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Abstract: The authors have witnessed and been part of the development of the burgeoning complexities of weapons systems. They have focused some of their research on the need to analyze the life-cycle sustainment of these systems.  This sustainment analysis has similarly grown in complexity and sophistication.  To be optimally useful, the results and insights from these analyses need to be accessible long before the systems are fielded and before sustainment parameters can be established and sustainment data collected from live implementations.  This strongly supports the need to employ both constructive and virtual simulations to provide pre-deployment “experience” with systems. These simulations must be programmed to include the various input and output parameters of the system-engineered sustainment model. The size of modern weapons systems and the wide geographical dispersion of such systems calls for significant computational capabilities; this need is exacerbated by the current focus on simulating operations in large urban areas, fully populated by red, blue and civilian populations, all suitably programmed to act in a demographically appropriate way. Because a major factor of sustainment is maintenance and that maintenance is dramatically impacted by environmental factors, the modeling of these factors, along with verifiable functions representing their impact on hardware and personnel, must be modeled as well.  There is a long history of using high performance computing to enable and enhance large-scale simulations and some of the authors have been part of that development process since 1995. Further, new advances in computing now offer to create a new computational paradigm for high performance computing, e.g. the innovations at the University of Southern California, Quantum Computing Center.  As Systems Engineering has co-evolved with these computational advances, it has made good use of Markov and martingale analyses, and one of the authors is currently developing a model that relies on this sub-discipline of analysis to better characterize the sustainment of weapons systems. Serendipitously, this line of inquiry is well situated to make excellent use of the quantum annealer at USC, as Markov processes are the foundation of the annealer’s operations,   This paper will briefly describe the need for and the current state of the art of sustainment analyses, lay out the need for improved and expanded simulation techniques, and discuss the path to facilitating the implementation these across the entire spectrum of the simulation community. Alternative approaches, interoperability challenges, and future developments will be suggested, outlined and documented.
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There is a broadening of the capabilities of simulation for the DoD.  Advanced technologies and more sophisticated analytical techniques are expanding the scope of the dual simulation trilogies of modality: Live, Virtual and Constructive and utilization: Training, Evaluation and Analysis. The DoD Acquisition community asserts that “the goal is to ensure sustainment considerations are integrated into all … activities”. [0] This paper will focus on the needs and possible contributions of the Systems Engineering community, the impact of the parameterization of life-cycle analyses using Markov, Hidden Markov and martingale analyses, and the contributions of the High Performance Computing discipline, most particularly, the emergence of quantum computing as an emerging technology.  The underlying issues to be addressed are : “What can the sustainment professionals contribute to the Simulation community to improve their product?” and “What can the Simulation community contribute to the Sustainment professionals to optimize their analyses.” On-going research and early insights will be reported as they are made available.  
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Since the earliest days of warfare, leaders have sought to understand and prepare for combat through simulations of one kind or another.  Early athletics often evolved as competitive test of combat skills in a non-combat arena [1]. Many games such as chess were centered on abstracting and emulating combat [2].  More complex and realistic simulations evolved over the centuries, but they all had in common trying to train people to behave well in combat, trying to see if some new weapon would be effective, or trying to better predict the outcome of an impending operation [3].  Within the professional experience of the authors, simulations have expanded their capabilities along several axes, including: geographical area, resolution of simulated objects, richness of behaviors, duration of simulations, speed of performance (e.g. computer generated constructive simulations can be run at significantly faster than real time), and sophistication of analytic tools to better understand the large amounts of data collected [4]. Many of these advances have been enabled by the use of High Performance Computing (HPC) [5]
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It has been the authors’ experience that battlefield simulations rarely take heed of system degradation over time and they can think of no occasion when the Systems Engineering parameters surrounding life-cycle sustainment were incorporated into the functions of the simulation code. This impacts all three of the simulation modalities and all three of the uses of simulation in two ways: it makes the simulations less valid and it deprives the Systems Engineers of valuable insights into life-cycle sustainment issues. 
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Use of High Performance Computing

Mandates for DoD research closely follow the vagaries international events.  The rapidly changing geopolitical environment imposes a rapidly changing research agenda. [6]. The High Performance Computing (HPC) professionals are in the forefront of these groups being impacted by those changes.  They are tasked with projecting the future of US weapons, systems, tactics and strategies.  Using HPC for battlefield simulation leads to experiments in which warfighters in uniform are staffing the consoles during interactive, HPC-supported simulations.  Experiments to model and simulate the complexities of urban warfare use well-validated entity-level simulations, e.g. Joint Semi-Automated Forces (JSAF) and the Simulation of the Location and Attack of Mobile Enemy Missiles (SLAMEM). These need to be run at a scale and resolution adequate for modeling all the convolutions of urban combat.  

There is a long lineage of entity-level synthetic battlefield codes.  They consist of representations of terrain that are populated with intelligent-agents representing: friendly forces, enemy forces and civilian groups.  Experience has shown that to produce their behaviors in at timely manner, significant compute resources are required [7]. Much of this is true because a major computational load is imposed in the performance of line-of-sight calculations between the entities.  The inherently onerous “n-squared” growth-characteristics of an all-see-all program have been identified previously [8].  If several thousand entities need to interact with each other in an urban setting with vegetation and buildings obscuring the lines of sight, inter-node communications chaos and failure are often observed. This situation has been successfully ameliorated, but only partially so, by the use of an innovative interest-managed communication’s architecture [9].  

Increasingly, DoD simulators required an enhanced Linux clusters of adequate size, power, and configuration to support larger and more sophisticated simulations, especially when there is a requirement for more than 2,000,000 entities within high-resolution insets on a global-scale terrain database.   The cluster has been used occasionally to interact with live exercises, but more often has been engaged interactively with users and experimenters while generating only virtual or constructive simulations. [10] It had to be robust to reliably support hundreds of personnel committed to the experiments and it had to be scalable to easily handle small activities as well as larger global-scale experiments with hundreds of live participants, many distributed trans-continentally, as shown in Figure 1 below.

Creating a standing experimentation environment that can respond immediately to DoD time-critical needs for analysis is one of the major, but difficult to achieve, goals. The operators must operate in a distributed fashion over the Defense Research and Engineering Network (DREN), at a scale and level of resolution that allowed dispersed participants to conduct experimentation on issues of concern to combatant commanders, who have participated in the experiments themselves. This provided the requisite simulation federations, software, and networks, joined into one common computer infrastructure that was supporting experiments. Quantitative and qualitative analysis, flexible plug-and-play standards, and the opportunity for diverse organizations to participate in experiments were all mandated by DoD needs. 

To order to meet these goals, a team from the Information Sciences of the University of Southern California helped design and develop a scalable simulation code that has been shown capable of modeling more than 1,000,000 entities.  This effort is known as the Joint Experimentation on Scalable Parallel Processors (JESPP) project [11]. The dedicated compute power provided additionally allows for the easy identification, collection, and analysis of the voluminous data from these experiments, enabled by the work of Dr. Ke-Thia Yao and his team [12]. 
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Figure 1
JFCOM’s Experimentation network: 
MHPCC, SPAWAR, ASC-MSRC,
TEC/IDA and JFCOM

Even using these powerful computers, the JFCOM experimenters were constrained in a number of dimensions, e.g. number of entities, sophistication of behaviors, realism of various environmental phenomenology, etc. While the scalability of the code would have made the use of larger clusters feasible, a more effective, efficient, economical and elegant solution was sought.  The end of the Moore’s Law speed and power improvements decreed that eventually JFCOM would need to seek new ways to deliver their services to increasingly sophisticated users with increasingly complex and geographically diverse conflict environments. One approach is the use of more powerful clusters, especially a GPU-enhanced cluster.

The use of existing DOD simulation codes on advanced Linux clusters operated by JFCOM was the implementation method chosen as being most efficient. This effort supplanted the previous JFCOM J9 DC clusters with a new cluster enhanced with 64-bit CPUs and nVidia 8800 graphics processing units (GPUs).  Further, the authors were able to modify a few legacy codes. As noted above, the initial driver for the FMS use of accelerator-enhanced nodes was principally the faster processing of line-of-sight calculations. Envisioning other acceleration targets is easy: physics-based phenomenology, CFD plume dispersion, computational atmospheric chemistry, data analysis, etc. The computer was given the Joshua, the Hebrew commander.
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Joshua

While great strides were made in the number of entities to be simulated, the research implications of this achievement, albeit expected, were a dramatic reaffirmation of the value of HPCs.  Most notably, on 14 December 2007, the Joint Forces Command Personnel, under the leadership of Rich Williams simulated a full ten million CultureSAF entities on the Baghdad terrain database.  This was accomplished as is visualized in Figure 3 below:
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Graph of Entity Count Grow by Time on 14 Dec 07


Introduction of Quantum Computing


Members of the simulation community are often seeking new capabilities to enhance their computational power. The growth of transistor density, and the related capability of traditional digital computing, postulated by Moore's Law [13] is approaching its limits asymptotically. Hence the need to more seriously reevaluate new computing paradigms. One of the most often discussed paths is quantum computing and its first practical incarnation, adiabatic quantum annealing [14]. This section focuses on issues of concern to the test and evaluation application developers. It presents an overview of quantum computing, a review of some early work on a D-Wave quantum annealer at the University of Southern California and a discussion of the applicability of this technology to simulation. It is not a learned treatise on the theoretical and mathematical intricacies of quantum computing nor does it advocate some specific resolution of the many issues that arise with the introduction of any new technology. Instead, the authors rely on decades of experience in high performance computing and DoD simulations to offer aid to the test and evaluation community in assessing the potential utility of this advance. 

According to Gordon Moore himself, the end of Moore's Law is nigh. It is increasingly daunting to continue on the current transistor-based path for increasing the traditional digital computing capability that can be applied to test and evaluation and other national security challenges. The capability growth of individual processors is stagnating and the number of such cores needed is now increasing exponentially in high performance computing systems. Size and power demands now often constrain the computational power that can be brought to bear on defense problems. In this environment, there is a growing interest in alternatives to commercial, off-the-shelf (COTS) technology, which would have seemed inconceivable for most of the last two decades. In many ways, this may be the reemergence of the purpose built systems of earlier decades. New installations include specialized systems such as the Anton at D. E. Shaw Research [15][16] It performs certain biomolecular simulations nearly two orders-of-magnitude faster than the largest general purpose computers. Others are looking beyond CMOS to exploit other physical phenomenon, e.g. quantum computing.

 (
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)[image: ]There has sprung up a considerable body of proffesional interest in Quantum Computing beginning with a ground-breaking paper from the Nobel Laureate Richard Feynman in 1982 [17], in which he said “… with a suitable class of quantum machines you could imitate any quantum system, including the physical world.”. The authors are unaware of any such “general purpose” quantum computer that is even nearing operation. However, a more manageable adiabatic quantum annealing device has been conceived, designed, produced, and delivered to the University of Southern California. Figure 4 shows the D-Wave Two, as installed in the USC – Lockheed Martin Quantum Computing Center (QCC) at the Information Sciences Institute (ISI) in Marina del Rey. 


In recent years, other authors have touted quantum computing’s ability to produce more power, using terms like “magic” to stir the imagination and whet the appetites of the user community. [18]. They point out that the capability of quantum computers arises from the different way they encode information. Digital computers represent information with transistor-based switches having a state of 0 or 1, labeled a bit. In contrast, the basic unit of quantum computer operation, the quantum bit or qubit, can exist simultaneously as 0 and 1, with the probability of each being given by a numerical coefficient, a condition physicists call “superposition”. The quantum computer can act on all these possible states simultaneously. 

The authors have witnessed and participated in the development of high performance computing for several decades and have developed a significant body of experience with newly introduced technologies. They were engaged in the very early introduction of parallel computing and aware of its rivalry with sequential computing and with vector computing. They heard the detractors of parallel computing argue the limits of parallelism [19] and the proponents [20] who argued that it could be used more universally. While acknowledging there are many problems that have remained outside of the easily parallelized arena, it is evident that the majority of all large-scale computational problems are now run in parallel. This is due to the application of new techniques to decompose both data and computation in effective ways [21]. Such technology has proven very useful to the simulation community [22] [23] and which may very well have a revolutionary impact as its abilities to resolved currently intractable problems. 

The D-Wave Quantum Annealers have demonstrated acceptable evidence that they are operating as a quantum device, but the high levels of performance gains are yet to be achieved were anticipated.  This may indicate just the issues that always have arrived with any new technology [24], or it may reflect some fatal flaw in the approach. Current work at USC and at Ames seems likely to resolve this issue in the upcoming months.  Nevertheless, it should be remembered that this will not be the general purpose quantum computer envisioned by Feynman, but a quantum annealer, capable of many analytic and optimization analyses of vital interest to the simulation community.
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