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�
ABSTRACT





This paper describes the development of a fuzzy logic decision support system for determining the mission effectiveness of special operations forces (SOF).  This system was developed to support analysis of theoretical SOF employment, but could be employed in support of real-world tactical decision-making.





The three developers of this system were Mr. Anthony Cowden, fuzzy knowledge engineer; Mr. Walter Merrick, retired SEAL and the subject matter expert (SME) for the project; and Dr. R. Scott McIntire, mathematician and software engineer.








INTRODUCTION





	Navy commandos, known as SEALs, operate under tactically and environmentally harsh conditions.  SEALs conduct many different tactical missions under a wide range of operational conditions, and are trained to operate under the water, on the water, in the air, and on the land.  The term SEALs is derived from SEa, Air, and Land.





	Some of the operational conditions that characterize a given mission include:





Type of mission (clandestine, intelligence gathering, sabotage, etc.),


The nature of the threat (well-trained and equipped, expectant, etc.),


Insertion and extraction type (sea, air, or land),


Element size and composition,


Mission phases, and


Tactical and environmental conditions.





	One of the challenges in employing SEAL teams is to estimate or evaluate the effect of mission conditions on overall mission effectiveness.  This is of concern to strategic planners, tactical commanders, and analysts engaged in developing and analyzing weapon and combat systems.








PURPOSE





	This paper describes the development of a methodology for evaluating SEAL team mission effectiveness.  The analysis focus of this project was the launch phase of a submarine-based SEAL mission.  The analysis was concerned with determining the effect on expected mission effectiveness of the numerous SEAL employment options available during the launch phase.





�
	The approach taken in this project was to develop a computer model that would quantify the effect of different launch options on mission effectiveness given various





SEAL element sizes,


Tactical conditions, and 


Environmental conditions.





	Launch options consist of the combination of launch method and SEAL mobility platform.  In general, launch method was divided into two broad categories: those submarines equipped with a reduced radar signature sail and those equipped with a standard sail.





	There are five SEAL element size options (number of personnel in a tactical team) to be considered, and the dominant tactical condition that applies to the launch phase of the mission is the distance from land.  In general, the further out from land, the greater the negative effect on mission effectiveness.  In addition, there are 13 environmental conditions that have been identified as having an effect on submarine-based SEAL missions during the launch phase.  These include:





Sea state (wave height),


Water temperature,


Current set (direction),


Current drift (speed),


Water visibility (feet),


Air temperature,


Humidity,


Wind direction,


Wind speed,


Air visibility,


Illumination,


Load towing/carrying, and


Exposure (warm, dry, cold, or wet).





	While the actual model that was developed addressed all of these tactical and environmental conditions, the scope of this paper will address air temperature, wind speed, sea state, and water temperature.  In addition, the scope of this paper addresses the 24-hour simulation developed to conduct testing of the model, as well as the output generated from running the model in the test environment.  The output of the model in this example is the expected mission effectiveness for a single combination of launch method, SEAL mobility platform, and SEAL element size.








RULE BASE





	The combinatory effects of the tactical and environmental conditions on mission effectiveness are represented by a set of heuristic rules, as opposed to definitional rules.  Definitional rules are based on specific knowledge and result in a firm declaration.  Definitional rules should be used where applicable, but the imprecise nature of most environmental data, especially forecasted data, requires that predominantly heuristic rules be used.  Heuristic rules can be based on intuitive, incomplete, or imprecise evidence that leads to an inference1.  These inferences can then be combined into a single opinion, decision, or discrete value.  A fuzzy logic inference engine is used in a rule-based expert system to combine the individual rule opinions and provide a discrete mission effectiveness output.





	The process documented in this paper involved the development of a mission effectiveness model (MEM) that evaluates the mission effectiveness of various SEAL employment decisions.  This model consists of a fuzzy logic expert system that represents the expert knowledge of a SEAL tactical planner, and uses as input information about employment options, tactical conditions, and environmental conditions.





	In general, the process for developing this model consisted of:





Selecting a commercially available fuzzy logic software toolkit;





Defining the effect of launch method, mobility platform, tactical conditions, and environmental conditions on the launch phase of a SEAL mission;





Defining the fuzzy logic variables and adjectives that will be used to address data imprecision and variability; and





Develop a tactical scenario to test and demonstrate model functionality.





Model Development Tool





	The commercially available fuzzy logic software toolkit used in model development was CubiCalc( by HyperLogic Corporation.  CubiCalc is a fully integrated fuzzy logic development system that runs on a PC under Microsoft Windows(.  CubiCalc supports the implementation of fuzzy systems using intuitive, grammar-like rules2.  Well-defined input and output parameters expressed as variables are the subjects and objects of the rules.  Powerful simulation and graphical capabilities are provided for modeling and tuning the fuzzy inference engine.  CubiCalc supports connectivity with other Windows applications through dynamic data exchange (DDE), and the RTC version supports generation of ‘C’ code for embedding within other applications3.





Mission Effectiveness Rules





	CubiCalc supports knowledge-based and decision-logic rules in the simple, yet robust, IF-THEN-AND-OR-ELSE format.  The specific source for SEAL employment considerations was a single subject matter expert (SME).  The knowledge engineer, working with the SME, quantified the cause and effect relationship between mission effectiveness and launch method, mobility platform, SEAL element size, and tactical and environmental conditions.  A number of simple rules were generated from this quantification which formed the basis for the expert rule base of the model.  Rules were developed to relate launch method, mobility platform, element size, and tactical and environmental conditions to mission effectiveness.  The rules were organized by the combination of launch method, mobility platform, and element size.  The following are some example rules for a specific launch method, element size, and mobility platform combination that address the following environmental conditions:





Air Temperature:


IF air temperature is Cold, THEN mission effectiveness is Medium


IF air temperature is Cool, THEN mission effectiveness is High


IF air temperature is Nice, THEN mission effectiveness is Very High


IF air temperature is Warm, THEN mission effectiveness is High


IF air temperature is Hot, THEN mission effectiveness is Medium


Wind Speed:


IF wind speed is Calm, THEN mission effectiveness is Very High


IF wind speed is Breezy, THEN mission effectiveness is High


IF wind speed is Windy, THEN mission effectiveness is Medium


IF wind speed is Blowing, THEN mission effectiveness is Medium


Sea State:


IF sea state is Calm, THEN mission effectiveness is Very High


IF sea state is Low, THEN mission effectiveness is High


IF sea state is Medium, THEN mission effectiveness is High


IF sea state is High, THEN mission effectiveness is Medium


IF sea state is Very High, THEN mission effectiveness is Very Low


Water Temperature:


Water temperature was not a factor for the particular combination of launch method and mobility platform used in the analysis for this paper.





	Additional rules address the other tactical and environmental conditions listed above.  In all, 111 rules were required to support all of the combinations of launch method, mobility platform, element size, and tactical and environmental conditions for the launch phase of a SEAL submarine-based mission.  It should be noted that the output of the rules is mission effectiveness.  Whether or not the mission is actually initiated would be a separate decision based on the mission effectiveness level.  A discussion of mission “abort” recommendations is contained in the next section.





Rule Variables





	In CubiCalc fuzzy logic terminology, variables (represented in italics in the rules above) are the antecedents and consequences of the logical expressions4.  The three general types of variables are:





Temporary - explicitly defined or derived in the simulation,


Input - used as input arguments to system rules, and


Output - derived from system rules.





	Variables are represented in italic text in the rules and include the following:





Air temperature, wind speed, sea state, and water temperature .  These are all input variables, and were modeled over a 24-hour period to serve as a test environment during model development.


Time.  This is a temporary variable.  Time was represented in minutes, and the test simulation preceded at 10-minute increments.


Start of morning twilight.  This is a temporary variable. The test scenario was configured to begin at the start of morning twilight, so its default value was zero and did not change throughout the simulation.


Sunrise.  This is a temporary variable.  Sunrise was defined to occur 60 minutes after the start of morning twilight.


Start of evening twilight.  This is a temporary variable.  Evening twilight was defined as starting 15 hours after the start of morning twilight (900 minutes into the scenario).


Sunset.  This is a temporary variable.  Sunset was defined to start 60 minutes after the start of evening twilight. 


Mission effectiveness.  This is an output variable.  Mission effectiveness was the primary output variable.


Abort.  This is an output variable.  This output variable was inversely related to the mission effectiveness level by the following rules:


IF Mission Effectiveness is Very High, THEN Abort is Very Low


IF Mission Effectiveness is High, THEN Abort is Low


IF Mission Effectiveness is Medium, THEN Abort is Low


IF Mission Effectiveness is Low, THEN Abort is Medium


IF Mission Effectiveness is Very Low, THEN Abort is Very High





Rule Adjectives





	Adjectives (represented by underlines in the rules above) are descriptors of variables and have both a range and a degree5.  The range is the set of values that apply to the adjective, while the degree is the degree to which the adjective applies to the variable on a scale from zero (does not apply) to one (fully applies to the variable).





	Multiple adjectives can apply to a single variable at any one time.  For example, water can be both cold and cool, to some degree.  Fuzzy logic provides a ready method for addressing uncertainties or transitional data.  For example, it is surprisingly easy for an SME to place a particular water temperature into the appropriate adjective definitions, and also to define the semantic rules relating water temperature to mission effectiveness.  It is very difficult, however, to say that a water temperature of ‘X’ degrees has some specific effect on mission effectiveness.





	Figures 1 and 2 provide examples of representations of input variables used in the model.   Figure 1 characterizes the input variable air temperature.  For this analysis, air temperature was described by five adjectives, from Cold to Hot.  The range and degree of each adjective were determined by the project’s SME and fuzzy system engineer.  There were clearly ranges of temperatures that fell entirely within each adjective, and the transitional range of temperatures was defined as linear functions intersecting at the one-half degree of membership point.





	When lacking empirical data or strong SME opinion on the exact definitions of variable adjectives, the following typical approach can be employed to define the variables: 


	


Identify the meaningful semantic adjectives, 


Identify the range of values that fully apply to that adjective, and 


Define a simple function that evenly transitions from one adjective to the next.





	Figure 2 characterizes the input variable water temperature.  The unique characteristic of this variable is that the adjective Nice was defined to be two ranges of values that bracket another adjective, Excellent.  Figure 3 characterizes the output variable mission effectiveness.  Mission effectiveness was the primary output variable generated, and was defined as having five adjectives.  The size of each adjective was defined to be the same, so that no single rule opinion would have an undue weight over another; otherwise, the range and shape of the adjectives are somewhat arbitrary.  This is a relatively typical way of defining output variables whose adjective shapes are not influenced by some empirical analysis.





Rule Weighting





	Each variable has an effect, relative to the effect of other variables, on mission effectiveness.  In the example provided in this paper, sea state and water temperature have an equal effect on mission effectiveness, wind speed is a more important consideration than air temperature, and sea state and water temperature are both more important than wind speed.  These relative relationships must be identified and quantified so that rule weights can be applied as simple multiplicative scalars to rule opinions.








RULE PROCESSING





	This process of knowledge acquisition, identification of variables and adjectives, identification of absolute and relative effects of variables on mission effectiveness, and representation of SME knowledge results in a weighted expert rule base.  Fuzzy logic is used in implementing this rule base to address the imprecise nature of the knowledge domain.  The use of fuzzy logic also allows for the semantic structure of the rule base to be retained, which provides for easy review and validation of the rule base by non-programmer SMEs.  An additional advantage of this approach is that the output of individual rules can be traced and recorded, which aids the developer in system testing, and can be used by the end user to help understand how the system arrived at certain decisions.





�
Rule Evaluation





	Given a set of inputs, each rule is evaluated to determine its “opinion” as to mission effectiveness.  Opinions are adjusted, weighted, and combined, and a discrete determination of mission effectiveness is determined through	


	


Fuzzification,


Defuzzification, and


Rule weighting.





	During rule execution, each rule results in an opinion during each time step, expressed as the geometric shape of an adjective of the associated output variable.  This opinion is adjusted by the activation degree of the rule.





	The process of adjusting the opinion is to modify the shape of the output variable adjective.  This modification by the activation degree is typically conducted in one of two ways (although there are a number of others).  Scaling, or correlation-product encoding, maintains the overall shape of the output variable.  Truncating, or correlation-minimum encoding, truncates the output variable, often resulting in an object of radically different shape6.  Examples of correlation-product and correlation-minimum encoding are provided in figure 4.





	The activation degree is determined by the degree to which the adjective applies to the input variable.  For example, if the rule is “If wind speed is calm, then mission effectiveness is high,” and the wind speed is 10 knots, then the activation degree would be 1.0, and the shape of the output variable would undergo no modification.  However, if the wind speed was 15 knots, then the activation degree would be 0.5, and the “opinion” of the rule would count for much less.  An activation degree of zero would essentially result in the rule having no opinion at all7.





	All of the rule opinions are weighted by their associated rule weights.  Rule weights are typically applied as a multiplicative scalar, and again serve to adjust the shape of the output variable adjective.  Finally, all of the opinions are overlaid and combined pointwise into a single geometric shape.  This process of pointwise summation is illustrated in figure 5.





	The defuzzification process is the process of deriving a single combined opinion from the output of all of the rules.  In centroid defuzzification, the centroid, or point at which the combined shape would balance, is found, and that point represents the single combined opinion.  In discrete defuzzification, the shapes of the individual rules are not combined.  The single output adjective (opinion) that has the greatest peak value is deemed to be the best opinion.





	In general, discrete defuzzification is often used when the desired output is a discrete binary decision or recommendation (yes or no, stop or go, buy or don’t buy, etc.).  Centroid defuzzification is often used when the desired output is more continuous in nature, as found in many control or trend analysis problems.  In the case of this investigation, centroid defuzzification was used to generate relative rankings of mission effectiveness for a range of employment options.�
MODEL RESULTS





	The system output consists of mission effectiveness for each launch method and mobility platform combination, reported on a scale of one to five.  The system was configured to calculate mission effectiveness for each applicable launch method and mobility platform combination, for a given set of tactical and environmental conditions.





	System testing was conducted using a simplistic model of air temperature, sea state, water temperature, and wind speed changing over a 24-hour period (as described above in the variable logic).  Basically, as the sun rises it warms the air, wind speed begins to increase in response to increasing air temperature, sea state starts to increase as wind speed increases, and finally water temperature starts to increase.  After reaching maximum values in the early afternoon, the environmental parameters remain constant until they start to decrease in response to evening twilight and sunset. 





	Running the MEM against this environmental simulation results in a graph of relative mission effectiveness over that period, which provides a tactical commander with information on the best time windows within which to conduct the launch operations, as well as the duration of favorable launch times.





	Figure 6 is a graph of a sample output from this test analysis.  The sea state, mission effectiveness, and abort values have been multiplied by a factor of 10 for display on this graph.  In addition, since water temperature has no effect on mission effectiveness for the selected launch method and mobility platform combination, it has not been displayed on this graph.  





	From the rules provided previously, sea state is the predominant determinant of mission effectiveness for the modeled environmental conditions.  While increasing wind speed has an early negative effect (from about 100 to 300 minutes), mission effectiveness really starts to drop off as sea state goes from three to four (from about 350 to 450 minutes).  Interestingly enough, as air temperature passes through the nice region (around 300 minutes), it actually has an improving effect on mission effectiveness despite the negative effect of increasing wind speed. 





	As an experienced tactical commander might have predicted, the best time to conduct this phase of the mission would be in the middle of the night when wind speed and sea state are under the most favorable conditions (see figure 6, 1100-1400 minutes).  However, the interaction of the 4 environmental conditions, as well as the effect of the other 9 variables identified for the launch phase of a mission, are not always as clear and predictable.  In addition, tactical commanders are not always able to choose the optimum time to conduct operations, so information as to relative levels and duration of mission effectiveness would be of great value in mission planning.








�
SUMMARY





	Although limited in scope to the launch phase of a submarine-based SEAL mission, this model clearly demonstrates the broad applicability of this approach to other tactical decision-making problems.
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Figure 1.  Input Variable Air Temperature
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Figure 2.  Input Variable Water Temperature
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Figure 3.  Output Variable Mission Effectiveness
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Figure 4. Correlation-Product and Correlation-Minimum Encoding


�
�





Figure 5. Pointwise Summation
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Figure 6.  Test Analysis Output�
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