure 16. 

1. To begin the discussion of the study the subjects were explained the various forms of 
training that are available in industry and academic settings. The subjects were then asked 
to fill out one survey and one set of questionnaires.  This was done before the study 
began to avoid any potential influence on the subjects’ opinions and establish a baseline.  
The survey presented each subject with a sample training scenario and a set of seven 
learning modes and asked them to rank order the learning modes from 1 to 7, 1 being 
their most preferred method of learning and 7 being their least preferred method of 
learning.   

2. The subjects were then asked to fill out a questionnaire that gathered information about 
their current knowledge of virtual reality and virtual reality based training.  It also 
inquired about video game experience and if the subject had ever had a virtual reality 
experience before.  

3. Each subject was then given the same introduction to the Virtual Training Studio 
consisting of an explanation of the purpose of the system and a description of current and 
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potential applications of the system.  The function of the individual hardware components 
was explained along with a quick overview of the software being used. 

4. The subject was then given a quick overview of the wand and asked to enter the virtual 
environment and participate in an interactive wand training session to familiarize him or 
her with the controls. 

5. The subject was asked several questions to verify their knowledge of the wand interface.  
The subject was required to know all of the functions before moving on to the first 
tutorial. 

6. A short training demonstration was given to show each subject how to use the modes and 
features available to them. 

7. Prior to entering the virtual environment to begin the first training session, subjects were 
explained the goals of the study and how they would be tested after completing the 
training so that they could tailor their learning as they saw fit.  The training session was 
completely free form and user driven to allow each subject to develop their own training 
process without any outside assistance. The 25 minute training session was broken up 
into two parts so that the potential for VR related motion sickness was minimized.  The 
first part was a 15 minute session and the second part lasted 10 minutes.  If the subject 
was comfortable with their knowledge of the process after the first part, the second part 
was not required.  Again, this decision was up to the individual knowing that it would be 
necessary for them to pass two tests upon completion. 

8. Upon completion of the training session, each subject was asked to fill out a series of 
questions relating to their likes and dislikes about training in the virtual environment, 
specific information about the some of the modes and features and whether or not they 
felt that they could perform the operation in real life as a result of their training.  

9. Two tests were created to verify that the users were learning in the virtual environment.  
The first test was a virtual environment test that consisted of three steps. The subject had 
to perform those steps in the virtual environment without any help.  In order to 
successfully complete the test, the subject was required to analyze the state of assembly 
of the rocket and based on the parts remaining on the table, correctly perform the next 
step without any instructions, animations, video or audio help.  Once the step was 
completed correctly, the system automatically jumped to the next selected step and the 
process continued until all three steps were completed successfully or the 5 minute time 
limit was reached. During this testing in the virtual environment the system carried out 
detection and logging of errors. Each time the subject performed an incorrect placement 
of one subassembly relative to another and signalled for the animation to take over, the 
subject would hear a buzz and get a text error message on the virtual projector screen.  

10. Once the VE test was complete, the subject was asked complete a second test to verify 
learning.  The subject was asked to assemble the real device from his/her memory 
without any outside assistance.  There was no time limit on this test, the only requirement 
was that the exact order of steps was followed and the parts were of course assembled 
correctly. No tools needed to be used to assemble the device. The subject just had to 
demonstrate correct sequence and part placement. 
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The following is a step by step description of the procedures followed in the second training 
session, which demonstrated the assembly of a model airplane engine. The process is 
summarized in Figure 17. 

1. Before beginning training on the second tutorial, each subject was asked how they 
planned to train in this tutorial based on their performance in training session I.  They 
were instructed that they were not required to follow their proposed training path if it was 
not working for them, but they would have to explain why they deviated from it in the 
post training questionnaire. 

2. As before the 25 minute training session was broken up into two parts with the second 
part being optional. 

3. Upon completion of the training session, each subject was asked to fill out a series of 
questions relating to their likes and dislikes about training in the virtual environment. 

4. Two tests were again used to verify that the users were learning in the virtual 
environment.  The first test, as before was a virtual environment test consisting of three 
steps. Again, in order to successfully complete the test, the subject was required to 
analyze the state of assembly of the engine and based on the parts remaining on the table, 
determine and correctly perform the next step without any instructions, animations, video 
or audio help.  

5. Once the VE test was complete, the subject was asked complete the second test to verify 
learning.  As before, the subject was asked to assemble the real device from his/her 
memory without any outside assistance. There was no time limit on this test. The only 
requirement was that the exact order of steps was followed and the parts were assembled 
correctly. Again tools were not needed for the assembly of the device. 

6. In the first training session, the subjects were asked to fill out a survey where they rank 
ordered learning preferences based on a sample scenario.  Each subject was again asked 
to fill out this survey upon completion of the training to see if there was any change in 
their preferences as a result of being exposed to the Virtual Training Studio.  

The main findings of the study were as follows: 

(1) During the first study involving a rocket motor, overall 94.4% steps were performed 
correctly by the users during the physical demonstration after completing the training. 
During the second study involving a model airplane engine, overall 97.3% steps were 
performed correctly by the users during the physical demonstration after completing the 
training. None of the users tested during these two studies had assembled either a rocket 
motor or a model airplane engine similar to the ones used in these experiments prior to 
participating in this study. These results clearly show that our system can be successfully 
used for training of assembly operations. 

(2) Users show different preferences for training modes based on the task at hand and 
individual training styles (i.e. different people chose to train differently on the same task) 

(3) All three main training modes were used during the studies. Figure 18 shows that 94% of 
the subjects used interactive simulation while 81% used the 3D animation mode and 18% 
used the video mode.  (Note: The percentages will not sum to 100% because subjects 
were allowed to use more than one training method.) 
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(4) Certain task characteristics make certain training modes more popular. Figure 19 shows 
that video mode and hint use were, on average, used more often on steps where the 
geometry or the part orientation was considered complex.  Interactive simulation and 3D 
animation were very close to a 50-50 distribution but still slightly favoring the more 
complex steps. 

(5) All three training modes work satisfactorily during user studies and users are able to 
successfully learn using them.  Figure 20 shows that the use of the three modes varied 
little between the tutorials. Had there been significant problems with any one mode, we 
believe trainees would have used it much less in the second tutorial. 

(6) Users are able to seamlessly switch back and forth between training modes and utilize 
multiple training modes on the same task.  Figure 21 shows the training path that users 
chose.  Two of the most popular training paths were completing the assembly in 3D 
animation and then trying to complete it again using the interactive simulation mode (3D-
IS) and alternating between 3D animation and interactive simulation for each step 
(3D/IS). 

(7) Novel features that have been implemented to support training modes and switching back 
and forth between modes have satisfactory computational performance for assembly tasks 
requiring 10 steps or less.  Training time was virtually unaffected by the fraction of time 
it takes to switch between modes or to check for errors during interactive simulation. 
Average training time for each tutorial is shown in Figure 22. 

(8) Our implementation of VR based training system matches or exceeds users’ expectations 
in most cases.  Pre and post training questionnaires allowed us to capture users’ likes and 
dislikes of the VTS.  When asked to rank order 7 training methods used for 
manufacturing processes before being exposed to VTS, the average ranking for the VR 
based method was 3.  After being exposed and allowed to train in the VTS, that average 
rank improved to 2, just behind master-apprentice style training. The results from this 
survey are shown in Figure 23. 

(9) Subjects that are not prone to VR-induced motion sickness are, on average, able to learn 
10 step assembly sequences within 17.4 minute training sessions.  These training sessions 
did not have any adverse effect on the subjects. 

(10) The wand-based interface is an effective user interface for tasks where the primary 
objective is cognitive learning as opposed to motor skill development.   This interface is 
significantly less expensive than a haptics type of interface. 

(11) The average training time for a simple step was 90 seconds while the average training 
time for a complex step was 116 seconds, a 29% increase. 

(12) As people get more experienced (i.e. move from the first tutorial to the second tutorial) 
with our system they tend to utilize the wand rotation feature more often.  This is 
primarily due to gaining familiarity with the VTS and the wand rotation feature.  This 
results in an average per step time reduction from 108 seconds per step on the rocket 
tutorial to 101 seconds on the airplane engine tutorial, a reduction of 6.5%. 

The results of the case study will be used to update and improve the VTS to better suit actual 
users of the system.  Further case studies are necessary (and being planned) to analyze each 
feature in depth and gain a thorough understanding of each mode and feature’s effect on the 
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overall function and performance of the VTS.  The importance of continued collection and 
expansion of this knowledge, just like in any computer system interacting with humans, is 
absolutely imperative for further system improvements and so that the VTS will be able to 
accommodate all training types at many levels of knowledge and still remain effective for all 
users. 

6 CONCLUSIONS 

This paper describes the design and implementation of a set of key features within Virtual 
Training Studio as well as the user study that was performed to test the training effectiveness of 
the system. Some of the key features of the VTS are: handling of symmetries and clones, error 
detection, dynamic animations, annotation of ambiguous instructions, automatic generation of 
text instructions from motion, and part segmentation and extraction of axes. Our most recent user 
study allowed us to verify that these key features worked effectively in supporting multiple 
modes of the VTS. The user study has also shown that the VTS can be successfully used to train 
operators to learn assembly operations, judging by the high physical test success rates of 
undergraduate students, graduate students, and professional engineers. Our concept of 
multimodal instructions seemed to be especially effective because most trainees preferred to 
switch between modes many times during training. In the process of conducting the latest user 
study we also discovered how people actually train using the virtual environment. Our study 
reports what system features are used by people and in what training scenarios they are used.  

We foresee a number benefits from the use of the Virtual Training Studio. First, we believe that 
the number of personnel required to become trainers will be reduced, since the system will 
perform the bulk of the training. Second, the system will provide a convenient mechanism for 
depositing assembly process knowledge into a central repository for later retrieval by trainees, 
trainers and managers. Third, the VTS will assist instructors in the creation of VE based tutorials 
and paper based documentation by generating an instruction set from the animation sequence and 
by providing a convenient way of generating 2D illustrations. Fourth, the system will provide an 
affordable Personal Virtual Environment. Finally, we believe that the most important benefits 
will be an accelerated learning process as well as a reduced probability of worker error. 

We have a number of ideas for the future direction of the VTS. We plan to redesign the 
environment of the VTS in a way that will reduce occurrence of motion sickness. This, we 
believe, can be done by creating a more ergonomic work cell that reduces the head and body 
motion of the trainees. We also intend to implement more sophisticated physics-based modeling. 
Additionally, we intend to add support for alternative hardware configurations. One example of 
that is the use of an HMD for stereoscopic visualization with a mouse and joystick user interface, 
allowing for a lower cost setup. Finally, we plan to improve the design of the VTS to support 
more complex assemblies.   
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Figure 9. Segmentation performed on model airplane engine piston. Each 
surface has a different color. Surface types are listed in left window.



Figure 10. Segmentation performed on a parachute deployment device cartridge. 
Each surface has a different color. Surface types are listed in left window.



Figure 11. Part extraction axis generated by Virtual Author. Since the user 
clicked on a cylindrical part, only one axis was generated.



Figure 12. Screen shot of the rocket motor used in the first tutorial.



Figure 13. Photograph of the actual rocket motor used in physical testing.



Figure 14. Screen shot of the model airplane engine used in the second tutorial. 
As two objects collide they become translucent.



Figure 15. Photograph of the actual model airplane engine used in 
physical testing. For physical testing this device was partially assembled 
to match the VE tutorial consisting of 10 steps.



Figure 16. Protocol for Training Session I.
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Figure 17. Protocol for Training Session II.
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Figure 18. Average learning mode usage.  Interactive simulation 
and 3D animation are highly utilized by the case study subjects.
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Figure 19. Learning mode usage by step complexity, simple or 
complex aggregated for both tutorials.
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Figure 20. Learning mode usage by tutorial, illustrating very 
little variation between the tutorials.
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Figure 21. Preferred training paths illustrating the ability to switch training modes.
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Figure 23. Results of a survey ranking various learning 
methods before and after VTS training.
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B
Instruction Manual with 3-D 
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C
Individual interactive virtual 
environment based training 3 2 1

D
Video of the process with audio 
instructions 4 4 0

E
3-D animation with sound and text 
instructions– not interactive 2 3 -1

F Classroom instruction with peers 6 6 0

G 1 on 1 training with an expert 1 1 0
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