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Figure 1: (a) Aerial view of Purdue’s Ross-Ade Stadium. (b) Access
point layout in the stadium. This figure shows 18 of the 20 access
points in the visualization, that are typically accessed by users. Eight
are installed outside (four near the south score board and the other
four on the west side) and the remaining ten are inside the pavilion
on the third, fourth, fifth and sixth floors as shown above.

Figure 2: eStadium access point coverage. Presently access points
on press box and south score board side are installed. Installation of
access points on the north score board is in progress.

plied in the context of mobile visual analytics in this project.

The majority of visual analytics applications for mobile de-
vices comes in the form of either mapping tools [13], sometimes
enhanced with GPS capabilities, or convenience utilities [5, 14].
Stadium during football games as a testbed. Figure 1 shows anThere have been efforts to use mobile devices in emergency re-
aerial view of Ross-Ade Stadium at Purdue and éBg¢adiumac- sponse situations (such as the Measured Response project headed
cess point (AP) layout in the stadium. Figure 2 shows the wireless by the Purdue Synthetic Environment for Analysis and Simulation
coverage area of all the APs in the stadium, some of which over- (SEAS) [1]), and for location-aware services. However, using a
lap. Wireless network access information is collected through these PDA for visual situational analysis is a fairly new research topic.
APs. We use these network logs, along with the related video and  Of the visualization techniques employed in this paper, time-
text data, to display various visualizations synchronized with time. varying (temporal) graph visualization plays an important role.
Through the combined visualization and analysis of video and text Time varying graph visualization is a common technique for net-
data, we can gain insight into network performance and conges-work and relational analysis, for communication network analysis
tion, crowd analysis, and emergent social behavior. This work pro- [11, 15], social network analysis [6, 22, 16], and relational [19] an
vides a proof of concept for mobile sensor analytics that will help geospatial data [12] visualization. With respect to communication
to improve network performance and provide safety personnel with networks, temporal visualization techniques are useful in detecting
information for better emergency planning and guidance. traf c anomalies and network intrusion events. In the social net-

Our paper is organized as follows: Section 2 discusses previouswork context, time-varying visualization is used to display inter-
related work. Section 3 gives a brief description of #&tadium personal communication activities between individuals, and these
testbed. Section 4 discusses in detail, the visualization system wetechniques lend themselves readily to the analysis of social trends,
implemented along with the characteristics of the input data. Sec- or knowledge propagation between agents. In both areas, visualiz-
tion 5 discusses how the visualization capabilities in our system aid ing task-speci ¢ events and relationships strengthens existing ana-
in various analytic tasks. Section 6 presents some analysis and obdytical techniques; however, none of these techniques are targeted
servations made by both visualization experts and system expertsfor mobile information analytics.
using our system for game data obtained in November 2005. Fi- Visualization techniques have previously been used in the con-
nally, section 7 discusses some possible extensions for mobile sentext of sporting events to analyze human performance [9, 8] or for
sor analytics by combining data from various other types of sensors. selective content delivery [18, 17]. Television broadcasting com-

panies, such as CBS, employ systems such as VizEngine by Vizrt
2 RELATED WORK [2] in viewing sporting events in real-time, but these systems are

Visual analytics research is a key focus at several research senter 9enerally for creating customized viewer content, not for detailed
nationwide [10], and we build upon techniques developed at these @nalysis of the respective events.

centers in this paper. Most notably is the National Visualization .

and Analytics Center (NVAC) at Paci ¢ Northwest National Lab 3 THE eStadium TESTBED

(PNNL). Several projects developed at NVAC are related to our eStadiums a long-term, large-scale, collaborative project involv-
work. Their InfoStar system [20] has provided some inspiration ing the Center for Wireless Systems & Applications (CWSA), In-
for this project, while research by Wong et al. on large-scale graph formation Technology at Purdue (ITaP), and Purdue Intercollegiate
visualization [24] and temporal analysis methods [23] has been ap- Athletics [3]. The goals of the project include:
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using various visualization entities. Each play is displayed based work with data from multiple sources in various formats and corre-
on the type of action such as interception, eld goal, pass, etc. A late them. Using our system, the user can visualize syslog, video
“Rush” action is displayed using an arrow in the direction of the and text data linked with each other while keeping the context of
rush. “Pass”, “Kick” and “Punt” actions are displayed using curves the current time interval constant. Since all these modes of data are
and appropriate icons for each event. Similarly, we have icons to interlinked, a user can switch between any of these from any screen.
represent events like “Penalty”, “Incomplete Pass”, etc. where the  Analytic Tasks: The eStadiunteam plans to use our prototype
ball isn't moved by the player. We represent the play events in system during Fall 2006 football games for various analytic tasks.
the current time interval as continuous drives starting from the left One of the main issues at hand is with respect to load balancing.
moving to the right for each drive. A user can click on any of the Our system will be used to identify network bottlenecks for the
icons or arrows to view the selected game event screen displayingAPs, as well as for streaming video. The usage patterns of associ-
the text description of the corresponding play. ation and disassociation can help coverage/capacity planning, QoS
Exploded Network Event Screen: This is a subscreen inset  provisioning and support location-based services. Power level set-
into the main screen. As mentioned before, each network associ-tings of the APs will also be adjusted based on these in- eld obser-
ation/disassociation event is drawn as a single curve with thicknessvations. The power level settings for the APs in the stadium are im-
proportional to the amount of activity. So, each curve with number portant parameters that should be tuned to maximize the available
of events greater than one, is drawn with a small square on it. A channel capacity. When many APs are operating in the same area,
user can click this square to view the detailed view. This screen there is a tradeoff between coverage and interference. Determining
shows the exploded view on the right side of the screen as can bethe power settings that yield the best combination of coverage and
seen in Figure 4(b). Within this screen, the speci c APs are drawn quality of service is a signi cant challenge. Moreover, though net-
maintaining their relative orientation and position with respect to work load balancing is adjusted automatically, an analyst needs to
each other so that it is easy for the user to correlate between thisbe able to determine if the load balancing algorithm is performing
screen and the main screen. The screen can be closed by clickingorrectly on site.
on the top right corner. Also, from the video log visualization, one can immediately esti-
Selected Game Event ScreenA user can see the game event mate the source location for the video requests and also the type of
corresponding to a video by clicking on such an item and pop up a events for these videos based on the color coding (touchdown, inter-
screen at the bottom of the screen (just above the time slider) as carception, etc.). Recognizing such patterns can help the network ad-

be seen in Figure 4(c) and (e). ministrators decide to preemptively broadcast or multicast to these
locations when certain events happen. The popular video display
5 VISUAL ANALYTICS ISSUES also helps a game fan go back and effortlessly look at the most pop-

Visual analytics typically deals with multi-modal data which re- ular video replays in case he missed a part of the game.

quire speci c visualization techniques for each modality. This sec-
tion explains some of these issues and their solutions in our visual-
ization system. We have implemented and tested the system on a Dell Axim x51v
Temporal Visualization: Data for visual analytics is usually ~ PDA with a screen resolution of 240 x 320, but it will run on any
time varying. Speci cally, in our case, network data is collected PDA or a smartphone with suf cient graphics and processing ca-
over the entire duration of the football game, and can be streamedpabilities. Photos of our system running on a PDA are shown in
during the game. Our system includes a time slider, which allows Figure 6. We use the OpenGL ES API for development. Itis a
a user to move back and forth in time and view the visualization low-level, lightweight API for advanced embedded graphics and is
related to that time interval. All modes of data (syslog, video and a subset of the traditional desktop version of OpenGL API. A sig-
text data) are synchronized with the time slider. In order not to lose ni cant change in OpenGL ES is that all the drawing calls are done
continuity between subsequent time intervals, we also “ghost” the using vertex arrays and color arrays, since glBegin() and glEnd()
events from the previous time interval in a faded color. calls are absent. We also use GLES common lite pro le which uses
Additionally, as stated earlier, time synchronization and corre- Xed arithmetic instead of oating point computation, since oating
lation issues must be considered with multi-modal datasets. With point arithmetic is emulated on the PDA.
respect to this work, only two of the three data sources have global  The data for visualization is obtained from t8tadiumLODS
clock information, while the other dataset only has time-stamps rel- and streaming video databases. Currently, we do not have real time
ative to the game clock. Subsequently, efforts must be made to link data since it is off season for football. We query the previously men-
these events to the datasets ordered in global time. This introducedioned database to obtain historical data from last year's Purdue-
some measure of uncertainty, which we must be aware of in the lllinois game on November 12, 2005.
analytical process. The graphics environment is set up as a 2D orthographic pro-
Information Clustering : As mentioned before, a big challenge jection since the visualization entities are all 2D. All of the but-
for mobile visual analytics is the limited screen space. To over- tons used to switch between various screen modes are drawn us-
come this limitation, information has to be visualized selectively ing graphics calls and the text is rendered using texture-mapped
and related information has to be grouped together. A user shouldbitmap fonts. Stylus input is handled by the mouse function of the
be able to then view details at multiple resolutions when desired GLUTES library. Video playback functionality is handled simply
(detail on demand). In our system, we employ information Itering with a call to the external Windows media player.
as mentioned in 4.2.1. Multiple events between a set of APs in a  Using the visualization, we are able to do a simultaneous obser-
particular direction are grouped together using a single curve with vation of which were the APs with heavy video requests (from the
proportional thickness. A user can then see its exploded or detailedvideo event screen), which individual videos among them had the
view in the Exploded Network Event screen (shown in Figure 4(b)). highest hits (detailed video event sub screen), number of hits and
Similarly, all video access events per AP are shown as a single cir- what was the related game event (from the Selected Game Event
cle. A user can then view the detailed video access information for screen).
any selected AP. A user can view even more detailed information  The results from our system can be seen in Figure 4 for differ-
about the game event corresponding to any particular video in the ent timesteps and visualization screen modes. Based on an overall
Selected Game Event Screen (shown in Figure 4(c) and (e)). analysis for this game data, we observe that there are many associa-
Multi-modal Data Visualization: Analysts usually have to  tion/disassociation events, as well as video downloads from the four

6 |IMPLEMENTATION AND RESULTS
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