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Abstract

This paper examines the special data visualization needs and challenges presented by large-scale battlespace simulations.  The authors draw on their experience in visualization, high-performance computing, large-scale simulations, and military operations both in academic research and as active duty military officers and intelligence analysts. Within the last decade, intelligent agent simulations have been enabled by high-performance computing to reach levels exceeding ten million entities (individual personnel, vehicles, weapons systems, etc.). These large-scale simulations create incredibly large sets of data in very short periods of time. Managing this data is a field of research of its own, but optimally exploiting this flood of data is even more challenging.  The authors assert that, while the high-performance computers have created this problem, newly developed capabilities utilizing these same assets can and should be implemented to assure the warfighters are given the information they need most, when they need it, and in a form that will have the best chance of producing the correct outcome. The paper will recount and allude to historical examples of the difficulty in effectively conveying information up and down the chain of command, supporting the notion that these problems are neither unique to simulation nor are they issues that can be ignored when solutions are at hand. Special emphasis will be put on new ways to convey the range of alternatives and communicate the relative likelihood of the predictions of future dispositions and actions, all without burdening or swamping the users with too much data. A survey of associated topics like causal modeling and visulation will also be presented along with analysis as to their contribution to better explication of the computer-generated insights. The paper concludes with recommended approaches for studying, evaluating and implementing the most promising techniques and technologies.
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Introduction
This paper is an analysis of the current state of the efficacy of communications procedures used to convey the insights gleaned from data collection, analysis and simulation of battlespaces, including the personnel engaged, including both combatant and non-combatant individuals.  The focus is on the requirements and challenges flowing from the creation of immense data sets from large-scale computer-enable simulations, but the lessons learned and the technologies discussed are obviously applicable to analog situations in other contexts, e.g. live battlespace situation awareness.   The authors identify, characterize and analyze the problems of effectively visualizing battlespace data and discuss those problems’ amenability to emerging techniques and technologies. 

Battlespace simulations are traditionally classified as tools that can be used to provide training, analysis and evaluation, but they have also recently been advanced as having a potential for “look-ahead” capabilities to support situation awareness. With mission success and personnel lives at stake, the pressures on the military leadership are intense, so this problem is both vital and fraught with potential break-downs in the computer/human interface.  As the abilities of systems to more reliably predict future conditions improve, this use is expected to increase in prevalence and in importance. 

The paper continues with a section with a description of the central issue at hand and presents some historical context for some of the more vexing problems.

It will then review the impact that computer simulations have had, focusing especially on the authors experience with large-scale simulations that were enabled by distributed high performance computing, beginning with the SF Express project in the mid-1990’s.  That and follow-on initiatives have generated so much information that two meta-challenges have arisen: data management and effectively recognizing and communicating the insights from that data. 

The next major section will treat the nature and extent of the challenges that have been observed in the data communications area.  Both problems from operational experience and the issues isolated during large-scale simulations will be described and analyzed.

 In addition to these observed and articulated needs the authors will raise and discuss several new opportunities to aid the war fighters to better utilize the data that is available.  

The manner in which data is presented is a major thrust of this paper. This field is usually referred to as data visualization. The authors are aware of, but will not adopt in this paper, the use of the term “visulation” which was coined to represent the combining of the simulation and data visualization functions.    

Several new technologies and techniques will be discussed in the “Emerging Technologies” section, applying experience from previous large scale simulations to assess the potential of these emerging capabilities.

The paper will conclude with a discussion of the future that lays ahead, the most promising research approaches and the need for closer liaison with the warfighters.
Background 
As long as there has been warfare, there have been efforts to better prepare for the literal life and death struggles that will inevitably occur. As long as combat preparation has been practiced, surely there has been the question as to whether or not these efforts have been germane, practicable, and efficacious.  Clearly a major issue is whether the lessons and skills sought to be imparted are effectively inculcated in the learner.  Computation science has delivered an entirely new set of tools for both the preparation and the capability-transfer segments of these evolutions.

In an operational setting, there is an analogous issue: How does a person effectively communicate intelligence, direction or analysis up or down the chain of command?  A historical example of this perplexing issue is taken from the middle of World War II.  In early June of 1944, Gen. Eisenhower was faced with an almost paralyzingly critical decision: When to launce the invasion of France.  One major parameter was weather and sea-state (Logan, 2013).  He had to rely on his chief weather forecaster, Group Captain James M. Stagg, to brief him on this issue.  Group Captain Stagg had been in meteorology for two decades.  He faced a critical, but not uncommon, conundrum: How to distill twenty years of technical experience down to usable nugget so that a commander under stress could make a rational, or preferably optimal, choice.  Thousands, if not tens of thousands of lives depended on his making the best decision (D-Day Museum, 2014). The meteorological analysis itself was essentially stochastic; the forecast based on a certain amount of intuition. Group Captain Stagg’s projections were clearly subject to varying degrees of uncertainty.  How many words, charts and maps were sufficient to enlighten the decision makers? How many were too many, encumbering the decision makers with data that would clutter their ability to make the best choice.
 
Staying with operational settings for the moment, John Keegan describes the different styles of order writing of the Duke of Wellington and U.S. Grant, but notes the effectiveness of both (Keegan, 1988). However, General Lew Wallace complains of receiving an ambiguous order from Grant’s messenger at the Battle of Shiloh (Grant, 1885).  Few would argue that the issue does not remain open and hotly debated: “How does a commander direct his subordinates without confusing them or sapping their initiative?”.

Given those operational issues, the need to consider how a computer-generated battle is communicated to the participants in an exercise and how the insights from this evolution are most effectively communicated to the analysts.  Because the earliest computer-generated simulations were generally single platform/vehicle simulators, analysis of participant performance and training achievements were not too difficult.  In the last two decades of the 20th century efforts were made to link many of these individual platforms and “vehicles” together to provide interactive training.  
This led to a desire to have even more constructive entities available via simulation (Messina, 1997), an effort in which several of this paper’s authors were involved.  Continued pressures for even more entities resulted in the further growth of simulations sizes (Gottschalk, 2010).  These successes of productively simulating more than ten million entities created huge amounts of data (Yao, 2009). A single exercise could easily generate a terabyte of data, even after all “non-essential data” was discarded.  Early attempts at visualizing the insights from the simulation more effectively centered on tabularization of the data.  
[image: ]
Figure 1, Sensor Target Scoreboard from JFCOM Experiment (Graebener, 2003)
While this was relatively easily programmed, it fails to convey in a graphic and easily grasped way the salient correlations that are important. Tabular data particularly requires time to contemplate and analyze. This is a luxury that may be available to small-scale simulation analysts and to officers in non-combat environments, but it presents way too much data for effective analysis of mega-city simulations and imposes unacceptable distraction to officers experiencing the stress of combat.   These hurdles to the exploiting the benefits of these sources of data have been personally witnessed by the authors.  While these observations are still anecdotal, they are so pervasive as to warrant the assertion that better visualization is mandated.
Others have attempted to provide more easily comprehended alternative projections of future events in a way that intuitively conveyed the range of futures considered likely.  One of these is the provision of what is colloquially referred to as “spaghetti charts” showing the potential paths of dangerous storms. 
[image: ]
Figure 2 – Hurricane track “Spaghetti Chart” (Cyclocane.com, 2104)
Challenges
One of the problems with the above type of data visualization is that it does not convey the historical, analytical or individual idiosyncrasies of each of the predicted tracks, something an experienced meteorologist might have developed over decades of professional practice. But, given the likelihood of such professional expertise, consider again the Stagg/Eisenhower situation.  How do the consultants convey the subtleties of their analyses to the commander without abrogating the commander’s function of making the final decision?  Perhaps more importantly, how often should they do so, but either do not or cannot?

Another challenge is that of presenting the data in structured layers so the commanders can invoke their own judgments as to how deeply they wish to probe the experts’ analyses.  Computers and hyper-text have created easy ways to present written data in pure text with easily selected links to more in-depth data, but even this poses a new challenge: that of deciding which data to put in the original text and which to make accessible via hyper-text links.  The analog to these issues is the traditional briefing by staff officers followed by questions from the briefed senior being the drill-down, with voice tone and emphasis providing additional ways to convey certainty, importance, and relevance. Text and even computer-automated voice lack these refinements.

A third challenge is in representing multi-dimensional via electronic means.  While there are a number of immersive and 3-D techniques available in the laboratory setting, the vast majority of analysts and commanders have only two-dimensional flat screens.  A common technique is to represent this data in a “3-D format”, but these do not always convey the insights from the material.
[image: ]
Figure 3 - #-D Histogram via Mat Lab 
(stackOverflow, 2014)
In more advanced presentation, this type of chart can be rotated about all three axes for better viewing and analysis. But even here, there pften is the need to accurately and cogently represent n-dimensional data.

Another challenge is the representation of analytic data on displays of the recognizable features of the simulation or active battlespace, e.g. communicating an area of analyzed danger by outlining on a map display or shading on 3-D imagery of the battlespace.

The last challenge to be mentioned here, albeit not the last in a more exhaustive list, is the one of individualizing content and presentation to the intended recipient.  Good teachers briefers and advocates all tailor their delivery to the audience before them based on pre-ascertained knowledge, observed body-language, attire, questions and other cues. Computers tend to have a unitary approach to communication.  Were one to type in “Quantum Mechanics” at the Wikipedia search site, one would get the same article, no matter what your age, education, proclivities or interest: the first sentence of which reads, “Quantum mechanics (QM; also known as quantum physics, or quantum theory) is a fundamental branch of physics which deals with physical phenomena at nanoscopic scales where the action is on the order of the Planck constant.”(Wikipedia, 2014).  There is a binary option for English Speakers: the Simple English Wikipedia, where the same search produces a first line of, “Quantum mechanics (‘QM’) is the part of physics that tells us how the things that make up atoms work.”(Simple English Wikipedia, 2014), but this requires an affirmative act of selection on the part of the data seeker.  Both good articles, no doubt, but directed at two different audiences: one comfortable with the Planck constant; one not so much.  
Opportunities

In addition to the recognized challenges mentioned above, there are a number of opportunities to dramatically alter the way the information is presented to the warfighter.  Many of these are based on emerging technologies to be discussed below. In any case, they represent a vision of what can now be done to improve mission success and reduce casualties.

One of these opportunities is the recognition of and the tailoring to learning styles.  There are two commonly recognized models for learning style differences, one posited by Kolb, the ELM model (Kolb, 1984) and one posited by Fleming, the VARK model (Fleming, 2014). Both models contain useful insights into the way humans acquire knowledge. While their work is couched in terms of academic instruction, their insights could be useful in both training and operational knowledge transfer activities. 

Another opportunity lies in the area of individual differences.  One would have been a poor senior commander in World War II to have issued the exact same order to each of the Generals MacArthur, Bradley and Patton and then expected the same actions in their respective commands.  From the squad leader to the General of the Army, leadership depends on knowing how to get the best out of each individual. In producing information, be it analytical data for the simulation team or direction for the combat commander, computers generate the same output, no matter who the addressee. 

Due to limitations in computing assets, simulations have heretofore relied largely on the execution of doctrinal direction to the various forces from their senior commands.  This is patently of little use in asymmetric warfare where there is not established doctrine and the opposing forces intentionally look for ways to circumvent defenses designed for more regular forces.  In addition, recent findings by the behavioral economists have highlighted the irrational application of rational data by human beings, (Ariely, 2010 & Kahneman, 2011).  During one of the large-scale simulations at JFCOM (Lucas, 2003), one of the entity models was exhibiting unexpected and unusual behavior, so there was a discussion about making it behave rationally. At that point, one of the participants with actual combat experience quipped, “What makes you think humans behave rationally in combat?”. 
Emerging Technologies

The focus is now on emerging technologies and techniques that may address the challenges and enable exploitation of the opportunities listed and briefly characterized above. These technologies and techniques are in varying stages of development and acceptance in many different disciplines.  They all have been sufficiently validated to warrant a general interest in what they could contribute to the defense of the nation.

Look-ahead simulation

Quantum computing
Since the earliest days of battlefield simulation, the authors have taken part in spirited discussions of the possibility of intelligent agent simulations being so valid and reliable that they would act as a good source of potential outcomes on the live battlefield.  Validity was not formally assessed at that time, but face validity was a bench-mark often applied. With an occasional flying tank model and mark-time marching deceased soldier avatar appearing from time to time, even face validity escaped the effort from time to time. As both simulation techniques and computational science improved, the vision of a reliable predictive value from simulations gained credence.  One of the efforts to which that led was the DARPA Deep Green initiative (Surdu, 2008). That project was designed to give enhanced views of the combat situation awareness for use by commanders.

As the simulations upon which this vision relies are stochastic, there is a highly desirable practice of running the simulation multiple times to observe and record the varying outcomes that are likely. Also impacting the utility of this technique is the issue of creativity of the combatant, as has been previously discussed.  Doctrine only goes so far in controlling the actions of warfighters in combat.  Some deviate intentionally and some do it mistakenly, but in both cases, the lack of adherence would call into question any simulation that does not allow for those contingencies.  

One potential solution to the demands of running large-scale simulations for many iterations is the promise of quantum computing.  Proposed in early theoretical papers by Nobel Laureate Richard Feynman the use of quantum phenomena rather than electronic switches would present computer power heretofore unavailable to the computer scientists (Feynman, 1982). Adherents of this approach continue to be enthusiastic, saying things like: “… quantum computers could, in principle, be staggeringly powerful, taking just a few minutes to work out problems that would take an ordinary computer longer than the age of the universe to solve.”(Lo, 2014). Recent advances have made the use of this power seem increasingly imminent (Lanting, 2014). The D-Wave Quantum Annealer at the University of Southern California has been stable and productive and the larger machine (around a thousand Qubits) is expected in 2015, at which time some of the potentials of the technology may actually be realized (Lucas, 2013). Many of the classes of problems for which these speed-ups are projected are of interest to the simulation and intelligence communities. 

Causal modeling
A new area of emphasis in simulation and modeling is causal modeling in which the focus is on causal factors, clearly a matter of interest to the intelligence analyst and the battlefield commander (Anthony, 2006).  The computational aspects of this sub-discipline have been explored and advocated by well-regarded academics (Pearl, 2000).  While computationally demanding, the programming paradigm is well described and application to large-scale battlespace simulation analysis should be straightforward.  The benefits that can be expected from this implementation should include a heightened awareness within the analysts of the most important factors in the chain of causality, allowing both assurance of success on the part of the U.S. forces and suggesting the most efficacious interdiction of enemy forces (Brooks, 2006). 

Behavioral science insights

The field of behavioral economics has 

Irrationality analysis

The field of behavioral economics has provided substantiation of irrational behaviors long observed by combat commanders (Ariely,  2010; Kahneman, 2011;  and Gladwell, 2008). More saliently, Professor Ariely has focused on the predictability of some of this irrationality.  This provides an opportunity for behaviors to be observed, characterized and logged, but in the environment of the large-scale simulation and in actual combat operations.  Unhampered by preconceive biases and constant in analytic objectivity, the computer resources can seek behavioral trends which would otherwise defy logic. 

Further, training of analysts and commanders alike can ameliorate the tendency to assume that friends and foes will act as anticipated. Care can be and should be taken to program systems not to equate observed behaviors as so invariable as to be limitations. Knowing the speed with which armies move, the Germans underestimated the time it would take General Paton to swing his Third Army North and relieve Bastogne.  Again, the approach should be to convey the typical, with a graphical representation of the physically possible.  The analysts and commanders need to be reminded that in the stress of battle, soldiers can do things thought impossible.  

Data visualization advances


Evolutionary Computing


Conclusion
… , and, of course: QED. 
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TROPICAL STORM DANIEL (EP04)

Early-cycle track guidance initialized at 1800 UTC, 10 July 2012
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