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Abstract

Modern web technology enables the 3D portrayal of real-time data.
WebSocket connections provide data over the web without the time-
consuming overhead of HTTP requests. The server-side “push”
paradigm is particularly useful for creating novel tools such as
CORNET3D, where real-time 3D visualization is required. COR-
NET3D is an innovative Web3D interface to a research and educa-
tion test bed for Dynamic Spectrum Access (DSA). Our system can
drive several 2D and 3D portrayals of spectral data and radio per-
formance metrics from a live, online system. CORNET3D can fur-
ther integrate the data portrayals into a multi-user “serious game” to
teach students about strategies for the optimal use of spectrum re-
sources by providing them with real-time scoring based on their
choices of radio transmission parameters. This paper describes
the web service architecture and Webd3D front end for our DSA
testbed, detailing new methods for spectrum visualization and the
applications they enable.

CR Categories: I.3.2 [Computer Graphics]: Graphics Systems—
Distributed/network graphics, Remote systems I.3.6 [Computer
Graphics]: Methodology and Techniques—Ergonomics I.3.7
[Computer Graphics]: Three-Dimensional Graphics and Realism—
Virtual reality I.3.8 [Computer Graphics]: Applications

Keywords: Computer Graphics, Web Applications, WebGL,
HTML5, WebSockets

1 Introduction

Recent developments in web technology, such as WebGL and Web-
Sockets, allow low-latency 3D portrayals of real-time data natively
in web browsers. Moreover, 3D views can serve as a natural in-
terface to spatially located data sources. These features are highly
suitable for cognitive radio research and education, where currently
3D portrayals and web exposure are lacking. In particular, the ra-
dios themselves play the role of the spatially located data sources
because they are typically installed in various locations inside build-
ings or outdoors and provide real time data, such as spectral power
distribution or transmission performance metrics.

Cognitive Radio (CR) was introduced 15 years ago as an applica-
tion of Software-Defined Radio (SDR) [Mitola and Maguire 1999]
and can combat the spectrum scarcity problem through Dynamic
Spectrum Access (DSA) [Haykin 2005]. Dynamic spectrum ac-
cess allows for a more efficient use of a precious natural resource–
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the electromagnetic spectrum [Haykin 2005]. Since spectrum is
not permanently used by licensed or primary users, cognitive ra-
dios can make opportunistic use of unused portions of the spectrum
in the time and frequency dimensions. Commercial applications ex-
ist, but are limited to a few bands and limited bandwidths (e.g. TV
white spaces) and often use a reservation-based database approach.

Despite 15 years of intensive research on cognitive radio around
the world, the big impact that it promises for wireless communi-
cations is still not tangible. Several entities need to play together
to make this actually happen. Changes can be observed, though,
with regulatory bodies opening frequency bands for opportunis-
tic use, standardization bodies considering cognitive radio features
for new communication systems and cognitive radio research re-
sults making it out of the labs and into the real world. The suc-
cess of CR and DSA is also a matter of education and belief in
this technology, in general. In order to create more awareness and
demonstrate the wide applicability and potential of CR and DSA,
our research develops tools that enable education and research on
dynamic spectrum sharing. We have developed a 3D visualization
platform for visualizing spectral resources and the results of proper
and improper spectrum management in real time. We demonstrate
the suitability of our tools, applying them to Virginia Tech Cogni-
tive Radio Network (CORNET) Testbed and discuss the potential
of creating game-like educational applications.

2 Related Work

2.1 Wireless Testbeds

Wireless testbeds play a major role in wireless communication re-
search and education. Other universities and state or private in-
stitutions have developed different kinds of testbeds for R&D as
well as education [The Networking and Information Technology
Research and Development (NITRD) Program 2014]. CORNET is
used in undergraduate and graduate level Electrical and Computer
Engineering curricula taught at Virginia Tech and in many internal
and external research projects. It is fully SDR capable, using Ettus
Research USRP2 front ends and powerful servers for implement-
ing any waveform in software. It features 48 SDR nodes located
on a four-story building at Virginia Tech main campus. CORNET
is remotely accessible for free and can accommodate several users
simultaneously [Virginia Tech 2014]. The tools developed here
can be ported to other testbeds due to the modular architecture of
CORNET3D, Figure 1.

2.2 Existing Tools for Spectrum Visualization

A common tool for visualizing spectrum in 2D line charts is uhd fft,
which is bundled with GNU radio, Figure 2. GNU Radio is an open
source SDR software development toolkit that can run on desktop
platforms, such as Windows, Mac OS X, and Linux. CORNET 3D
offers several advantages over uhd fft in terms of how the data is
portrayed. Both applications offer 2D line charts, but CORNET 3D
can also simultaneously show 2D and 3D spectral waterfall plots,
which visualize past and present data on the same screen. Addi-
tionally, CORNET3D benefits from being able to execute inside of
a web browser.

SDRs have a limit on the width of the spectrum that they can sense.



Figure 1: CORNET3D Software Architecture

Unlike uhd fft, CORNET 3D allows to exceed that limit by both
retuning the receiver and aggregating data from multiple receivers.
Retuning the receiver involves scanning a band and then retuning to
scan an adjacent frequency band. Afterwards the bands are concate-
nated to cover a wider spectrum. This creates a coverage-accuracy
tradeoff, because the scans for the different bands will be made at
slightly different times. Spectral data can also be integrated from
several transmitters, which cover adjacent frequency bands. This
again increases coverage, but this time at the expense of spatial ac-
curacy. The two methods can also be combined.

Figure 2: A typical 2D portrayal of radio spectrum frequency at
one time instance (queried by uhd fft)

2.3 3D Visualization on the Web

CORNET3D delivers both 3D spatial node location data, and
spectrum measurements at all nodes, which span across three
dimensions–frequency, time, and amplitude. This led us to exam-
ine various approaches of 3D visualization on the web. Delivering
3D content to end-users without requiring proprietary technology or
plugins led Tilden et al. to choose a WebGL framework, X3DOM,
because of its openness and its ability to display 3D content in a web
browser without a plugin [2011], [Behr et al. 2009]. Indeed, the
“mashability” of X3DOM is very flexible–X3DOM seamlessly in-
tegrates into a webpage by extending the existing DOM tree [Behr
et al. 2011]. It uses tags to define a 3D scene in the same manner
as HTML defines a webpage and can therefore be manipulated via
standard JavaScript and CSS operations. Tilden et al. developed
an application where the user could interact with the X3DOM 3D
scene through the controls on an HTML page.

X3DOM can be contrasted with other WebGL frameworks, such as

SpiderGL and XML3D [Di Benedetto et al. 2010]. Both XML3D
and X3DOM aim to be web developer friendly by extending the
DOM and supporting DOM scripting [Behr et al. 2011], [Sons
et al. 2010]. SpiderGL, on the other hand, is not as web developer
friendly, because it does not extend the DOM, and according to
Behr et al., it requires the web developer to understand new APIs
and graphics concepts [2011]. Unlike other WebGL frameworks,
X3DOM is based on the standard X3D (Extensible 3D) scenegraph,
which bridges the gap between web developers and 3D application
developers with a declarative content model.

2.4 Gamification

Gamification (not to be confused with game theory) generally refers
to adding game elements to non-game applications to increase user
engagement. A good example of this is the site Stackoverflow,
which awards users various badges to motivate them to contribute
to the discussions on the site. Gamification has been successfully
used in several research projects. Generally gamified academic ap-
plications aim to achieve one or both of the following goals: ed-
ucation (of the players) and data analytics (players analyze data)
[2013]. Vara et al. developed MECCO to educate players about an
eco-friendly lifestyle [2011]. Ahn et al. developed a game where
players label images, thus producing useful data [2004]. Khatib et
al. created Foldit, where players create accurate protein structure
models [2011]. Seung et al. developed EyeWire, where players
identify neurons in a large collection of images [2013]. For moti-
vation, the EyeWire players are rewarded with points and rankings.

The majority of people in the world rely on wireless communication
in some form. However, they often lack the understanding of basic
concepts of how wireless communication function. Therefore, we
considered the gamification of the CORNET testbed to motivate
people to learn the principles of spectrum access.

3 CORNET3D DESIGN

Several factors led us to develop CORNET3D as a web application.
Let us first consider the myth that web applications are severely
limited in comparison to their desktop counterparts. Several fac-
tors actually allow web applications to match and even surpass the
value proposition of native software platforms. First, end-users do
not need to install web applications or worry about managing up-
dates. Second, web applications are highly cross-platform and run
on a multitude of desktop and mobile platforms. Third, recent ad-
vances in the capabilities of web-browser APIs have allowed web-
applications to rival traditional desktop application in functional-
ity. Fourth, the emergence of cloud computing allows web applica-
tions to be inexpensively deployed and scaled. By deploying COR-
NET3D as a native web application we avoid the complications of
platform-specific compilation and installation. We believe that this
will improve the accessibility and adoption of SDR, CR, and DSA
research, development and education.

CORNET3D has a modular architecture with clear separation
across the HTTP interface of cognitive radio data services on the
backend and data visualization of the frontend, as shown in Figure
1. This allows developers to connect the CORNET3D frontend to
HTTP and WebSocket data services. Thus, our visualization plat-
form can be easily ported to other backends, systems and testbed
architectures.

3.1 CORNET Infrastructure

The CORNET testbed consist of a set of second-generation USRP
(Universal Software Radio Peripheral) devices. Each USRP2 is



Figure 3: The main view shows spatially-located sources of real time data: clickable radio nodes. Red: offline, olive: online without radio,
green: full functionality. Using different shapes on different floors makes distinguishing between floors easier.

a software-defined radio (SDR) front end, and can be controlled
through software APIs, such as GNU Radio and liquid-dsp. Twelve
of these devices are installed on each of the four floors of Kelly
Hall, a building on the Virginia Tech main campus in Blacksburg,
VA. Each USRP2 is connected to an Ubuntu Linux machine, which
we refer to as a computing node. An SDR needs a computing and
radio node to implement the signal processing and transmit and re-
ceive signals over the air. The computing nodes can be accessed
from the internet via SSH, allowing the users to control the radios.
The Ubuntu machines have wired connectivity with a web server,
which allows delivering data on the web from these software de-
fined radios over HTTP in JSON format, among others. The web
server runs commands to gather data from the radios over SSH in
Node.js scripts, which are exposed to the web and can be used as
a data service by web applications. The CORNET testbed can be
used for a variety of SDR and cognitive radio research, such as
developing strategies to optimally utilize the limited spectral re-
sources for sending packets from one radio to another.

3.2 HTTP Data Service Implementation

We developed several web based data services for CORNET3D in
the form of HTTP APIs and WebSocket streams. One of them de-
livers data on the status of the nodes. The HTTP API provides
information of whether the node can be accessed over SSH. If so,
the API also indicates whether the radio transmitter is operational.

3.3 Spectrum Sensing

Using the GNU Radio Companion SDR application development
tool, we developed a spectrum sensing Python script that outputs
the amount of energy at different frequencies by performing a Fast
Fourier Transform (FFT) in each band. The Node.js web server
which executes the spectrum sensing script over SSH and reads the
results. The Socket.io library was used to allow a client can estab-
lish a WebSocket connection with the server. Once the connection
is established the server can push the real-time spectral data to the
client as soon as it becomes available. Over the WebSocket connec-
tion, the client can adjust the spectrum sensing parameters, such as
center frequency, bandwidth, and the number of scans per minute.

Our first implementation of spectrum sensing used HTTP polling,
where the client sent a request for each time-slice of spectral data to
the server. This allows receiving one time-slice of spectrum every

only few seconds because of the overhead associated with sending
a request each time, to which the server has to respond. This lag
is not caused by the size of data which is usually on the order of a
few hundred floating point values, and a few thousand at the most.
Rather delays appear because request-response HTTP is not a suit-
able protocol for streaming real-time data.

In contrast, WebSockets do not have the HTTP overhead. They
allow the server to push new spectral data to the client without the
client having to request each piece. Thus, many time-slices can be
received in one second, which is significantly faster than HTTP . In
fact, the upper limit of the data the rate is beyond what is needed
for human users.

3.4 Client-Side Implementation

Several web technologies were integrated in the CORNET3D
client-side implementation. In order to supply the application with
data, jQuery was used to make asynchronous HTTP GET requests
to the CORNET web server, which are sometimes referred to as
AJAX requests. Asynchronous data delivery is needed to ensure
that the GUI is not locked up while the data is being retrieved. Ad-
ditionally the client-side portion of Socket.io was used to manage
WebSocket connections.

3.5 GUI Design

The GUI was defined using HTML and CSS, as well as more novel
features, such as CSS3 transparency. jQuery UI is used to make an-
imated, draggable, and resizable UI windows appear on the HTML
page. jQuery UI was also used for button animation. Although
CORNET3D resides on the web, it does not have the appearance
of a typical webpage. CSS was used to make the application fill
the entire browser window without a scroll bar. Additionally, the
HTML5 Fullscreen API was used to allow the application to fill up
the entire screen, removing browser toolbars from view. Additional
control buttons, which appear at the bottom of the screen, offer a
similar user experience as the taskbar buttons on most desktop op-
erating systems. The windows can be dragged, resized, and closed
just like in desktop applications. These features make CORNET3D
similar in user experience to desktop applications, which most users
are accustomed to. This familiarity should have a positive effect on
the user experience and the user performance.



Figure 4: Real-time spectrum portrayals in CORNET3D. Top: traditional 2D line plot, middle: 3D waterfall, bottom: 2D waterfall

3.6 WebGL and X3DOM

The 3D content of CORNET3D was coded using X3D, which is
a 3D markup language that describes 3D scenes in a fashion simi-
lar to how HTML describes multimedia documents. X3D offers a
higher level of abstraction than WebGL code, which simplifies de-
velopment, while offering enough functionality to make it suitable
for describing the 3D geometry of CORNET3D. X3D development
is easier for individuals with a background in declarative standard
scenegraphs, such as VRML(Virtual Reality Modeling Language),
which X3D is based on. X3D is also likely to remain supported in
the future because it is an ISO standard. Furthermore, X3D scenes
are platform independent and can be rendered outside of web appli-
cations.

X3DOM, JavaScript library, was used to translate X3D into We-
bGL, which modern browsers support. X3DOM offers an advan-
tage over other WebGL libraries to developers who have a back-
ground in X3D or VRML. X3DOM leverages the similarities be-
tween X3D and HTML by allowing DOM operations and CSS
styling to be performed on X3D objects. Selecting 3D objects with
document.getElementById(), changing their attributes, or adding
new 3D objects using DOM manipulation is possible with X3DOM.
jQuery manipulation of X3D elements is also supported. These
methods were used in CORNET3D to make the 3D scene dynamic
and interactive. Thus, X3DOM creates a seamless experience for
developers, by making it appear as if the browser natively supports
X3D elements in the DOM tree. Thus, developers with an HTML
background should find working with X3DOM easier than with cer-
tain other WebGL frameworks.

4 Data Visualization

The web application visualizes various types of data: the Kelley
Hall floor plan with the location of radio nodes within the building
and their status, active radios, address and port number of nodes,
(Figure 3), as well as the measured energy in different frequency
bands. Each node consists of a radio, which is plugged into a
computing node (a Linux machine). The nodes are visualized as
spheres and cylinders. These shapes are commonly used in scien-
tific and engineering literature to denote nodes on a network, which
should make their look familiar to most users. The application uses
a tooltip to display the address and port information. The tooltip
functionality has been packaged as a separate JavaScript library to
facilitate code maintainability and reuse. The nodes are colored
green to indicate that the USRP and the computing node are on.
Red indicates that the computing node is off–cannot be reached
over SSH. Olive indicates that the computing node is on, but the
USRP is not.

4.1 Testbed Access–Node Plan

The floors are visualized by rendering the floor plans as textures.
This creates the spatial context of the radio nodes. The floors were
made semi-transparent to reduce occlusions. However, a user can
hover over a floor to make it opaque for better visibility or click on
a floor to hide all other floors. This design decision uses objects
which already exist in the scene for user interaction, rather than
adding dedicated buttons. As a result the GUI appears clean and un-
cluttered. The 3D view can be rotated, zoomed, and scaled through
various modes of 3D interaction, which are supported by X3DOM,
ranging from standard click-and-drag operations to “game mode”,



Figure 5: Spectrum access game, purple indicated the user-selected frequency band

where user navigation is similar to that of first-person games.

4.2 Spectrum Visualization

Figure 4 shows three portrayals of the actual cellular traffic in the
751 MHz 4G LTE band, along with the controls for spectrum sens-
ing. Figure 5 shows one node sensing a signal which is emitted by
another node at 460.2 MHz. The spectrum sensing settings controls
to specify the precision, the data rate, the bandwidth, and the center
frequency. Thus it is possible to zoom the data in and out for finer
or coarser granularity of the spectrum view.

The application provides three distinct portrayals of the same spec-
tral data: a 3D plot, a heatmap, and a traditional 2D line plot. Spec-
trum visualization can be started for a particular node by simply
clicking on it. In case spectral data is not available (for instance,
due to software updates being in process) a message appears on the
top of the application. Once a node is clicked a 3D spectrum plot
appears instead of the floor plan view. Clicking on the 3D spectrum
plot takes the user back to the floor plan view.

The first method of portraying spectrum is a 2D line plot of en-
ergy against frequency. It only displays a single temporal snapshot,
without displaying the time-variant properties of the spectrum. The
plot was created using the RGraph library, which abstracts HTML5
Canvas.

The height and color of the 3D plot represent the amount of energy
at a particular frequency. The 3D figure consists of several temporal
snapshots of the spectrum, which are arranged consecutively with
newer ones in the back. In each snapshot the horizontal dimension
is the frequency. The 3D plot utilizes the waterfall representation
to visualize the temporal behavior of the spectrum. A new tempo-

ral snapshot appears on the back side of the 3D plot and pushes
all of the other snapshots to the front side. The oldest snapshot is
removed, keeping the total number of snapshots in the 3D plot con-
stant. The ElevationGrid X3D geomentry was used to create the
waterfall.

The heatmap visualization is essentially a 2D projection of the 3D
spectrum plot, which maps the energy to a color value. Thus,
the heatmap visualization also follows the waterfall representation,
with the newest temporal snapshots appearing on the top and push-
ing the other snapshots to the bottom of the screen. A color scale
is present to denote how the colors are mapped. The heatmap was
created using HTML5 canvas, SVG, and the D3.js library, which
abstracts SVG.

Having multiple portrayals of the same spectrum data allows the
user to choose those that he finds the most effective. This also en-
ables research into which portrayals of spectrum are the most effec-
tive for different user populations and tasks.

5 USABILITY ENGINEERING

The GUI was designed using several principles, based on human in-
formation processing to allow pre-attentive perception and facilitate
user performance. The GUI design utilizes the idea of affordances
[Mcgrenere 2000] [Gaver 1991]. An affordance is a feature of a
physical or a virtual object, which communicates its use. When
a user hovers over a 3D object, the application highlights it and
changes the mouse cursor to a finger-pointer. This communicates
that the user can afford clicking on the object. Buttons already of-
fer a strong affordance due to their appearance, and therefore using
a finger-pointer cursor is not necessary, when hovering over them.
Given the fact that some users may not be accustomed to the nov-



Figure 6: Radio performance metrics interface

elty of this web application, affordances can steer their actions in
the right direction. It is also vital to direct the user’s attention to the
reference material, when they launch the application. Therefore,
the GUI utilizes a singleton–a flashing help button. A singleton is a
sensory cue, which is unique throughout the application [Wickens
et al. 2012].

The application uses redundant coding by mapping the signal power
to both color and height in 3D spectrum visualization. The re-
dundancy makes the 3D plot easier to read [Wickens et al. 2012].
The application uses the rainbow color map because it is the dom-
inant color scheme in engineering heat maps. In fact, during 2001
through 2005 between 45 % and 71 % of non-medical IEEE Vi-
sualization proceedings publications used the rainbow color map
[Borland and Taylor 2007]. This familiar color scheme would fit
well into the mental model of most users, improving user perfor-
mance [Wickens et al. 2012]. The rainbow color map has been
criticized for having less perceptual resolution than diverging color
maps [Moreland 2009]. However, in CORNET3D it is more im-
portant to provide a clear distinction between radio signal and the
noise floor. The rainbow heatmap does this well with red represent-
ing signal and blue representing the noise floor.

For the same purpose of clarity, the application uses different
shapes to symbolize radio nodes on adjacent floors to make it eas-
ier for the user to distinguish which nodes belong to which floor.
The application also dims the background, while the user is resiz-
ing GUI windows, to make these windows stand out. Icons were
used throughout the application to label buttons because humans
can process icons much faster than text. The icons were such that
they allow the user to infer their function from their appearance.

5.1 Leveraging the Familiar

CORNET3D aims to use elements in the GUI, which the users are
already familiar with, such as the look and feel of a desktop applica-
tion, widely-used node symbols, and some commonly-used icons.
The red and green node color scheme leverages the existing hu-
man associations with these colors, such as those of traffic lights
and other devices. In CORNET3D the user interacts with the 3D
scene is a manner similar to a first-person game. These features
help the user to formulate a correct mental model of the application
and make correct predictions about untested situations [Wickens
et al. 2012].

5.2 Mobile-Device Interaction

Mobile devices allow novel ways for interacting with web-
applications. HTML5 presents JavaScript APIs for accessing ac-
celerometer and gyroscope data. CORNET3D uses the gyroscope
data to allow the user to rotate the 3D scene by tilting the mobile
device, such as an Android tablet. Accelerometer gestures are also
used: the user can shake the device to turn the orientation sensing
on and off.

6 SPECTRAL GAMES

As wireless communications systems become software-defined and
the technology matures for implementing cognitive radios, re-
searchers need to develop suitable approaches. This essentially
means being able to allocate spectral resources according to the ac-
tual needs, fairly and transparently, to the end user. A game-like
approach to spectrum management would increase awareness and
encourage the use of cognitive radio. Gamifying the application
communicates to the user that software-defined and cognitive radio
is an enjoyable field of R&D, thus increasing user engagement and
the actively involved user base. This aids the mission of STEM
(science, technology, engineering, and mathematics) outreach, fa-
cilitates education in the field of software-defined and cognitive ra-
dio, and facilitates the recruitment of new research talent.

The modular architecture of CORNET3D, which is shown in Fig-
ure 3, allows the frontend to work with both real and simulated
transmission controllers through the Cognitive Radio Test System
(CRTS) backend. CRTS provides dynamic feedback on radio per-
formance as transmission parameters are adjusted, either by com-
puter or human operators. The front-end communicates with CRTS
over WebSockets.

Figure 5 shows the user selecting a frequency band to transmit on
by dragging a selection box with the mouse cursor. The applica-
tion also gives the user real-time visual feedback by highlighting
the selected frequencies with magenta color in the real time spec-
trum visualization. The user can choose additional transmission
parameters using sliders and drop-down menus. These parameters
are payload size, gain, delay between transmissions, inner and outer
forward error correction schemes, the modulation scheme, and the
type of cyclic redundancy check. The icons above the slider change
in size as the slider is moved to provide visual feedback.

The users are provided the CRTS feedback metrics, which gauge
the results of their selected transmission parameters (Figure 6).
The metrics are also condensed into a score, shown in the top-left



of Figure 5. Various scoring methods are possible. The current
implementation adds one point for each valid payload and subtracts
one point for each invalid one. For novice users, a score would be
easier to comprehend than various technical metrics. As a result,
the user is faced with an optimization problem–choosing a set of
optimal transmission parameters to achieve a desired score.

CRTS also supports cognitive engines, which can be used to com-
pete with, advise, or potentially learn from a human operator. In
a way, cognitive engines take the role of non-player characters
(NPCs), which are encountered in typical computer games. The
pace of the game can be scaled to allow human operators of vari-
ous proficiencies and cognitive engines to participate on an equal
basis. Difficulty can be increased by using more sophisticated cog-
nitive radio algorithms. Moreover, because there are 48 nodes in
CORNET3D, the backend infrastructure allows multiple users, with
each user using two nodes–a sender and a receiver. Borrowing
video game terminology, this means that both single and multi-
player modes are possible. As shown in Figure 5, with a constant
signal at 460.2 MHz, the game can be made more difficult with such
techniques as jamming and general interference.

7 Future Work

Numerous game scenarios can be added to the CORNET3D spec-
tral games. Both human and computer players can form teams.
Teams could allow for relays, where a radio retransmits a message
from a radio on the same team, so that the transmission can travel
farther. Repeating a signal at a different frequency, in particular,
may be suitable strategy for low power transmission systems and
significant channel variation within the testbed facility. The lat-
ter is particularly suitable for outdoor radio testbeds, such as O-
CORNET.

It is also possible to add features, which can simulate certain real
world scenarios. The application can simulate limited battery life,
which depletes slowly on standby, and fast when radios make a
transmission. Battery depletion will vary with transmission power
levels, creating a tradeoff, which the players should optimally solve.
Solar panel battery recharging can also be simulated.

Various economic implications can be implemented. Players can
start out with a certain amount of virtual credits, and they can be re-
warded with more virtual credits (rather than points) for successful
transmissions, as if they were hired by a client to make the trans-
missions. There can be virtual auctions, where a player with the
lowest price gets the contract to make a transmission. The vir-
tual credits can be spent at the equipment store on virtual upgrades,
such as better antennas, improved battery life, better solar panels,
or more computing power. Custom software modules for radios
could also be purchased, creating an app store. These modules
could improve data transmission through forward error correction
(FEC), upgraded cognitive engines, advanced modulation schemes,
and other algorithms for software radios.

Incentives, such as virtual usage or licensing fees for certain spec-
trum bands could also be implemented. These fees may vary based
on the demand/criticalness of the resource, just like stocks or any
market value. The player would need to trade radio versus comput-
ing resources, and probably application resources (available wave-
forms for the given hardware) as well. Because the amount of cred-
its will be limited, deciding how to spend them will be critical for
success in the game. The amount of credits, which a player ac-
cumulates, can be used as one of the performance metrics. The
top scores of all players could be compiled to create a leaderboard.
To simplify software radio operation human players can choose to
let an algorithm do some of their tasks for them. The game could
run on other platforms from mobile to immersive. It could utilize

accelerometer and gyroscope sensors for interaction on mobile de-
vices. For immersion, the X3D game could be run in the VisCube.
The VisCube is a cave automatic virtual environment (CAVE) at
Virginia Tech.

Another viewpoint for setting up the game is encouraging the devel-
opment of algorithms or schedulers that make best use of the avail-
able radio resources in a fair and efficient way. This would foster
the idea of spectrum being a shared resource. Rather than compet-
ing for resources and giving credit to the user that completes the
transmission first, users may assign priorities to their transmissions
and voluntarily give precedence to another radio that claims having
a higher priority. Selfish versus cooperative behavior can then be
tested and the results used for deriving appropriate strategies and
training cognitive engines.
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