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Abstract

Norway is in the process of replacing their F-16 aircraft. The ambition to make use of the multi-role capability of the new aircraft implies an extensive combat training program (CTP) with various missions and events the pilots have to manage. The introduction of advanced flight simulators allows a larger amount of missions to be trained in a simulator compared to the existing F-16 training program. Hence, establishing an efficient training concept with the desired balance between training in aircraft and in simulator is important. 
FFI has developed a simulation model of the combat pilot training concept, called TREFF. The main purpose of TREFF is to identify and comprehend factors affecting the pilots’ ability to maintain their status as combat ready with respect to the CTP.

The overall capacity of the training system is limited by the number of available aircraft, simulators and working hours. There is a variety of factors affecting the time needed to conduct all the missions and events required. One is the CTP itself, including the number of missions, their frequency and the ratio between training in the simulator and the aircraft. Another factor is the pilots’ daily training schedule with respect to how they combine live and simulator training.  

TREFF is implemented as a discrete event simulation using the AnyLogic simulation package. This paper introduces the simulation model and provides some example results.

1.0
Introduction

A modern multi-role aircraft, such as the F-35, requires a more extensive training program compared to e.g. F-16 due to new capabilities, while budget constraints and operating costs tend to reduce the number of available flying hours. On the other hand, the use of advanced mission simulators connected in a network allows for a larger portion of pilot training to be conducted in a simulator. Additionally, in the longer terms, an LVC (Live, Virtual and Constructive) capability will allow pilots in real aircraft to train with pilots in simulators and constructive forces. According to [1] the use of simulators to reduce live red air
 sorties is one important benefit of LVC. A discussion on balancing live and virtual training can be found in [2].

Increased number of training sorties in aircraft and simulator requires an efficient training concept in order to minimize pilot workload. In this paper, a training concept includes the pilots, the training system itself, comprising a number of aircraft and simulators, a combat training program (CTP) describing the training requirements, and other constraints regarding e.g. working hours and flight periods. Thus, finding a balance between all these factors to minimize the pilot workload is a complex task, and requires efficient scheduling
.

FFI has developed a simulation model, TREFF, based on a model of the training concept. TREFF is used to analyse how important parameters affect the training of pilots and utilization of available resources of the training system. Of special interest is the number of working days needed for a pilot to fulfil the CTP, and thus maintain combat readiness. It is also desirable to minimize the number of flying sorties in excess of the minimum requirements of the CTP e.g. due to scheduling efficiency and red air sorties. Description of similar work can be found in [3], where an aircrew training model for operational fighter squadrons is described. The model in [3] is used to estimate how much operational training is needed by different categories of pilots and the minimum number of sorties that must be flown to satisfy training requirements. 

The simulation model described in this paper is developed in the FFI project “Support to F-35 Program Norway”. TREFF is used to perform analyses of the planned training concept for F-35 in support to the F-35 Program Norway.

This paper is organized as follows. Section 2 gives an overview of a combat pilot training concept, while section 3 describes a model of the training concept. The implementation of the model, TREFF, is described in section 4. Section 5 gives some example output. Section 6 concludes the paper. 

2.0
OVERVIEW OF a combat PILOT TRAINING concept

Combat pilot training is conducted as a combination of live (aircraft) and virtual training (simulator). The development of simulator technology combined with cost requirements will lead to increased amount of training in simulators compared to the current situation.
Combat pilot training is conducted at the main operating bases. A training system comprising a number of simulators, briefing and debriefing facilities, is co-located with the combat aircraft squadrons. A major change in the training concept for F-35 compared to F-16 is the use of simulators for tactical training. The typical fighting unit for combat aircraft is 2-4 aircraft, thus a number of networked simulators is required at each training facility in order to conduct tactical training. 
A CTP describes the training required for aircrew at different experience levels to qualify as “combat ready”. A CTP lists a number of missions that must be accomplished with a certain frequency (e.g. once per 180 days), and the ratio of simulator training versus live training. The CTP also states the number of aircraft necessary to train a certain mission.

A training mission, in simulator or aircraft, has to be planned, briefed and debriefed. Before a live mission, the pilots also have to put on their flight gear and participate on a step brief, where the supervisor of flying briefs the latest updates. The activities necessary to perform a training mission are shown in Figure 1. Time to plan, brief and debrief depends on the complexity of the mission, and whether the mission will be accomplished live or virtual. 
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Figure 1: Training activities.

Live training is allocated to defined flight periods, e.g. two time slots each day, and the other activities are laid out in time according to these. Simulator periods should be adjusted according to the flight periods in such a way that there is time for both virtual training and live training during a normal working day. In order to allow future utilization of LVC training, some of the simulator periods should coincide with the flight periods. 

3.0
Modelling the combat pilot TRAINING concept 

In the process of modelling the combat pilot training concept, there have been several meetings with experienced combat pilots from the Norwegian F-35 Program. A visit to one of the Norwegian F-16 squadrons was also arranged in order to get an impression of the everyday life at a squadron, and to consult their opinions on future challenges.

The model of the training concept mainly consists of a model of the training system, with pilots utilizing it based on a CTP and daily training schedules. In section 3.1, the model of the training system is presented. Scheduling algorithms determine how pilots and aircraft and/or simulators each day are allocated based on training schedules and number of trained sorties compared to the requirements in the CTP. The scheduling is presented briefly in section 3.2.

3.1
Modelling the Training System

As is the case for modelling of all systems, some simplifications are made. It is assumed that all pilots have the same average level of experience, in the sense that they have to fly the same number of missions, and that all pilots can take on every role in a fighting unit. The model does not take into account squadrons, which means that all pilots are assumed to be available when composing a fighting unit. The model also assumes steady state, i.e. no deployment, long term leave, etc. The effect of newly graduated pilots assigned to an operational squadron is not modelled. 

The CTP is represented in the model as a list of missions with information deduced from a proposed CTP. Instead of training frequency, the model of the CTP states the number of sorties per mission during one year. This simplification is made in connection with an assumption that the CTP can be simulated sequentially, starting with the first mission listed in the CTP. Such an approach simplifies the scheduling process, but complicates how the results should be interpreted regarding the number of days required to complete all sorties in the training program. Due to this simplification, the model can not be used to get information on the frequency of trained missions.
The model of the CTP includes time to brief, debrief and plan each mission, and number of pilots required for planning the mission. It also includes a proportion of flights where the roles of blue air
 and red air can be swapped, which means that the pilots starting out as red air on a mission can swap into the role of blue air, and the other way around. In this way, all pilots get valuable training. Table 1 shows the format of the model of the CTP. It is assumed that the pilots train one mission pr sortie.

Table 1: Format of CTP.

	MissionID


	Mission

Name
	Blue air
	Average sorties pr year
	Red air
	Time to plan [h]
	Time to brief [h]
	Time to debrief [h]
	Pilots planning
	Ratio of missions red/blue swap

	
	
	Min
	Des-ired
	LIVE
	SIM
	Min
	Des-ired
	LIVE
	SIM
	LIVE
	SIM
	LIVE
	SIM
	Min
	Des-ired
	

	1
	Mission 1
	1
	1
	2
	1
	1
	1
	1,5
	1
	1
	1
	1
	1
	1
	2
	1

	2
	Mission 2
	2
	2
	3
	1
	1
	2
	1
	1
	1
	0,5
	1
	0,5
	1
	2
	0,5
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	n
	Mission n
	4
	4
	1
	1
	0
	0
	1,5
	0,5
	1
	1
	1
	1
	1
	2
	0


The training activities that can be performed by a pilot a given day, including combining aircraft and simulator training, are defined by a set of daily training schedules, as shown in Figure 2. The training schedules take into account flight and simulator periods, time to brief and debrief, and if necessary, planning. In addition the number of working hours per day limits how the activities can be combined.
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Figure 2: Examples of alternative daily training schedules.

Aircraft and simulators are modelled as resources with certain availability. The number of aircraft available in each flight period is modelled as a Gaussian distribution with parameters based on results from the comprehensive model FLYT2# [4]

 REF _Ref302628623 \r \h 
 \* MERGEFORMAT [5]. There is also probability that all flights in a flying period can be cancelled due to poor weather conditions. The simulator availability is assumed to have a uniform distribution.

3.2 
Scheduling
Scheduling is a way of combining aircraft, simulators, pilots, missions and training schedules in the best possible way. This makes the scheduling process the most important and most complex process represented by the model of the training concept. The number of available aircraft, simulators and pilots vary each day, and the pilot’s achieved training hours are increasing, hence the scheduling is done on a day-to-day basis. 

The scheduling algorithms are based on the pilots being modelled as unique entities that each day go through a process mainly consisting of the activities in Figure 1. At the start of each day a pilot may be unavailable for training for reasons like attending a course, sick leave or vacation. The pilots available for training are prioritized according to their progression of the CTP.

The algorithm determines a mission based on a set of criteria for the pilot with highest priority. The first criterion demands that the pilot has not accomplished all sorties of the mission, either live or virtual. Second, the number of required pilots, aircraft and/or simulators has to be available. At last, there are criteria regarding the training schedules, e.g. whether the pilot can follow a given training schedule two days in a row. 

When a mission is decided upon, pilots and aircraft and/or simulators have to be allocated to the mission. As a main rule, pilots flying blue air are the ones with least accomplished sorties on this specific mission, while red air pilots are the ones with most accomplished sorties.

When a mission is set up with sufficient number of pilots and aircraft and/or simulators, the scheduling process starts all over with the remaining pilots. 

3.3 
Model Verification and Validation

Verification was performed by detailed examination of model output by tracing training progress for single pilots and a review of model output with experienced pilots. Validation of the model has been carried out by regular meetings with experienced pilots, where early results have been used as basis for discussion. In addition data for F-16 training has been used for validation by using the F-16 CTP as input to TREFF. 

4.0
TREFF

This section gives an overview of TREFF, which is the implementation of the model in the AnyLogic simulation tool. All input and output data is stored in a spreadsheet. 
4.1 
Simulation Model

TREFF is implemented in the AnyLogic simulation tool [6]. AnyLogic is a Java-based tool for simulation of discrete event models, agent based models and system dynamics models, or combinations of these [6]. TREFF is a discrete event model, based on objects from the Enterprise Library of AnyLogic. The library consists of objects such as queues, resource pools and delay objects that can be connected into a process that handles entities. An entity is a Java class that can be extended with variables and methods relevant for the system being modelled. 

Entities in TREFF represent pilots with variables such as the number of total live missions, the number of total simulator missions, pilot ID, etc. The top level view of TREFF shown in Figure 3 closely resembles the generic process presented in Figure 1. The four rounded rectangles are hierarchical models consisting of sub-processes, while all other objects are from the AnyLogic Enterprise Library [6].
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Figure 3: Top level view of TREFF.
Each day, the pilot entities go through the process, starting with a decision on which entities go to “scheduling” and which will stay in “absenceORwork”. In the hierarchical model “scheduling” Java code is used to implement algorithms for prioritizing pilots, finding a suitable mission and keeping track of acquired resources. The mission and the training schedule are two of the variables set in the scheduling process, and these are stored within each pilot entity.

The training activities are carried out according to the selected training schedule. Mission planning must be done one day in advance for those flying in the first flight period. This is taken into account in the model by allowing pilot entities to move from “scheduling” to either “brief” or “planning”. At the end of the day, before entering the queue “offDuty”, the training missions are logged. 

Figure 4 shows the content of the hierarchical model “training” from Figure 3. Pilot entities enter the process at the select object “simORlive”, consisting of conditions that determine whether the pilot shall perform live or simulator training. The conditions are based on which training schedule the pilots follow.
[image: image21.emf]
Figure 4: Training process in TREFF.

For live training, the schedule object “flyingPeriods” makes aircraft available in the resource pool “aircraftPool” at a given flight period. In “liveTraining”, the pilots start training or wait for available aircraft. When live training is completed, the pilots go to “decision1”, containing conditions determing whether they move forward in the main process, go to live training or to simulator training.

Simulator training is simulated by the same principles as live training. Besides the possibilities of live and simulator training, the entities have a third option from “simORlive”. This is used for pilot entities flying red air when simulator and live training are combined. They wait in “redAirWait” until the other pilot entities have finished their simulator training. 

4.2 
Input and Output Data

The input parameters are based on what is currently considered to represent the training concept in a realistic way. One of the main purposes of the model is to investigate alternative ways of organising the training by performing sensitivity analyses. Some important parameters that can be varied in simulation experiments are:

· CTP: the number of required missions, the number of pilots that is needed to conduct a mission, proportion of missions trained in aircraft versus simulator

· Resources: availability of pilots, aircraft and simulators 

· Alternative daily training schedules, i.e. how the training is organized

To keep track of all input parameters, including their values in different simulation experiments, a spreadsheet is used for storing input and output of TREFF. As can be seen in Figure 5, each column of the spreadsheet consists of a set of parameters that define an experiment. Results from a simulation of a given experiment are written to the same column, below the input data. The results are processed in other sheets in the same spreadsheet. 
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Figure 5: Extract from the Excel spreadsheet with input and output of the simulation model.

Storing all data, including the CTP, in a spreadsheet provides an easy way to ensure traceability between input and output data during the analysis. This also allows for flexibility in presenting simulation results and performing off-line analyses.

5.0
EXAMPLE RESULTS/analysis

This section presents some example results from TREFF. Results are shown for two simulation experiments where none of the parameters, including the CTP, are from a real case. Experiment 1 uses a squadron of 20 pilots, a mean value of eight available aircraft per flight period, four available simulators and a CTP consisting of 24 missions. Experiment 2 has the same parameters, except that the mean value of available aircraft is set to six.

From each run, the time at which all pilots have completed all sorties in the CTP is stored, and a histogram shows the distribution of the finishing times from all runs. The histograms with results from experiment 1 and experiment 2 are shown in Figure 6, indicating larger variance in the results from experiment 2. The average time to all pilots have completed the sorties is 269 days in experiment 1 and 284 days in experiment 2.
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Figure 6: Time to complete all missions in the CTP 
(experiment 1 to the left and experiment 2 to the right).
To get a better picture of how the training was performed, it is of interest to take a closer look at each mission in the CTP. The number of blue and red aircraft required to train a mission is given as intervals in the CTP, as shown in Table 1. Figure 7 shows how many red and blue aircraft that actually were involved in each mission. It can be seen that the additional aircraft in experiment 1 make it easier to compose fighting units according to desired numbers of blue air and red air stated in the CTP. 
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Figure 7: Average number of blue air and red air at each mission in the CTP.
The number of sorties per mission is expected to be somewhat higher than required by the CTP, because some pilots have to participate in sorties even though they already have completed all sorties on the given mission (scheduling efficiency). In Figure 8 the number of sorties from the simulation of experiment 1 (blue) is compared to the number of sorties specified in the CTP (black). Some extra sorties occur, but overall the scheduling has been satisfactory.
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Figure 8: Number of sorties per mission compared to requirements in the CTP.
The choice of training schedule is made by the pilot scheduling process. Figure 9 shows how often each schedule was used in the simulations of experiment 1 and experiment 2. It should be noticed that when the number of aircraft decreases, number of days at work without training (“other” and possibly planning) increases due to lack of training resources. 
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Figure 9: Use of daily training schedules per pilot in simulation experiments 
with a mean of 8 and 6 available aircraft per flying period.
In addition to the plots shown, there are a lot of other possibilities when it comes to extracting results from TREFF. The number of blue air sorties, red air sorties and simulator sorties per pilot and utilization of aircraft and simulators are examples of additional results.

6.0
CONCLUSION

The requirements for pilot training for future combat aircraft exceed those of the F-16. It is consequently especially important to design a highly efficient training concept. FFI has developed the simulation model TREFF in order to analyse how various factors of the training system, including the number of resources, training schedules and CTPs affect pilot workload and training efficiency. The model is designed to be flexible, easily accommodating different CTPs and training facility characteristics like simulator and aircraft availability. TREFF is currently in use to support the F-35 Program Norway in planning the future training concept for F-35.

Possible future extensions of the model include modelling effects of qualifying inexperienced pilots assigned to an operational squadron and take into account different pilot roles (wingmen, flight lead and instructor pilots). TREFF can also be used to investigate potential effects of future LVC training.
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� 	Red air is a pilot playing the role of adversary


� 	Scheduling is the allocation of pilots to aircraft and simulators to train a certain mission


� Blue air is a pilot flying a training mission
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