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English summary 


Military land force operations are complex in nature, and modelling and simulation (M&S) of 
 such operations with sufficient realism is very challenging. This report is a survey of methods and 
 tools for M&S of land force operations at different levels. Furthermore, it summarizes the 
 experiences and lessons learned from working in this field for the last ten years. To model and 
 simulate military operations, it is important to have a conceptual understanding of combat. This 
 survey therefore looks at modelling and simulation of land force operations in the context of 
 modern military theory, analysis, and doctrine. 


This survey addresses only computer-based simulations. Within the M&S taxonomy of live, 
 virtual, and constructive (LVC) simulation,  it thus only discusses  virtual  and constructive 
 simulation. Since we are mainly conducting simulations of land force operations for analysis and 
 experimentation purposes, this report has a corresponding focus. However, most of the content 
 should also be relevant for simulation used for training. 


In this  report  we  mostly  concentrate  on  M&S  of  the actual  combat  phases of land  force 
 operations, with engagements and skirmishes. These phases of combat are the most complex and 
 the most challenging to simulate. 


Based on the size of the Norwegian Army, our task has been to simulate combat operations with 
 size ranging from platoon to brigade level. The purpose of the simulations has on the platoon to 
 company level been to experiment with and evaluate the operational benefit of new technologies 
 and new concepts. On the brigade level,  the purpose of the simulations has been to experiment 
 with and evaluate the operational performance of current and possible future land force structures, 
 including new operational concepts. 


In this report we first  provide a general introduction to basic M&S, where we go through the 
 terms and concepts that are frequently used in defence-related M&S. Furthermore, we give an 
 overview of the different methods that are used in combat simulation and  the most important 
 challenges in this domain. Specially, we look at different methods for modelling the environment, 
 combat units and their core activities (move, observe,  engage,  and communicate), and  human 
 behaviour. Additionally, we briefly describe some of the combat simulation tools that are most 
 widely used today. The report includes two examples of how simulation of land force operations 
 has been used for analysis and experimentation at  the Norwegian Defence Research 
 Establishment (FFI). We also summarize the experiences and lessons learned from our simulation 
 experiments, and we give some recommendations for future simulations of land force operations. 


Finally, we take a look at some of the latest trends in military M&S and present some 
speculations  on how we think the technologies in this field will  evolve in the next five to ten 
years. 
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Sammendrag 


Militære landoperasjoner er komplekse av natur, og modellering og simulering (M&S) av slike 
 operasjoner med tilstrekkelig realisme er svært utfordrende. Denne rapporten er en gjennomgang 
 av metoder og verktøy for M&S av landoperasjoner på forskjellige nivåer. Videre oppsummerer 
 den erfaringer vi har gjort etter å ha jobbet innenfor dette området de siste ti årene. For å simulere 
 militære operasjoner er  det viktig å  ha  en  konseptuell  forståelse  av strid.  Denne rapporten ser 
 derfor modellering og simulering av landoperasjoner i sammenheng med moderne militærteori, 
 militæranalyse og doktrine. 


Denne rapporten  omhandler kun datamaskinbaserte simuleringer.  Innenfor  kategoriene  live, 
 virtual og constructive (LVC) simulering tar den dermed bare for seg virtual og constructive 
 simulering.  Siden vi hovedsakelig  utfører  simuleringer  av  landoperasjoner  for  analyse-  og 
 eksperimenteringsformål, er det denne anvendelsen av simuleringer som er fokuset for denne 
 rapporten. Mesteparten av innholdet bør likevel også være relevant for simulering til trenings- 
 formål. 


I denne rapporten konsentrerer vi oss stort sett om M&S av de faktiske kampfasene i land- 
 operasjoner, med engasjementer og trefninger. Disse fasene av striden er de mest komplekse og 
 mest utfordrende å simulere. 


Basert på størrelsen til  den norske Hæren har vår oppgave vært å simulere operasjoner med 
 størrelse som strekker seg fra tropp- til brigadenivå. Hensikten med simuleringene har på tropp- 
 til kompaninivå vært å eksperimentere med og evaluere operativ nytte av ny teknologi og nye 
 konsepter.  På brigadenivå  har hensikten med  simuleringene vært  å eksperimentere  med og 
 evaluere den operative ytelsen av nåværende og mulige framtidige landmaktstrukturer, inkludert 
 nye operasjonskonsepter. 


Først i denne rapporten gir vi en generell introduksjon til grunnleggende M&S, hvor vi går 
gjennom begreper og konsepter som blir mye brukt innen forsvarsrelatert M&S. Videre gir vi en 
oversikt over forskjellige metoder som brukes for å simulere strid, samt de viktigste utfordringene 
innenfor dette fagfeltet. Spesielt ser vi på forskjellige metoder for å modellere operasjonsmiljøet, 
stridende enheter og deres hovedaktiviteter (manøvrere, observere, engasjere og kommunisere), 
samt menneskelig adferd. I tillegg beskrives noen av de stridssimuleringsverktøyene som er mest 
brukt i dag. Rapporten inkluderer to eksempler på hvordan simulering av landoperasjoner har blitt 
brukt til analyse og eksperimentering ved FFI. Vi oppsummerer også erfaringene fra disse 
simuleringseksperimentene  og  gir noen anbefalinger for framtidige simuleringer av land-
operasjoner. Til slutt i denne rapporten ser vi på noen av de siste trendene innenfor forsvars- 
relatert M&S og presenterer noen spekulasjoner rundt hvordan vi ser for oss at teknologiene 
innenfor dette området vil utvikle seg de neste fem til ti årene. 
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1  Introduction 


Military land force operations are complex in nature, and modelling and simulation (M&S)  of 
 such operations, with sufficient realism, is very challenging. This report is a survey of methods 
 and tools for M&S of land force operations at different levels. Furthermore, it summarizes the 
 experiences and lessons learned from working in this field for the last ten years. To model and 
 simulate military operations, it is important to have a conceptual understanding of combat. This 
 survey therefore looks at  modelling and simulation of land force operations in the context of 
 modern military theory, analysis, and doctrine. 


Much of the work with this survey has been done under FFI-project 1214, “Combat Effectiveness 
 in Land Operations”. The simulation experiments used as examples  in this report have  been 
 conducted under FFI-project 1156, “Technologies for Military Vehicles”, and FFI-project 1143, 


“Future Land Forces”. 


This  survey addresses only computer-based simulations. Within the M&S taxonomy of live, 
 virtual, and constructive (LVC) simulation (see Chapter 2.4), it thus only discusses virtual and 
 constructive simulation. Since we are mainly conducting simulations of land force operations for 
 analysis and experimentation purposes, this report has a corresponding focus. However, most of 
 the content should also be relevant for simulation used for training. 


In this report  we  mostly  concentrate on  M&S  of the actual combat phases  of land force 
 operations, with engagements and skirmishes. These phases of combat are the most complex, and 
 the most challenging to simulate. 


Based on the size of the Norwegian Army, our task has been to simulate combat operations with 
 size ranging from platoon to brigade level.  The goal of our  simulations has on the 
 platoon/company  level been to experiment with,  and evaluate the operational benefit of,  new 
 technologies and new concepts [1][2]. On the brigade level the purpose of the simulations has 
 been  to  experiment with,  and evaluate the operational performance of,  current,  and possible 
 future, land force structures, including new operational concepts [3][4]. 


Brigade operations  include thousands of entities, and combat between brigades  are highly 
 complex  and  highly  dynamic.  Combat is  also adversarial and competitive. It is important to 
 recognize that “although [military operations] currently [appear] to be dominated by technology, 
 [war] is fundamentally a human issue” [5] that is “waged between complex human organizations” 


[5]. To realistically simulate military operations, the human aspects must therefore be included in 
the simulation.  Modelling human behaviour  and cognition, including decision-making and 
creativity,  is very challenging, but these aspects can also be included by having real  humans 
participating in the simulation (human-in-the-loop simulation). 
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The goal of this report is to give an overview of the state of the art of land combat modelling, 
 including an understanding of the underlying concepts of the methods that are most frequently 
 applied. 


We  have sometimes  been met with an expectation that our combat simulations will be perfect 
 representations of reality. Other times we have been met with an attitude that combat simulations 
 are totally unrealistic. For most simulations the truth lies somewhere in between. This report will 
 hopefully make the reader  better able to understand the possibilities and limitations of the 
 methods and tools that are currently being used for simulating combat. 


Firstly, Chapter 2 in this report gives a general introduction to basic M&S. In this chapter we go 
 through basic  terms and concepts  that are frequently used in defence-related M&S.  Next, in 
 Chapter 3, we capture the state of the art of M&S of land force operations by giving an overview 
 of the  different methods that are used,  and the most important challenges  in this domain. 


Specially, we look at different methods for modelling the environment, combat units and their 
 core activities (move, observe, engage, and communicate), and human behaviour. In Chapter 4 
 we briefly describe some of the combat simulation tools that are most widely used today. After 
 this, in Chapter 5, we provide two examples of how simulation of land force operations has been 
 used for analysis at FFI. In the first example we have used virtual simulations to experiment with, 
 and evaluate the operational benefit of, an augmented reality (AR) system for combat vehicles. In 
 the second example we have used constructive simulations to support land force structure analysis 
 by experimenting with, and comparing the performance of, a set of fundamentally different land 
 force structure concepts. In Chapter 6 we summarize the experiences and lessons learned from 
 our simulation experiments, and give some recommendations for future simulations of land force 
 operations. Finally, in Chapter 7, we take a look at some of the latest trends in military M&S, and 
 present some speculations on how we think the technologies in this field will evolve in the next 
 five to ten years. 



2  Basic modelling and simulation 


Modelling and simulation (M&S) is “[t]he discipline that comprises the development and/or use 
 of models and simulations” [6]. It includes “[t]he use of models, including emulators, prototypes, 
 simulators, and stimulators, either statically or over time, to develop data as a basis for making 
 managerial or technical decisions”  [6].  “M&S in general is often used in situations where 
 exercising or experimenting with the real-world subject of the simulation would be too difficult, 
 too expensive, or too dangerous, and military applications in particular include some of the most 
 extreme examples of difficult, expensive, and dangerous situations”  [7].  In this chapter we go 
 through some basic terms and concepts that are frequently used in defence-related M&S. A more 
 comprehensive introduction to modelling and simulation can be found in the book “Modeling and 
 Simulation Fundamentals: Theoretical Underpinnings and Practical Domains” edited by John A. 


Sokolowski and Catherine M. Banks [8]. 
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 Five purposes have been generally established for M&S [9]: 


1.  An aid for thought 
 2.  An aid to communication 


3.  An aid for training and instruction 
 4.  An aid to experimentation 


5.  A tool of prediction 


Typical applications of M&S in the military domain are: training, course-of-action (COA) 
 analysis, procurement support, doctrine development, and capability analysis. It should be noted 
 that “[n]o other domain-applied M&S is as successful as the military domain” [10]. 


2.1  Ways to study a system 


A system  can be defined as “[a]  collection of components organized to accomplish a specific 
 function or set of functions” [6]. “A system may be physical, something that already exists, or 
 notional, a plan or concept for something physical that does not exist”  [11].  Often it is not 
 feasible or possible to study the actual system because of cost, availability, safety, or existence. 


To be able to study a system it is therefore often necessary to build a model as a representation of 
 the system. Figure 2.1 outlines different ways in which a system can be studied [12]. 


Figure 2.1  Ways to study a system ([12]). 
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2.2  Models and simulations 


The British mathematician and statistician George E. P. Box is known for the phrase: 


“Essentially, all models are wrong, but some are useful” [13]. A model can be defined as “[a] 


physical, mathematical, or otherwise logical representation of a system, entity, phenomenon, or 
 process”  [6].  In  more  general terms, a model  can  simply  be said  to be  “a representation of 
 something else” [14]. 


Models are simplifications, and will  never be exact representations of reality. All models of 
 reality are therefore imperfect and incomplete, and by definition (at least partially) “wrong”. 


Some models are, of course, better representations of reality than others, and thus less wrong and 
 hopefully more useful. The important question is whether the model is good enough to serve its 
 specific purpose, and thus good enough to be useful. “On the one hand, a model should be a close 
 approximation to the real system and incorporate most of its salient features. On the other hand, it 
 should not be so complex that it is impossible to understand and experiment with it. A good 
 model is a judicious trade-off between realism and simplicity” [15]. 


  


A simulation can be defined as “[a] method for implementing a model over time” [6]. We refer to 
 the underlying model of a simulation as the simulation model. In addition, a simulation typically 
 includes a set of input data, which defines the initial conditions, or the initial state,  for  the 
 simulation. During the execution of the simulation, the simulation model typically produces some 
 form of output data, which can be considered as the result of the simulation. Figure 2.2 illustrates 
 the  basic components  of a typical  simulation.  The terms model and simulation are often used 
 interchangeably, but the important difference is that a simulation is a model implemented over 
 time. 


Figure 2.2  The basic components of a typical simulation. 
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 2.3  The military simulation spectrum  


Military simulations cover a wide spectrum of activities, ranging from large-scale field exercises, 
 with potentially thousands of people involved, through computer-based simulations with various 
 degree of human involvement, to fully computerized simulations. Figure 2.3 shows the traditional 
 outline of the spectrum of military simulations, together with considered associated operational 
 realism and cost  on one side, and considered associated  abstraction and convenience and 
 accessibility on the other [16]. 


As a general scientific principle, the most reliable data come from actual observation of the real 
 world. This also holds true in military analysis, but observing real battles is very often neither 
 convenient nor possible. Military analysts therefore often look towards live field exercises and 
 trials for providing data that are likely to be realistic and verifiable. This data can then generate 
 norms for expected performance under similar conditions in the future. The problem is that 


“[c]ollective field training is usually constrained, with a controlled enemy, so that the ʻrightʼ 
 lessons are learnt from the exercise. In part this is sensible, [since] in the early stages of collective 
 training it is important that a manoeuvre is completed so that the troops can see what should 
 happen. Unfortunately  that  makes  it a  very  unrealistic simulation of what happens in [real] 


combat which is adversarial” [5]. Moreover, large-scale military exercises, or even smaller-scale 
 ones, are not always feasible or even desirable. Availability of resources, including economic, is a 
 significant factor. 


Figure 2.3  The  traditional  spectrum of military simulations, together with considered 
associated operational realism and cost on one side, and considered associated 
abstraction and convenience and accessibility on the other ([16]). 
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Map exercises and war games involve senior officers and planners, but without the need to move 
 around any real troops, and thus with the advantage of reduced cost and increased accessibility. 


Map exercises and war games can be manual or computer-assisted. Computer-assisted map 
 exercises and war games are an evolvement of traditional manual map exercises and war games. 


The computer assistance can vary from just keeping track of unit positions to involve more 
 advanced agent-based semi-automated forces (SAF). 


Simulations can also be fully computerized, with automated computer-generated forces (CGF) on 
 both sides. The main advantages of this type of simulation are the accessibility, and the ability to 
 perform thousands of runs in the time it would take a manual or human-in-the-loop simulation to 
 run once. This means statistical information can be collected, and outcomes can be quoted in 
 terms of probabilities.  


Since the human aspects are so important in combat, and human behaviour is very difficult to 
 model (see Chapter 3.7), there is obviously a danger in removing the human elements entirely 
 from the simulation. Fully computerized simulations mean that the results are only as good as the 
 simulation model and associated input data themselves  (see  Figure  2.2).  Verification and 
 validation (V&V) thus becomes very important (see Chapter 2.9). 


Military simulation is applied on all levels of military operations, from the strategic level, through 
 the operational and tactical levels, to the technical level of individual platforms. Figure  2.4 
 illustrates this hierarchy of different simulation models on different levels of military operations, 
 together with typical applications. 


Figure 2.4  Hierarchy of different levels of military simulation.  
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2.4  Live, virtual, and constructive (LVC) simulation 


Live, virtual, and constructive  (LVC) simulation is a broadly used taxonomy for classifying 
 simulation, especially in defence-related M&S: 


• Live  simulation  “involves real people operating real systems. Military training events 
 using real equipment,  [for example  field  exercises],  are live simulations. They are 
 considered simulations because they are not conducted against a live enemy” [6]. 


• Virtual simulation involves “real people operating simulated systems. Virtual simulations 
 inject human-in-the-loop in a central role by exercising motor control skills (i.e., flying an 
 airplane), decision skills (i.e.,  committing fire control resources to action), or 
 communication skills (i.e., as members of a C4I team)” [6]. 


• Constructive  simulation  “includes simulated people operating simulated systems. Real 
 people  [can]  stimulate (make inputs  to) such simulations, but are not involved in 
 determining the outcomes. A constructive simulation  is a computer program. For 
 example, a military user may input data instructing a unit to move and to engage an 
 enemy target. The constructive simulation determines the speed of movement, the effect 
 of the engagement with the enemy, and any battle damage that may occur” [6]. 


It should be noted  that  “live,  virtual,  and constructive simulations always include a real or 
 [simulated]  person in the simulation,  as contrasted with a science-based simulation which 
 typically  models a phenomenon or process only”  [6].  Table  2.1  summarizes the nature of the 
 people and systems involved in live, virtual, and constructive simulation. Figure  2.5  shows 
 images with examples of live, virtual, and constructive simulation. 


The term LVC simulation refers to a combination of live, virtual, and constructive simulation. 


LVC simulation is starting to become an emerging concept for training land force operations [17] 


and joint operations. In this report we will, as mentioned earlier, focus on virtual and constructive 
 simulation used for experimentation and analysis. 


Simulation type  People  Systems 


Live  Real  Real 


Virtual  Real  Simulated 


Constructive  Simulated  Simulated 


Table 2.1  The nature of the people and systems involved in live, virtual, and constructive 
simulation. 
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Figure 2.5  Examples of live (Torbjørn Kjosvold/Norwegian Armed Forces), virtual (FFI), and 
 constructive simulation (VT MÄK). 


2.5  Interactive simulation 


Interactive simulation is defined as a simulation model that “requires human interaction during 
 runtime” [6]. Figure 2.6 illustrates the basic components of a typical interactive simulation. 


More specially, in a human-in-the-loop  (HITL) simulation  a human is always part of the 
 simulation,  and influences the outcome in such a way that it  is difficult,  if not impossible,  to 
 reproduce exactly. This type of simulation allows for the identification of problems and 
 requirements that may not be easily identified without including humans in the simulation. Since 
 humans  are real-world systems, including humans in a simulation also  has the benefit of 
 automatically including the mental properties of the real world [18].  


Figure 2.6   The basic components of a typical interactive simulation. 
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HITL simulation is mainly associated with virtual simulation in the LVC taxonomy, but 
 constructive simulation may also require various degrees of human interaction, for example to 
 control semi-automated forces (SAF).  Interactive  simulations with more than one participant 
 typically require more than one  computer, and are  referred to as distributed  interactive 
 simulations. 


2.6  Distributed simulation 


A  distributed  simulation is a  simulation that consists of  multiple  individual simulation 
 components,  which can be run on multiple computers  connected through a network.  The 
 computers can be located in the same room or in geographically dispersed sites. 


In a distributed combat simulation there is typically a need for sending state information, such as 
 position and orientation, for the entities controlled by one computer, to all the other computers 
 participating in the simulation. To ensure interoperability  and data exchange between the 
 different simulation components running on different computers in a distributed simulation, a set 
 of standards has been created. Examples of such standards are Distributed Interactive Simulation 
 (DIS) and High Level Architecture (HLA). 


2.7  Interoperability and interoperability standards 


Interoperability describes the ability of systems and devices to work together by exchanging data, 
 and interpreting that shared data. Within M&S, interoperability can be described as “[t]he ability 
 of a model or simulation to provide services to, and accept services from, other models and 
 simulations, and to use the services so exchanged to enable them to operate effectively together” 


[6]. To achieve interoperability between models and simulations interoperability standards are 
 needed. 


Interoperability standards are standards that enable components to be plugged together for rapid 
 assembly of systems.  Examples of interoperability standards  used in defence-related M&S are 
 Distributed Interactive Simulation (DIS), High  Level Architecture (HLA), Data Distribution 
 Service (DDS), Military Scenario Definition Language (MSDL), and Coalition Battle 
 Management Language (C-BML).  Each of these standards is  briefly described in the  chapters 
 2.7.1 to 2.7.5. 


The Simulation Interoperability Standards Organization (SISO) is an international organization 
dedicated to promotion of M&S interoperability and reuse, for the benefit of a broad range of 
M&S communities, including developers, procurers, and users  world-wide. SISO's Standard 
Activity Committee develops and supports  modelling and simulation standards, both 
independently and in conjunction with other organizations. SISO is recognized as a Standards 
Development Organization by NATO (North Atlantic Treaty Organization) and as a Standards 
Sponsor by IEEE (Institute of Electrical and Electronics Engineers) [19]. The NATO Modelling 
and Simulation Group (NMSG) is the Delegated Tasking Authority for M&S standards in NATO. 
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NMSG has been tasked with creating and maintaining the NATO Modelling and Simulation 
 Standards Profile [20]. 


2.7.1  Distributed Interactive Simulation (DIS) 


Distributed Interactive Simulation  (DIS)  [21][22]  is an  IEEE standard (IEEE Standard  1278) 
 [23][24][25][26] for conducting real-time platform-level simulations across multiple computers. 


It was developed over a series of DIS Workshops at the Interactive Networked Simulation for 
 Training  Symposium, held by University of Central Florida's Institute for Simulation and 
 Training. The standard itself is very closely patterned after the original Simulator Network 
 (SIMNET) distributed interactive simulation protocol, developed in the 1980's. 


In DIS, the simulation data are  encoded in formatted messages, known as protocol data units 
 (PDUs), and exchanged between hosts using existing transport layer protocols. The standardized 
 part in DIS is the format of the messages. The DIS standard does not dictate how to send or 
 receive those messages. 


The latest version of DIS, DIS version 7 (DIS 7), was published in 2012. DIS version 7 is the first 
 new version of DIS since 1998, and is a major upgrade which enhances extensibility and 
 flexibility. DIS is considered as one of the predecessors of HLA, but is still widely used. 


2.7.2  High Level Architecture (HLA) 


High Level Architecture (HLA) [27] is a general purpose architecture, an IEEE standard (IEEE 
 Standard 1516)  [28][29][30], and a  NATO  STANAG  (Standardization Agreement) (STANAG 
 4603) [31], for distributed simulations. The first versions of HLA were developed by the U.S. 


Department of Defense (DoD) in the 1990's, to provide a common framework to integrate and 
 facilitate the interoperability and reuse of distributed simulations that run on a variety of different 
 platforms. 


An HLA compliant simulation component is called a federate, and a collection of interconnected 
 federates is called a federation. The interaction between the federates is managed by a Run-Time 
 Infrastructure  (RTI). The RTI provides a set of general-purpose services for  carrying out 
 federate-to-federate interactions and functions for federation management. All interactions among 
 the federates go through the RTI and are publish/subscribe  based. The software and internal 
 algorithms of the RTI however, are not defined by the HLA standard. The HLA runtime interface 
 specification provides a standard interface for federates to interact with the RTI, to invoke the 
 RTI services to support interactions among the federates, and to respond to requests from the RTI 
 [7][12][27]. Figure 2.7 shows an illustration of the components of an HLA federation. 


The types of data (objects, attributes, and interactions) that can be exchanged in a federation are 
defined in a Federation Object Model (FOM). A reference FOM is a  standardized FOM for a 
specific purpose or domain. The Real-time Platform Reference (RPR) FOM is used as reference 
FOM in defence-related M&S. The latest version of the RPR FOM is version 2.0 [32]. 
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Today there are three major versions of HLA, which are all widely used: HLA 1.3, HLA 1516-
 2000, and HLA 1516-2010 (HLA Evolved). The next update is scheduled for 2016 (HLA 
 2016/HLA Evolved Plus). This will be a smaller update that will include some new parameters 
 and attributes on existing objects. 


Figure 2.7  The components of an HLA federation (simulation). 


2.7.3  Data Distribution Service (DDS) 


The Data Distribution Service (DDS) [33] for real-time systems is an open middleware standard 
 that aims to enable scalable, real-time, dependable, high-performance,  and interoperable data 
 exchanges in a publish/subscribe model for sending and receiving data, events, and commands 
 among the nodes.  The DDS specification was created by Real-Time Innovations and Thales 
 Group, and is maintained by the Object Management Group (OMG). 


DDS introduces a virtual global data space where applications can share information by simply 
 reading and writing data-objects addressed by means of an application-defined name (topic) and a 
 key. DDS features control of quality of service  (QoS) parameters, including reliability, 
 bandwidth, delivery deadlines, and resource limits. DDS also supports the construction of local 
 object models on top of the global data space [34]. 


The latest version of DDS, DDS version 1.2, was released in 2007. A beta version of the next 
 version, which will be version 1.4, was released in 2014. DDS and HLA shares many of the same 
 characteristics, and a comparison of the two standards can be found in [35]. 


2.7.4  Military Scenario Definition Language (MSDL) 


The Military Scenario Definition Language (MSDL) is a SISO standard (SISO-STD-007) [36] 


intended to provide a mechanism for loading military scenarios independent of the application 
generating  or using the scenario. MSDL is defined utilizing an Extensible Markup Language 
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(XML) schema, thus enabling exchange of all or part of scenarios between command and control 
 (C2) planning applications, simulations, and scenario development applications [19]. 


2.7.5  Coalition Battle Management Language (C-BML) 


Coalition Battle Management Language (C-BML) is a SISO standard (SISO-STD-011) [37] for 
 expressing and exchanging plans, orders, requests, and reports across C2 systems, live, virtual, 
 and constructive M&S systems, and autonomous systems participating  in coalition operations 
 [19]. 


The development groups for MSDL and C-BML have been working closely together, to ensure 
 that the two standards achieve full compatibility [38].  Recent activity has also begun towards 
 merging MSDL and C-BML into a unified C2-to-Simulation (C2SIM) standard [39]. 


2.8  Fidelity, resolution, and scale 


Fidelity, resolution, and scale are three primary descriptors applied to a model or simulation that 
 serve as defining properties/characteristics of the model or simulation [11]. 


Fidelity is a term used to describe how closely the model or simulation matches the reality. A 
 model or simulation that closely matches or behaves like the real system it is representing has a 
 high fidelity [11]. Different applications might require different levels of fidelity [40]. 


Resolution  is a term used to describe  “[t]he degree of detail and precision used in the 
 representation of real-world aspects in a model or simulation” [6]. The more details included in 
 the simulation, the higher the resolution [11].  


Scale or level are terms used to describe the size of the overall system the model or simulation 
 represents. Logically, this means that the larger the system, the larger the scale or level of the 
 simulation [11]. 


Due to the fact that the computer system running a simulation has a finite limit on the computing 
 capacity, and each simulated entity requires a specific amount of computational power for a given 
 level of resolution, a trade-off must be made between increased scale on one side and increased 
 resolution on the other. If the number of entities is increased, the resolution must be decreased 
 and vice versa.  Figure  2.8  illustrates this issue.  However, since the computational power  is 
 expected to  increase every year, the maximum scale and the maximum resolution that can be 
 simulated is also expected to increase. 


Increasing the resolution of a model or simulation does not automatically increase the fidelity, but 
it always increases the complexity and thus makes the simulation computationally more 
expensive. Whether increasing the resolution of a model or simulation leads to increased fidelity 
depends on the validity of the additional details. Generally, it is desirable to  maximize  the 
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fidelity, but at the same time try to keep the resolution as low as possible, by eliminating details 
 that do not enhance the fidelity. 


Figure 2.8  Since a computer system running a simulation has finite capacity, a trade-off must 
 be made between increased number of entities (scale) on one side and increased 
 resolution on the other. 


2.9  Verification and validation (V&V) 


For models or simulations to be useful, we must have confidence in their predictive ability and in 
 the results. Such confidence can be obtained through a verification and validation (V&V) process. 


Verification  is  “[t]he  process of determining that a model or simulation implementation 
 accurately represents the developer's conceptual description and specification” [6]. 


Validation  is  “[t]he process of determining the degree to which a model or simulation and its 
 associated data are an accurate representation of the real world,  from the perspective of the 
 intended uses of the model”  [6].  Figure  2.9  illustrates how V&V  processes are applied in the 
 modelling process [41]. 


More specially, face validation  is  “the process of determining whether a model or simulation 
 based on performance seems reasonable to people knowledgeable about the system under study. 


The process does not review software code or logic, but rather reviews the inputs and outputs to 
assure that they appear realistic or representative”  [6].  “Subject-matter experts (SMEs) are a 
hallmark of face validation, since they compare the simulation structure and output to their area 
of expertise in the real world” [42]. A step-by-step guide for conducting a face validation can be 
found in [42]. “While moving beyond face validation to more objective and quantitative methods 
should always be a goal, face validation is clearly preferable to no validation at all” [14]. 
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Figure 2.9  Verification and validation (V&V) processes applied in the modelling process ([41]). 


The terms accreditation and acceptance are often used in conjunction with V&V. Accreditation is 


“the official certification that a model, simulation, or federation of models and simulations and its 
 associated data are acceptable for use for a specific purpose” [6]. Acceptance is “the decision to 
 use a simulation for a specific purpose” [6]. 


The credibility of a model or simulation can be understood as “a measure of how likely its results 
 are to be considered acceptable for an application” [14]. 


V&V processes are conducted to avoid the following two main error categories regarding the use 
 of M&S [10][14]: 


1.  Valid simulation results are not accepted. 


2.  Non-valid simulation results are accepted. 


The NATO Modelling and Simulation Group (NMSG) and SISO  have  developed a generic 
 methodology for V&V (GM-VV) to support acceptance of models, simulations, and data [43]. 


GM-VV has recently been accepted as a SISO standard [44][45][46]. 
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3  Simulation of land force operations 


Land force operations are very complex, and realistic simulation of brigade-size operations are 
 very challenging. In this chapter we capture the state of the art in this domain, and summarize the 
 different methods used and the most important challenges. More specially, we will capture the 
 state of the art within virtual and constructive combat simulation. For a more comprehensive 
 overview of combat modelling, the authors recommend the book “Engineering Principles of 
 Combat Modeling and Distributed Simulation” edited by Professor Andreas Tolk [10]. 


3.1  Combat modelling 


Combat has been modelled at a wide range of different scales and resolutions, and using almost 
 every modelling paradigm and architecture available [7]. Based on observations of the nature of 
 combat, the British defence analyst and former officer in the British Army, Jim Storr summarizes 
 a model of combat like this (in his book “The Human Face of War” [5]): 


• Overall, the numbers of elements involved, and the interactions between them, make any 
 attempt at detailed prediction meaningless. 


• Each side consists of a nested set of systems. Each has a command and control (C2) node 
 and a number of subordinates. The C2 node makes decisions and, simplistically, orders 
 subordinates to move and to fight. 


• At each level, information, orders  and logistics are inputs. Outputs include casualties 
 inflicted and sustained; ground gained and lost, and enemy positions captured. 


Additionally, firepower can be injected from elsewhere. 


•  Combat is adversarial: the outputs from one element become inputs to an enemy element. 


Casualties inflicted by one side are sustained by the other. Positions captured by one side 
 are lost by the other, and so on. This process is a many-to-many relationship. A 
 defending platoon may inflict casualties on a number of attacking platoons, and an 
 attacking platoon may capture positions belonging to a number of enemy platoons in one 
 attack. Thus the interrelationships between opposing forces are intensely complex. They 
 will seem to be utterly confusing to an observer on the battlefield. 


• The behaviour of each element at each level is moderately predictable. However, the 
 overall performance of two forces in a battle or engagement is not. Nonetheless, the fact 
 that at each level the behaviour is at least to some extent predictable does allow some 
 control [5]. 


  


Combat modelling can be described as the activity of purposefully abstracting and simplifying 
combat entities, their behaviour, activities, and interrelations to answer defence-related research 
questions [10]. The core activities of the combat units or fighting elements on every battlefield, 
which need to be modelled in a combat simulation,  are:  moving,  observing/sensing, 
shooting/engaging, and communicating [10]. Depending on the resolution of the simulation, the 
combat units  can be either  single entities  or aggregated units (see  Chapter  3.3).  These  core 
activities are performed in the  combat units'  situated environment, which also needs to be 
modelled. Figure 3.1 illustrates the core components of combat modelling. 
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 Figure 3.1  The core components of combat modelling ([10]). 


The synthetic natural environment  (SNE)  conceptual reference model  [47]  outlines the 
 interactions between the military system representations and the representation of the 
 environment (often referred to as the synthetic natural environment). Figure 3.2 shows the SNE 
 conceptual reference model. 


Figure 3.2  The synthetic natural environment (SNE) conceptual reference model ([47]). 
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What needs to be included in a combat model depends on the purpose of the simulation. 


Generally, all factors that can potentially affect the result of the military operation being 
 simulated should be included.  On the other hand, each element in a military operation can be 
 described to an almost non-ending degree of detail. However, introducing more and more factors, 
 and the relations between them, will cause the complexity of the model to increase exponentially 
 [10]. In practice, time and resource constraints often limits what can be modelled. It is therefore 
 always essential that the model's limitations and shortcomings are clearly described as a part of 
 the  simulation  results.  An important principle  is that the level of fidelity  should be  balanced 
 throughout the model. This will reduce the risk of introducing systematic biases in the combat 
 model. 


3.1.1  Land force components 


This survey focuses on modelling and simulation of land force operations. Land force operations 
 include a wide range of vehicles, weapon systems, and sensors. The command and control 
 structure, and hierarchical organisation of the units, is captured in the order of battle (OOB) of the 
 force. Examples of types of operations that may be included in a land force combat scenario are: 


manoeuvring, attacking, defending, delaying, withdrawing, receiving, and disengaging [10]. 


The units that may need to be represented in a combat model for land force operations usually fall 
 into one of the following categories [10]: 


• Combat or manoeuvre units (main battle tanks (MBTs), infantry fighting vehicles (IFVs), 
 armoured personnel carriers (APCs), unmanned ground vehicles (UGVs), infantry, etc.) 


• Fire support units (artillery, missile units, close air support (CAS), etc.) 


• Combat engineering units (obstacles and mine warfare) 


• Air defence units (air defence launchers, radars, etc.) 


• Aviation units (fixed wing aircrafts, helicopters, unmanned aerial vehicles (UAVs), etc.) 


• Command and control (C2) units (headquarters) 


• Intelligence, surveillance, target acquisition, and reconnaissance (ISTAR) units (sensors 
 and facilities) 


• Communications and networks (infrastructure and systems)  


• Logistics and supply units (transportation units and facilities) 


•  Medical units (in-field support and facilities) 


• Maintenance units (in-field support and facilities) 


• Electronic warfare (EW) units 


• Chemical, biological, radiological, and nuclear (CBRN) defence units 


For the combat model to be balanced, all units should be represented with about the same level of 
fidelity.  It is,  of course,  also important that the units  are  represented  with the same level of 
fidelity on both the blue (friendly) and the red (opposing) side. In addition it is often necessary to 
include paramilitary forces, insurgents, and civilian units in the combat model. 
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3.2  Virtual and constructive simulation 


Virtual  simulation involves real people operating simulated systems (see Chapter  2.4).  The 
 spectrum of virtual simulation systems range from expensive, high-end simulators to low-cost 
 desktop simulators based on game technology.  


The high-end  combat  simulators are designed to replicate the  operating  environment of the 
 warfighters as closely as possible, and are most commonly used to simulate aircraft, helicopters, 
 and combat vehicles. These simulator systems include  replicas of cockpits or vehicle cabins 
 (which may be mounted on hydraulic platforms for movement), image generators, and advanced 
 display systems (often forming a dome for 360-degree field-of-view). They are mainly used to 
 train operating skills of pilots and combat vehicle crews. Figure 3.3 shows examples of high-end 
 virtual combat vehicle simulators. 


It is naturally more problematic to fully replicate the operating environment of dismounted 
 soldiers in a virtual simulator, since dismounted soldiers are using their own body to move 
 around. Virtual simulators for dismounted soldiers have consequently not yet reached the same 
 level of fidelity as the state-of-the-art aircraft and vehicle simulators [48][49][50][51][52]. 


Typically the current solutions for virtual dismounted soldier simulators use virtual reality (VR) 
 head-mounted displays (HMDs) and full-body motion tracking systems [52][53][54][55]. Some 
 solutions also use different types of omnidirectional treadmills (ODTs) [50]  or human-sized 
 hamster balls. Figure 3.4 shows an example of a body tracking system (to the left), and a virtual 
 dismounted soldier simulator using an omnidirectional treadmill (to the right). 


In the other end of the virtual simulation spectrum we find the low-cost desktop simulators based 
 on first-person shooter (FPS) game technology. These simulation systems do not replicate the 
 operational environment of the warfighters down to the details needed for training vehicle or 
 weapon operating skills. Instead they are focused on training tactics,  communication skills, 
 decision-making, and how to think (cognitive training). They can be controlled by mouse and 
 keyboard, or more advanced game controllers like gamepads, joysticks, or steering wheels and 
 pedals. 


Figure 3.3  Examples of high-end virtual combat vehicle simulators (U.S. Army). 
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Figure 3.4  Example of a body tracking system (to the left), and a virtual dismounted soldier 
 simulator using an omnidirectional treadmill (to the right) (Interservice/Industry 
 Training, Simulation and Education Conference). 


In the recent years we have also seen an increase in the availability of low-cost virtual reality 
 (VR) HMD devices, for example Oculus Rift from Oculus VR. These display devices combine 
 head-tracking  with  full  stereoscopic view to increase the sense of immersion in the three-
 dimensional virtual environments [56]. 


  


Examples of low-cost desktop virtual simulation systems are Steel Beasts from eSim Games (see 
 Chapter 4.6) and Virtual Battlespace (VBS) from Bohemia Interactive Simulations (BISim) (see 
 Chapter 4.7). Figure 3.5 shows examples of this type of simulation system. At FFI we have been 
 using VBS for analysis and experimentation since 2008. 


The clear distinction between high-end legacy simulators and low-cost simulators are now 
 starting to fade, and we are seeing an increased use of low-cost simulation systems based on game 
 technology as components in high-end legacy simulators [57]. For example, the newly introduced 
 VBS IG (Image Generator) makes it possible  to  build advanced simulators, with integrated 
 physical mock-ups, based on VBS. 


Figure 3.5  Examples of low-cost desktop virtual simulation systems (FFI, Bohemia Interactive 
Simulations). 
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Virtual simulations can have very high fidelity, but since all simulated systems are operated by 
 real humans, and therefore require at least one computer, there are limitations on how large 
 operations that can be simulated [58]. Generally, virtual simulations are limited to a few hundred 
 participants, and can be used to simulate squad, platoon,  and company size operations. For 
 simulating larger operations, constructive simulations are used. 


Simulations can also include both virtual and constructive units.  However, when virtual and 
 constructive simulation models are combined, difference in resolution between them can lead to 
 fair-fight issues (see Chapter 3.5). 


  


Constructive simulation involves simulated people operating simulated systems (see Chapter 2.4), 
 and includes both simulation systems with fully automated computer-generated forces (CGF) and 
 simulation systems with semi-automated forces (SAF). In the latter case real people give input to 
 the simulation in the form of orders to the simulated units. This means that one person can control 
 several units.  In constructive simulation the units must have some sort of smart behaviour or 
 artificial intelligence (AI) (see Chapter 3.7). 


Constructive simulation can be used to simulate operations of all sizes, including theatre level, 
 and large constructive simulations can include millions of entities [59]. Application areas are 
 mainly command and  staff training, computer-assisted exercises (CAX), and wargaming for 
 analysis and experimentation. Generally, the fidelity in constructive simulations will be lower 
 than in virtual simulations. 


Examples of constructive simulation systems are Joint Theater Level Simulation (JTLS) from 
 ROLANDS & ASSOCIATES Corporation (see Chapter  4.3), One Semi-Automated Forces 
 (OneSAF) from U.S. Army (see Chapter 4.5), and VR-Forces from VT MÄK (see Chapter 4.8). 


Figure 3.6 shows examples of this type of simulation systems. Constructive simulations can use 
 either entity-level or aggregate-level simulation models (see Chapter 3.3). Virtual simulations are, 
 of course, inherently based on entity-level simulation models. 


Figure 3.6  Examples of constructive simulation systems (VT MÄK, FFI). 
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In simulation for training, the choice between virtual and constructive simulation depends on the 
 training audience and the training goals. In simulation for analysis and experimentation,  the 
 desired fidelity, the resources available, and the size of the scenario that needs to be simulated are 
 important factors that must be considered when making this choice. Virtual simulations generally 
 have a higher fidelity than constructive simulations, but virtual simulations are also much more 
 people-intensive, and thus much more expensive. Current technology also limits the number of 
 entities in a virtual simulation to a few hundreds at most. 


  


We have generally used virtual simulation in experiments where human system operators are 
 essential, for example when experimenting with technology that directly affects human 
 performance or how the humans operate (low-level tactics). The size of these experiments has 
 been limited to a few platoons (reduced company level). An example of this type of simulation is 
 provided in Chapter 5.2.  


To simulate operations at the battalion and brigade level we have used constructive simulation for 
 conducting interactive war games with SAF. An example of this type of simulation is provided in 
 Chapter 5.3. 


3.3  Entity-level and aggregate-level models 


Entity-level  combat  models have high resolution,  and  represent  individual  vehicles,  platforms, 
 and personnel as distinct entities. State information is maintained separately for each entity, and 
 the four core activities of combat (moving, observing/sensing, shooting/engaging, and 
 communicating) are modelled at the level of  the  individual entities.  These models are usually 
 based on performance data for the specific entity types [60]. 


Aggregate1-level combat models (often also referred to as unit-level combat models) have lower 
 resolution, but provide the capability to simulate larger operations. In these models the military 
 objects are represented as aggregated units with a given size (e.g. a company, a battalion, or a 
 brigade). The individual entities however, are not represented. State information is maintained for 
 the unit as a whole, and is often computed based on statistical analysis and attrition models like 
 the Lanchester models [61] (see Chapter 3.6.2) [60]. 


Entity-level combat models are much more complex, and computationally much more expensive, 
 than aggregate-level models. With today's computing capabilities it should be possible to simulate 
 operations of brigade-level size and below using entity-level models. However, the size of the 
 operations that can be simulated with entity-level models is expected  to  the increase,  as 
 computational power is expected to increase in the future. 


Entity-level models have higher resolution and thus the potential to achieve higher fidelity than 
 aggregate-level models. It is also easier to see what is going on in an entity-level simulation, and 
 this also makes them more accessible for face  validation.  Nevertheless, current entity-level 
        


1 An aggregate is a collection of items that are gathered together to form a total quantity. 
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models tend to produce attrition levels that are higher than those observed historically [60][62]. 


“Possible phenomena present in actual combat,  and accounted for in [the parameters of 
 aggregate-level attrition models  (such as the Lanchester models)]  but not [in the]  entity-level 
 combat  models,  that could explain this,  include target duplication, shooter non-participation, 
 suppression effects, self-preservation, and suboptimal use of weapons and  targeting  systems” 


[62]. In other words, current constructive entity-level combat models lack good representations of 
 the human aspects of combat and combat friction (see Chapter 3.9), resulting in that the simulated 
 operations tend to run smoother than they would in the real world. 


To simulate large operations,  and at the same time have high resolution in particular areas of 
 interest in the battlefield, it is possible to create multi-resolution combat models by linking entity-
 level and aggregate-level combat models. There are however a lot of challenges regarding 
 interaction between entities and aggregated units [60][63]. One solution that avoids such inter-
 level or cross-level interaction is to have designated areas in the battlefield where all the units are 
 either aggregated units or individual entities. When the units move between these areas they have 
 to be aggregated  or disaggregated,  and transferred from one resolution level to another at 
 runtime.  Figure  3.7  illustrates this concept. To further increase the fidelity in parts of the 
 simulation, virtual entities can be included in the disaggregated area in the battlefield. 


An example of a multi-resolution combat model is the NATO Training Federation (NTF), which 
 (at some point) has included JTLS (which is a constructive, aggregate-level simulation system), 
 Joint Conflict and Tactical Simulation (JCATS) (which is a constructive, entity-level simulation 
 system), and VBS2 (which is a virtual simulation system) [64]. Figure 3.8 illustrates NTF. 


Figure 3.7  Example of multi-resolution combat model with designated areas for aggregate-level 
and entity-level models. 
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 Figure 3.8  The NATO Training Federation (NTF). 


3.4  Modelling the environment 


Combat scenarios take place in a situated environment. A model of this environment  (often 
 referred to as a synthetic natural environment (SNE) or virtual environment) includes the terrain 
 with lakes,  seas,  rivers,  and vegetation. It also includes static human-built  structures  like 
 buildings, roads, and bridges. Another important component of the environment is the weather. 


Modern military simulation systems allows for agile and dynamic representations of the 
 environment, where the terrain characteristics may change due to weather and explosions, and 
 varying light conditions may influence sensors. Often the simulation systems include a physics 
 engine [65][66][67], providing realistic simulation of physical systems in the environment model. 


Figure  3.9  shows examples of components of the environment. Many of these  components 
 directly affect how combat units move, observe, engage, and communicate. The collection of data 
 forming an environment model is often referred to as an environment database  or terrain 
 database. SEDRIS2 is  a  non-proprietary infrastructure technology, and a STANAG (STANAG 
 4662, 4663, and 4664)  [68][69][70],  for representation and interchange of environmental data 
 [71]. 


The resolution in which the environment needs to be modelled depends on the resolution of the 
 combat units. Virtual simulations, where the system operator looks directly into the virtual 
 environment, have the highest resolution requirements. Today environments for virtual 
 simulations can be modelled with resolutions approaching photorealistic quality. However, 
 creating such detailed environment models is labour intensive, and they consist of substantial 
 amounts of data. This limits the size of the areas that can be modelled with very high resolution. 


Figure 3.10 shows examples of environment models with high resolution. 


       


2  SEDRIS used to be an acronym for Synthetic Environment Data Representation and Interchange 
Specification, but it is now used as a noun. 
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Figure 3.9  Examples of components of the environment (SEDRIS [71]). 


Figure 3.10  Examples of environment models with high resolution used in virtual simulations 
 (Bohemia Interactive Simulations). 


Constructive simulations are usually monitored, and interacted with, through two-  or three-
 dimensional map views, so they generally have lower requirements for visual resolution. When 
 different simulation systems are plugged together, their representations of the environment should 
 be correlated to avoid strange effects (e.g. ground vehicles floating in the air due to elevation 
 mismatch) and fair-fight issues (see Chapter 3.5). 


The required size of the modelled environment depends on the size of the simulated scenario. A 
virtual simulation of an operation performed by a dismounted infantry squad may require only an 
environment model of a few square kilometres. On the other hand, theatre-level scenarios may 
require whole continents to be modelled. When modelling environments, a trade-off usually has 
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to be made between resolution on one side and size on the other. To simulate large operations, 
 and at the same time have high-resolution environment models in particular areas of interest in 
 the battlefield, it is possible to create multi-resolution environment models. For example if multi-
 resolution combat models are used, it is appropriate to use corresponding multi-resolution 
 environment models. 


A computer has a limited amount of memory, and environment models can be very large and 
 memory intensive. Environment models are therefore often divided into smaller tiles. Only the 
 tiles that are needed by the simulation are loaded into the computer's memory, and the tiles that 
 are no longer needed are released [72]. This functionality is often referred to as terrain paging. 


As we will come back to in Chapter 3.4.5, the tiles can also be streamed from a server. 


An environment model can either be geospecific, which means that it is representing an actual 
 real-world location, or geotypical, which means that it is generated from fictitious environmental 
 data representing what is typical in an area. 


The NATO Modelling and Simulation Group (NMSG) has created a whole new virtual continent 
 called Missionland,  that can be used for simulation exercises. Missionland is located in the 
 middle of the North Atlantic Ocean, and has a size of about 2,000 x 2,000 kilometres. The 
 following climate zones have been defined in Missionland: arctic, temperate, arid, and tropical. 


Furthermore, the following elevation profiles have been defined: flat, hilly, mountainous, and 
 cliff/fjord [73]. Figure 3.11 shows the location of Missionland. 


There are several professional software packages available for generation of environment models. 


Some examples are ArcGIS from Esri, Global Mapper from Blue Marble Geographics, 
 TerraTools from TerraSim, and Terra Vista form Presagis. 


Figure 3.11  The virtual continent Missionland is located in the middle of the North Atlantic 
Ocean. 
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