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Introduction

Cargo airlifts are an essential part of disaster relief missions and military campaigns. Due to their varied and
unique mission requirements, the operational planning and optimal design of the aircraft are difficult tasks,
yet crucial for success. This complexity is furthered considering that cargo airlifts are often distinguished into
2 separate parts: a strategic airlift, based on inter-continental travel, and a tactical airlift, which considers
the last mile delivery to the final destination. The aircraft in strategic airlifts are designated with traveling
great distances carrying as much cargo as possible, making their designs tailor made for these operations.
Despite this, the time severity of airlifts and extreme cargo demands result in strategic aircraft being over-
utilized. As years go by and the aircraft approach a hastened retirement; the cost of the aircraft makes them
operationally infeasible, substantiating future aircraft design. Designing future aircraft to ensure that they are
capable of withstanding the volatility of airlift environments is a difficult process. Most aircraft design loops do
not consider the direct effects of the design parameters on the aircraftôs expected operation. Subsequently,
the aircraft outputted by these loops may be sufficient for standard operation, but may under-perform in other
extreme operations. The likelihood of extreme airlift events, like natural disasters, is low, but the impact of
these risks is significant enough to result in mission failure. Thus there is a need to evaluate aircraft fleet
and operational resilience when faced by such black swan events.

To solve this problem, this work proposes a framework for coupling aircraft design, fleet planning and
operational logistics to the airlift performance. This can be done by having an aircraft design toolôs outputs
be linked to the inputs for an airlift modelling tool, which can then be used to evaluate the aircraftôs per-
formance in its intended operational environment. Naturally, this requires a robust airlift model. Few airlift
modelling tools are publicly available, especially ones that incorporates the potential extremities and cap-
tures the unpredictability of airlifts. As such, the goal is to develop a simulation tool which encapsulates the
standard aspects of airlift in addition to uncommon events that can be mission compromising. Then, through
measures of effectiveness (completion time, cargo throughput, cost, etc.) and measures of performance
(utilization rate, travel distance, etc.), inputs corresponding to design can be directly linked to the output
mission performance.

This work is done in part with the German Aerospace Center (DLR). DLR offers a python based simu-
lation that can be expanded to include airlift operations and model aircraft as they carry cargo from origin
to destination. By having a multitude of customizeable, parameterized tool inputs, the framework can be
applied to a variety of scenarios subject to user input. Stochastically modeling unpredictable events offers
users a holistic and robust analysis of different designs as they perform the airlift. To handle the result-
ing dynamic operation environment, the simulation employs agent-based modelling, easing the analysis of
emergent behaviors and risk assessment within airlift system of systems. An illustration of the frameworkôs
capabilities is explored by varying the multiple inputs in a DoE so that a sample trade space is obtained. The
desired prospect of this work is to provide a more definitive, experimental playground that exploits system
of systems behaviors for the formulation of future top-level requirements.

This thesis is broken into three parts: a scientific paper in chapter 1, a literature study in chapter 2 and
supporting work in chapter 3. The scientific paper is where the bulk contributions of this thesis can be found,
detailing the methodology and evaluating results in hopes to answer the problem statement through relevant
conclusions. The literature study is an extended analysis of the supporting literature used in the scientific
report in the initial exploration of the thesis topic along with the derivation of the research problem and
associated planning. The last section contains additional analysis of the thesis models, such as simulation
verification through time step and sensitivity analyses.
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An Agent-Based Modelling and Simulation
Framework to Support Strategic Cargo Airlift

Evaluation
Nikolaos M. Kalliatakis

Delft University of Technology, Delft, The Netherlands

Abstract
When there is a need to move cargo across the world in the fastest possible man-
ner, airlift is the prime solution. Due to the potential extreme requirements of airlift,
aircraft have to be capable of performing in a myriad of operational environments.
To support future aircraft design loops, this work proposes a framework which
couples aircraft design and operational effectiveness in an agent-based simula-
tion, allowing a more direct evaluation of design choices. Aircraft are modelled
with inputs akin to typical design tool outputs, and airlift operational objectives
and events are parameterized to allow for user customization and mission tailor-
ing. To deal with stochastic and unexpected events that occur within airlifts, such
as aircraft servicing, cargo demand reformulation and airbase access restriction,
the aircraft and cargo are modelled as agents and managed by a dispatcher. Air-
craft bid for cargo with flights which are configured by the dispatcher, allowing
cargo to choose its flight path according to the airlift objective. Through analyzing
a theoretical disaster relief mission, the impact of disruptive events on airlift time,
cost and cargo throughput is shown to be significant, motivating their inclusion
in future analysis. An exploration of aircraft design and airlift objectives is also
analyzed, which highlighted the variance in airlift performance due to changes in
aircraft payload-range and operational logics. The results demonstrate the frame-
workôs ability to capture the varying complexities of the airlift system, exemplifying
its utility in future airlift and aircraft design optimization and resilience testing.

Keywords: Strategic airlift, agent-based modelling and simulation, aircraft design,
HA/DR

1 Introduction
In times of emergency, the rapid movement of cargo assets around the world is highly critical. Upon a
natural disaster or other crises, foreign and domestic governments seek to offer prompt humanitarian aid
and disaster relief (HA/DR) material to the afflicted area(s). Similarly, in wartime scenarios, militaries are
responsible for the swift, international movement of supplies, vehicles and troops to support bases and
operational areas. Despite the cargo sizing and content differences, both military and HA/DR missions
have stringent time horizons and seek to minimize costs and maximize cargo throughput.

Cargo airlifts operate based on a hub-spoke delivery system to maximize cargo throughput whilst pro-
moting fuel and cost efficiency. The transit of cargo between hubs across the world is termed strategic
airlift, and the following delivery to the final destinations (spokes) is termed tactical airlift. Since strategic air-
lift requires aircraft to travel inter-continental distances with as much cargo as possible, the aircraft choice
is constrained. Only aircraft with extraordinary payload-range capabilities are adapted to conduct these
movements. Examples are the C-5 Galaxy and C-17 Globemaster [1]. Limited selection and the unpre-
dictable requirements of each airlift can result in these aircraft being over-utilized, hastening their fatigue
and inflating already high airlift costs.
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Based on air frame structural fatigue projections, it is predicted that by 2040, the C-17, and by 2050,
the C-5M, will be unable to satisfy airlift requirements [2]. Designing and manufacturing a future aircraft to
replace the current fleet should be done before this time. To promote cost minimization whilst maintaining
high reliability and utility, aircraft design loops should incorporate the impact of each aircraft design choice
on the intended operational environment. Unfortunately, conventional aircraft design processes do not do
this [3], often due to the difficulty of obtaining a reliable operational model which can be used to monitor the
aircraftôs performance Considering the multi-variate use case of strategic airlift, a robust model that is able
to reflect different situations and environments is required. Few of such models are publicly available and
they do not entirely capture the volatility of airlifts. Events such as aircraft servicing, the introduction of new
cargo demands, or even sudden airbase unavailability, are examples that greatly change the operational
environment and the corresponding aircraft performance. The problem is thus two-fold: the absence of
a defined framework that couples strategic cargo aircraft design to its operational performance, and the
development of an underlying airlift model.

The goal of this work is to therefore create a framework that allows for aircraft performance evalua-
tion within a strategic airlift. This will be done by creating a strategic airlift modelling tool that incorporates
airlift complexities and their resultant effects on aircraft operation. To holistically evaluate different aircraft
designs in different airlift environments, the tool will also have user-customized inputs that dictate the op-
erational logic for flight scheduling and planning along with airlift specific variables, such as detailing the
aforementioned volatile events. The tool will then output several different mission effectiveness measures,
such as total airlift time, cost and fuel usage and the total cargo delivered. Alongside this, aircraft perfor-
mance measures such as scheduled flights, load factors and utilization rates can be compared. In such a
way, modifications to aircraft design, fleet structure and operational parameters (assumptions and planning
objectives) can be evaluated to determine optimal -or most resilient- designs in a myriad of circumstances.
Through agent-basedmodelling (ABM), emergent behaviors and the complex effect of risks, like unexpected
events, on the system of systems (SoS) is better captured. A visual representation of the proposed design
framework is shown in Figure 1.1

Figure 1.1: Framework overview

This report will first begin with a review of state of the art literature that developed airlift models to solve
similar problems or can be used as a basis for this research. This is done in section 2. With this information,
the methodology used in the creation of this researchôs airlift modelling tool and a definition of the analysis
setups is defined in section 3. The setups are then evaluated and a trade-space including different aircraft
designs is explored to demonstrate the toolôs capabilities in section 4. Finally, concluding remarks on the
research relevant to the problem statement is done in section 5.
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2 Literature Review
Literature was filtered to focus primarily on strategic airlift model development, however tactical airlift mod-
els can be useful given the framework of aircraft design evaluation. Noteworthy airlifts in history, such as
Operation Desert Shieldstorm (1990) in Iraq and Enduring Freedom (2001) in Afghanistan exposed issues
with airlift planning and efficiency [4]. In Desert Shieldstorm, C-17ôs had not been fully acquired, resulting in
reliance on C-5 aircraft. The over-utilization and large cargo demands on the aircraft delayed schedules and
resulted in cargo pile-up [4]. Even with the C-17ôs introduction, aircraft servicing issues due to aging C-5ôs
and redundant flight scheduling hindered Enduring Freedomôs cargo throughput and inflated costs. These
movements motivated airlift literature within the past 2 decades to focus on airlift planning, with mathematical
models using different metrics to better plan aircraft choice, cargo allocation and flight routing.

Airlift planning literature is important as it governs how and which aircraft fly throughout the mission. A.D.
Reiman [5] implemented nodal reduction heuristics to characterize different aircraft routing points (airbases)
and then evaluated the different route combinations to determine optimal routing. Best routes were those
with a high fuel efficiency index, which he defined as the ratio of cargo throughput to the fuel burn for a given
distance [5]. An alternative formulation on route determination is proposed by P. Mogilevskyôs Disaster
Relief Airlift Planner (DRAP) [6]. DRAP is an integer linear program which considers the cost per flight and
resource delay to determine the optimal flight path. Unlike Reimanôs research, DRAP incorporates time
effects, by aiming to prioritize timely or late deliveries as opposed to failed deliveries. The definition of cost
per flight can be useful in this research as it was simplified to the fuel cost and cost per flight hour [6].
Additionally, despite modelling aircraftôs payload-range capabilities as linear, sufficiently accurate results
could be obtained[6]. Both of these route metrics can be expanded to allow user decision making in flight
prioritization, preferring delivery time to fuel consumption for example.

M. Toydas [7] compared flight planningmodels with and without aerial refuelling, with the distinction being
the inclusion of a rendezvous point for aerial refuelling which requires a detour. The planner uses great-circle
distances to determine true flight distance between the areas and models fuel consumption with a non-linear
function of airspeed, altitude, gross weight and flight distance [7]. By prioritizing earliest arrival times, results
reflected a reduction of 160 hours by using aerial refuelling from an original time of 690.9 hours [7]. The
inclusion of intermediate bases is also explored by R. Barwell [8], who created a set of discrete event models
in a simulation to model a strategic airlift within the Canadian arctic. Airbases were modelled with GPS
locations, and aircraft performance was based on a bulk speed and their available pallet position equivalent
(PPE) spaces [8]. The work then compared several airlift scenarios which included an intermediate airbase
between a set of origin and destinations and analyzed the impact of varying this intermediate baseôs location.
By positioning the support base closer to the final destinations, airlift times were reduced, highlighting the
importance of base location on airlift success [8]. Both aerial refueling and intermediate bases function
similarly; they increase the payload-range of the aircraft by allowing for additional refuelling. Thus, at least
one of these aspects should be incorporated in a robust airlift model.

In terms of combining aircraft design with airlift models, there are few authors who researched this.
For strategic airlift, C. Iwata et al. [9] made a strategic airlift comparison (SAC) tool for motivating C-5
upgrades as opposed to further C-17 acquisition. SAC relies on user inputs to model flight paths, but uses
a developed payload-range diagram for each aircraft. The toolôs results showcased that the re-engined
C-5 (C-5M) can provide a higher cargo throughput whilst reducing fuel- reducing costs and bettering the
airlift [9]. It was shown that the impact of airbase temperature and elevation on the aircraft was insignificant
unless in extreme conditions [9], and thus will be neglected in this work. For tactical airlift, C. Weit et al.
[10] made a discrete event simulation model for VTOLs delivering HA/DR supplies to Fijian islands. Within
the work, the authors used a stochastic servicing model based on break rates to determine maintenance
delays, but this only functioned to delay departure, meaning no checks were done to see if cargo could
be shifted to an alternative aircraft. They also evaluated sensitivities in the VTOL design parameters, such
as a 25% bulk speed increase[10]. The modifications were not evaluated on the design itself and seen
as independent. Due to the smaller scale of tactical airlift, certain sensitivities were inconclusive, like fuel
consumption increases [10]. In spite of this, the research offers a framework to develop this thesisô strategic
airlift model, incorporating aircraft design into the operational effect and the utility of a stochastic servicing
model.

Cargo allocation/ aircraft selection literature can be used in conjunction with route planning to better plan
airlifts. J. Maywald et al. [11] created an aircraft selection model (ASM) which incorporated tactical airlift
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vehicles such as the C-130J-30 Super Hercules into an airlift along with C-5Aôs and C-17ôs to evaluate the
effectiveness of smaller aircraft in the fleet. The loading algorithm prioritizes aircraft with the lowest pallet
utilization relative to their maximum allowable [11]. This tool was then used with A.D. Reimanôs [5] routing
model in a sample airlift movement. Results highlighted that fleets comprised of Super Hercules had a
reduced movement cost due to improved fuel usage [11]. That being said, the authors noted the importance
of maintaining larger aircraft fleets with C-5ôs due to their unique ability to carry outsized and oversized cargo.
This conclusion is shared in previous studies, like the RAND Corporationôs [2]. Even the best theoretical
future airlift fleets planned for introduction in 2050, which use commercial derivatives of Boeing 747ôs and
blended wing bodies, require C-5Môs to substantiate the transition and comply to airlift requirements [2].

To deal with unexpected disruptions in flight schedules and routing, authors have analyzed the effect of
using a civil reserve fleet to support the main airlift fleet. G.A. Godfrey et al. [12] proposed an auction and
bidding model aid in assigning different flights to a set of commercial airliners. By aiming to improve profits
amongst commercial airliners, the model incentivizes their participation, which helps reduce the airlift costs
and completion time by up to 50% [12]. The model also allowed for flight swapping between airliners when
mutually beneficial. This aspect could be further expanded in this thesis, by using flight swapping when
schedule disruptions occur, such as aircraft servicing. Sometimes in HA/DR and military missions cargo
demand can vary from an initial estimation, which results in an sudden reformulation. This reformulation can
lead to over-utilization and burdening planners with rescheduling. T.J. Leonard [13] aimed to deal with this
by using forecasted demand based on monthly data for international airbase demands to determine when
to request reserve fleet assistance. Despite aiding in planning and reducing costs, this formulation falters
when airlifts feature black-swan events or natural disaster development, making it difficult to accurately
predict new cargo changes. Thus, there is still a need for a work that features cargo reformulation and other
disruptions and their effect on the airlift.

Overall, there is a gap in literature for the development of a framework that couples aircraft design to
its operational effect in a strategic airlift, which also allows for objective-customization and disruptive event
modelling. With the different techniques mentioned above, this thesis can adopt some of models for its
methodology. Notably: the route planning models, such as nodal reduction techniques and route evaluation
with fuel and cost efficiency and time delays; aircraft models, such as stochastic servicing, pallet capacity
and cargo volume utilization and the use of a bulk velocity for aircraft performance; and operation models
such as flight allocation with bidding models. A visualization of the conclusions of this literature review and
the gap this thesis fulfills is shown in Figure 1.2.

Figure 1.2: Thesis fulfillment of problem and knowledge gaps
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3 Methodology
To provide a framework that couples aircraft and operational design directly to their mission effectiveness, the
respective complexities of aircraft and operational design must be combined within the cargo airlift mission
complexity. Encapsulating the multi-dimensional complexity of the cargo airlift operation is done through a
modelling and simulation (M&S) approach. The benefit of M&S is the ability to have a ground-up develop-
ment, where each detail and interaction can be defined between different systems, whilst allowing the user
to visualize their inputs in the simulation. Moreover, agent-based modelling (ABM) can be employed, where
entities or logic flows can be made independent, promoting automated thinking and response to simulated
activities [14]. This chapter will detail the different methods employed in the creation of this framework,
starting with the creation and development of the simulation model, then the operation modelling (including
cargo creation and assignment and airbase modelling), and finally modelling of aircraft within the simulation.

3.1 The basics of the simulation
Within the tools provided by DLR, a python based simulation toolkit, System of Systems Inverse Design
(SoSID), is present. SoSID, originally developed to simulate electric vehicles in use cases such as aerial
wildfire fighting and urban air transport [15], functions by using ABM on several entities (aircraft, airbases,
passengers, etc.). SoSID was chosen to be developed in this work, expanding it to larger use cases like
strategic cargo airlift, using conventional, fuel-burning aircraft. Although not typically applied in this use-
case, ABM benefits over other modelling schemes by offering a method to test risk management against
a set of òblack swanò events, analyzing the emergent behaviors of the SoS. An example would be the
development of an earthquake into a tsunami into a nuclear disaster as occurred in Japan in 2011. ABM also
sets the foundation for future work in this framework, providing an intuitive and logical method for developing
additional disruptions and airlift systems. The simulation functions by using mission time, map region and
agent features (aircraft, airbase, cargo data) and providing a visual overlay displaying the airlift operation.
Once the simulation is ended, an output file is generated, which details the overall airlift performance metrics
(completion time, cost, fuel, cargo present/ missing, etc.) and aircraft data (flights, load factors, distance
flown, cargo carried, etc.).

To develop the use-case for strategic cargo airlift, the SoSID model is upgraded to include:

1. the creation of cargo models which incorporate key cargo requirements:
Å Planned cargo- forecasted and created at mission initialization.
Å Spontaneous cargo- stochastically generated and is only created at specific time intervals; this
represents cargo demand reformulation in lieu of unforeseen events.

2. the modeling of conventional aircraft which requires a defined fuel consumption model and servicing
models

3. the modeling of airbases including a model for defining airbase accessibility changes due to ramp
servicing or other effects

4. mission scheduling and route planning developments to allow for greater user customization and re-
sponse to disruptive events.

These developments are further detailed in subsection 3.2 and subsection 3.3.

Since the simulation needs to model operations spanning several days, a time step is used to schedule
the occurrence of events or agents actions. Per a real-time second, multiple time steps are taken depending
on the computational strength of the machine. A default time step of 60 seconds is chosen as this offers
consistent results while benefiting from a swift computation (further details can be found in chapter 3).

The time step and all other customizeable inputs are specified in an input file. This includes general
simulation parameters (time step, map bounding box, maximum run time etc.) as well as mission specific
parameters (objective weights, cargo loading time, airbase turnaround time between takeoffs, fuel cost per
kg, etc.). Airbase and cargo information is also specified (see subsection 3.2. The aircraft are included
in this input file, however to standardize design loops, the aircraft specification in simulation input file is
limited to a file name containing the aircraft performance data (see subsection 3.3) and the locations of the
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aircraft with respect to the airbase definitions. Given the multitude of customizeable inputs, default values
are instated in the simulation when the user does not include the parameter in the input file.

Several customizeable inputs pertain to stochastic elements. Since there are several stochastic ele-
ments in this simulation, such as aircraft servicing and cargo generation throughout the operation, each
mission is run 15 times. This guarantees a convergence of less than 1% error in mean cargo delivery suc-
cess. The analysis is associated with the time step analysis, found in chapter 3. Cargo delivery success
is a Measure of Effectiveness (MoE) defined in this work and represents the percentage of cargo that has
successfully arrived at its destination by the time the simulation ends. A delivery success less than 100%
represents a ôfailedô mission since not all cargo is able to be delivered by the end of the mission.

3.2 Operation modelling
The simulation operates via creating airbases, creating cargo and aircraft at airbases, creating flights with
cargo and assigning them to aircraft, and then conducting said flights. This section discusses the details of
airbase creation, cargo creation, and the important process of cargo assignment. To aid in individualized
operation modelling, each aircraft, airbase and cargo is modelled as an agent in the ABM framework. The
interplay between these different agents is monitored, controlled and initiated by a dispatcher agent, whose
physical analogue would be an air traffic operator and flight planner.

3.2.1 Airbase implementation

One of the first parameters the user inputs into the simulation are the airbases. The airbases are the baseline
for cargo and aircraft flight planning since they are the origins, destinations and refuelling/ service points.
Each airbase input requires a name/ identifier and a corresponding GPS coordinate. The identifier is used
for later reference when inputting cargo requirements and aircraft initialization. The airbases can also be
expanded with information such as their available ramp space (how many aircraft can be there at a given
time) and fuel pump rates. For this work, capacity is set to 10 aircraft for each airbase and fuel pump rates
are set to 300 gallons/ minute (å15.4 kg/s) which is a conservative estimate for air force bases [10].

The next detail of the airbase implementation is for new cargo generation throughout the simulation. The
user can specify whether the airbase is able to generate or consume cargo, including the specific cargo type
it can generate and/ or consume. When new cargo is generated in the simulation, the cargo is randomly
created at one of the generator airbases and is assigned a destination corresponding to a random (different)
consumer airbase. Lastly, the user can specify aircraft that are restricted from landing at the airbase. This
capability is a simplification for when an airbaseôs conditions (elevation, field length, etc.) are not sufficient
for the aircraft to land at. Restricted access can also be used dynamically, so that an airbase can restrict or
enable new aircraft access in the middle of the operation. This allows for aspects such as airbase servicing
where aircraft may not be able to land/ takeoff due to damaged runways or other afflictions.

3.2.2 Cargo creation

Within the basis of HA/DR or military airlift, cargo requirements are often detailed in time phased force de-
ployment data (TPFDD) [16]. This denomination provides the identifier code for tracking purposes, the origin
and destination airbase, required arrival data, the sizing classification (out-sized vs oversized vs nominal)
and required pallets and load per cargo amount. A derivative of TPFDD is used in this work to detail the
cargo for creation purposes and aid in user accessibility.

Cargo is initialized with an identifier string, which can be customized by the user. After, the origin airbase
and destination airbase are specified. The cargo mass and pallet position equivalent (PPE) spaces that a
single amount of that cargo occupies is also required. Since these values are quite significant for determining
the payload-range capabilities of the aircraft, base values for common cargo types (food, water, generic
armored vehicle, VTOLs, etc.) are provided for. The last aspect to initialize cargo is the required arrival time.
This value is dependent on the different flight route times, which themselves are dependent on the aircraft
performance capabilities and the airbase locations. To reduce the computational expense, the required time
of departure (RToD) is employed. RToD is easier to verify with flight scheduling and is can be viewed as a
simplified analogue to required arrival time.
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An example of the cargo creation modelling input is shown in Table 1.1. The water and food information
corresponds to a single case (amount) of the cargo.

Table 1.1: Cargo initialization model

Identifier Origin Destination Mass PPE RToD
Food Travis Subang 500 0.25 4
Water Travis Subang 1000 0.25 3
... ... .. ... ... ...

Cargo can be created in three ways within the simulation. Planned cargo represents the cargo the airlift
was originally created for and is present at initialization. Spontaneous cargo represents the reformulation
of cargo requirements in lieu of a changing airlift environment. The last form of cargo is reinstated cargo,
which is when already created cargo undergoes a scheduling problem that requires it to be reprocessed for
a new flight path.

Spontaneous cargo is randomly generated, where each type of cargo has its own generation chance. If
spontaneous cargo is generated, an origin and destination pair is selected based on the airbases labelled
as generator and consumer (see subsubsection 3.2.1). The RToD is then assigned to be a random value
between 2 and 5 days. Spontaneous cargo can be generated multiple times depending on the seedôs RNG,
giving each run a unique instance of spontaneous cargo. In reality, new cargo requirements will only be
added to the airlift some time after it begins. To model this, a time interval is specified, which details the
number of days from initialization that spontaneous cargo is created. By default this value is set to 3 days
from the mission start.

Reinstated cargo is a result of scheduling problems like aircraft servicing delays- disrupting connecting
flights- or from airbase accessibility changes- preventing aircraft from reaching the cargo. Reinstated cargo
maintains the original cargoôs requirements but has a different flight scheme from the point the scheduling
changes take effect. In effect, the amount of reinstated cargo throughout the operation is a measure of
scheduling disruptions that occur due to effects such as aircraft and airbase servicing.

3.2.3 Cargo assignment and route planning

When cargo is created and added to the simulation, it is processed by a dispatcher agent which determines
optimal flight paths and presents the cargo different flight schemes that fulfill these paths. The cargo then
chooses the best flight scheme that produces the earliest arrival time. Optimal flight paths are determined
per aircraft type. Nodal reduction is applied to the airbases, using their GPS coordinates, upon which
each set of available routes is looped through to find the flight path which provides the greatest mean Fuel
Efficiency Index (FEI) (from A.D. Reimanôs work [5]), shown in Equation 1.1, where represents flight legs.
This ensures maximum cargo throughput depending on the aircraftôs payload-range capabilities.

=
♯ [km]ⱥ [tons]

[tons] (1.1)

Once the optimal routing is found, each leg of the route is bid for by aircraft, with the best flight winning the
cargo. This process prioritizes scheduled flights instead of new flight creation. Doing so ensures that already
scheduled flights (even deadheads) maximize their cargo/ fuel performance before creating new flights. If
no scheduled flights are able to accommodate the cargoôs required departure time, volume or mass, then
new flights are checked for creation. Each aircraft proposes a prospective flight for the leg. To determine
a prospective flightôs departure time, the aircraftôs flight schedule is looped to find the earliest time the flight
can occur without compromising other cargo on the aircraftôs schedule. Slotting in new prospective flights
also considers any deadhead flights, with no cargo, that would be required to ensure that the prospective
flight is connected to the preceding and succeeding cargo flights. In addition to the flight time, aspects such
as refuelling time, taxiing, aircraft runway availability and loading and unloading times (assumed to be 15
minutes each) are considered. By the end of this, a set of viable flights (scheduled or prospective) which
fulfill the cargoôs demand and flight leg are collected. The last step is the determination of best flight, which
is accomplished by discretizing the flight details into a value function so they can be compared.
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The function is shown in Equation 1.2, where represents the user-defined weight and the ^ on each dis-
cipline indicates normalized values. Normalization is done based on the maximum value of each discipline
amongst all the aircraft bids for the flight.

= ⱥ ˿ + ⱥ ˿ + ⱥ ˿ + ⱥ ˿ (1.2)

refers to the difference in time (seconds) between the flightôs departure time and the current simulation
time. refers to the change in flight hours the new flight incurs. and refers to the fuel
and cost changes due to the new flight plan. The best aircraft is then chosen by finding the bid with the
lowest value, as each discipline represents a negative contribution. For example, a high value means
the flightôs departure time is far in the future which is undesirable. If multiple aircraft have the same bid, the
aircraft with the fewest scheduled flights is chosen.

= ( ) (1.3)

The procedure is outlined in Figure 1.3. If cargo is present at an airbase that undergoes accessibility
changes, cargo may be reinstated with its original requirements at a new generator airbase. If still no flights
are possible, then the cargo is marked as a failure.

Figure 1.3: Process flow diagram for cargo assignment

3.3 Aircraft modelling
To model the aircraft accurately, there are several inputs that are required by the simulation. Since the
function of the framework is to take inputs from an aircraft design loop, the aircraft model inputs should match
to a corresponding output from a design tool (weights, aerodynamic and engine performances). Depending
on the design tool, additional inputs may be required to allow for airlift performance modelling, such as pallet
capacity, cost per flight hour, servicing chance (break rate). Within this section, the detailing of the aircraft
modelling will be explained, as well as the outlining of the method for creating different aircraft designs
without an official design tool.
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3.3.1 Simulation implementation

The duty of the aircraft is to carry and transport cargo across the defined environment. Cargo carrying
capabilities are based on the aircraftôs maximum payload volume, represented by pallet position equiva-
lent (PPE) spaces, the maximum payload mass and the fuel required for a flight [11]. Until any of these
constraints are met, the aircraft can continue adding cargo to its flight. The pallet and payload capacity
are easily checked for each new cargo addition, however to evaluate if the additional cargo mass results
in an infeasible flight, the updated flight fuel needs to be determined. For a given route, the aircraftôs fuel
requirements can be computed based on a variant of the Breguet range equation (specified for jet engines),
shown in Equation 1.4. The equation uses a cruise velocity ( ), the thrust specific fuel consumption ( ),
the lift-over-drag ratio ( ) and the weight ratio, representing the change in weight from the beginning of the
segment to the end.

= log (1.4)

In using this variant of the Breguet, key assumptions are made:
Å The aircraft flies at a constant velocity, specifically the cruise velocity.
Å The aircraft flies at a constant / and .

The first assumption is feasible given the long flight distances, meaning the majority of the flight will be within
the cruise segment. Given cruise conditions, it is also expected that the aircraftôs angle of attack is relatively
constant. The / and can therefore be viewed as the average values across the flight, which are
taken to be constant. Thus, the Breguet equation will provide a reasonable estimate for the total flight fuel
assuming that the majority of the flight is conducted in the cruise state. Additionally, the equation can reflect
the payload-range capabilities of the aircraft assuming the correct specific fuel and lift-over-drag ratio are
used.

With the route and fuel determined, cost can be derived. The cost incurred by the aircraft whilst they
operate is based on two factors: the cost due to fuel usage and the operational cost [6]. The fuel cost is a
simple multiplication of the fuel consumed (measured at the end of the flight) and the cost of fuel ( ), taken
to be $ 714 (US) per ton based on 2023 May jet fuel prices [17]. The operational cost is based on the cost
per flight hour (CPFH) of the aircraft and the flight hours. The CPFH is variable and is affected by many
factors such as aircraft age, required crew, maintenance frequency and cost and other complex factors [2].
For the C-5M and C-17 these values were taken based on a data set provided by the USAF in 2012 [18].
The C-5Môs CPFH used is $69328 (US) whereas the C-17ôs CPFH is $ 23811 (US). The cost ( ) for route
is thus defined as in Equation 1.5, where is the fuel consumed in kg and is the flight time in hours.

= + (1.5)
= + (1.6)

Once the aircraftôs routing is confirmed and it flies the assigned path, it may also require servicing. The
occurrence of this event is modelled based on Iwata et al.ôs [9] work where a vehicle has a probabilistic
chance to require servicing at each landing. This is based on an input probability, the break rate. In this
work, the servicing time is a random number of hours between 4 and 16 hours. When an aircraft is serviced,
all of its planned flights are delayed by the service time and the aircraft cannot bid for new missions. If the
cargo present on these flights has connecting flights with other aircraft, these flights are checked if they can
still be caught by the cargo, including cargo loading and unloading times. If the cargo is unable to meet its
subsequent flights or if the flight causes the cargo to not meet its RToD, the cargo will be reinstated so it can
be bid for again by functioning aircraft.

Evidently, much of the aircraftôs implementation relies on Equation 1.4, which requires aircraft specific
data. For most top-level information, online data can be found. However, due to the nature of the aircraft
being analyzed, specific fuel consumptions and aerodynamic characteristics are more problematic. Ordi-
narily the framework would be used in conjunction with an aircraft design tool which outputs these values,
but currently, there is no available cargo aircraft design tool within DLR or publicly online. Yet the need for

and necessitates a method for their valuation. The absence of a detailed aircraft design tool also in-
troduces issues with demonstrating the frameworkôs ability to reflect design effects on the operation. These
issues are solved by creating a simplified aircraft design tool, which is detailed in subsubsection 3.3.2.
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�X�V�D�J�H �G�H�V�S�L�W�H �D�Q �L�Q�F�U�H�D�V�H�G �I�X�H�O �X�V�D�J�H�� �G�H�S�D�U�W�X�U�H �W�L�P�H�� �7�K�H �X�W�L�O�L�]�D�W�L�R�Q �G�H�F�U�H�D�V�H�V �D�V �U�D�Q�J�H �D�Q�G �S�D�\�O�R�D�G
�L�V �L�Q�F�U�H�D�V�H�G �W�R �K�L�J�K �Y�D�O�X�H�V�� �D�V �W�K�H �I�X�H�O �F�R�Q�V�X�P�S�W�L�R�Q �L�Q�F�U�H�D�V�H�V �G�H�W�H�U �W�K�H�L�U �X�V�D�J�H�� �7�K�D�W �E�H�L�Q�J �V�D�L�G�� �W�K�H
�L�Q�F�U�H�D�V�H�G �S�D�\�O�R�D�G �F�D�S�D�E�L�O�L�W�L�H�V �F�D�Q �J�U�H�D�W�O�\ �U�H�G�X�F�H �W�K�H �U�H�T�X�L�U�H�G �&������ �F�D�U�J�R �I�O�L�J�K�W�V�� �V�W�D�E�L�O�L�]�L�Q�J �W�K�H �P�L�V�V�L�R�Q
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�W�K�H �P�L�V�V�L�R�Q �I�X�H�O �X�V�D�J�H �L�V �V�L�P�L�O�D�U �R�U �Z�R�U�V�H �W�R �P�L�V�V�L�R�Q�V �Z�L�W�K �O�D�U�J�H�U �D�L�U�F�U�D�I�W �G�H�V�L�J�Q�V�� �:�K�H�Q �D�L�U�F�U�D�I�W �D�U�H �G�H�V�L�J�Q�H�G
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�W�K�D�W �D�L�U�F�U�D�I�W �P�D�\ �Z�L�Q �E�L�G�V �H�Y�H�Q �L�I �W�K�H�\ �V�F�K�H�G�X�O�H �G�H�D�G�K�H�D�G�V �W�R �U�H�D�F�K �W�K�H �R�U�L�J�L�Q�� �7�K�H �G�H�D�G�K�H�D�G�V �D�O�O�R�Z �I�R�U �D
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����



�'�H�D�G�K�H�D�G�V �D�U�H �U�H�G�X�F�H�G �Z�K�H�Q �D�L�U�F�U�D�I�W �D�U�H �G�H�V�L�J�Q�H�G �Z�L�W�K �D �K�L�J�K�H�U �S�D�\�O�R�D�G���U�D�Q�J�H �D�V �W�K�H �G�L�V�S�D�U�L�W�\ �L�Q �I�X�H�O
�F�R�Q�V�X�P�S�W�L�R�Q �E�H�F�R�P�H�V �P�R�U�H �V�L�J�Q�L�I�L�F�D�Q�W�� �E�X�W �W�K�H�Q �W�K�H�U�H �L�V �W�K�H �U�H�F�X�U�U�L�Q�J �S�U�R�E�O�H�P �Z�L�W�K �&������ �R�Y�H�U���X�W�L�O�L�]�D�W�L�R�Q��
�7�K�H �S�D�O�O�H�W �F�D�S�D�F�L�W�\ �G�R�H�V �Q�R�W �K�D�Y�H �D �V�L�J�Q�L�I�L�F�D�Q�W �H�I�I�H�F�W �L�Q �W�K�L�V �D�U�H�D�� �E�X�W �F�D�Q �L�P�S�U�R�Y�H �U�H�J�L�R�Q�V �Z�L�W�K �K�L�J�K �V�X�F�F�H�V�V
�R�U �O�R�Z �I�X�H�O�� �%�\ �G�H�V�L�J�Q�L�Q�J �D�L�U�O�L�I�W�V �Z�L�W�K �D�Q �H�T�X�D�O �S�U�L�R�U�L�W�\ �R�I �W�L�P�H �D�Q�G �I�X�H�O�� �D�L�U�F�U�D�I�W �G�H�V�L�J�Q �F�D�Q �E�H �W�X�Q�H�G �V�X�F�K �W�K�D�W
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�U�D�Q�J�H�V�� �,�W �P�D�\ �E�H �E�L�D�V �W�R �F�R�Q�V�L�G�H�U �W�K�H�V�H �G�H�V�L�J�Q�V �D�V �´�E�H�V�W�´�� �D�V �W�K�H�\ �D�U�H �K�L�J�K�O�\ �G�H�S�H�Q�G�H�Q�W �R�Q �W�K�H �V�F�H�Q�D�U�L�R
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�7�K�H �S�X�U�S�R�V�H �R�I �W�K�L�V �S�D�S�H�U �Z�D�V �W�R �G�H�V�L�J�Q �D �I�U�D�P�H�Z�R�U�N �W�K�D�W �F�R�X�S�O�H�V �D�L�U�F�U�D�I�W �G�H�V�L�J�Q �D�Q�G �V�W�U�D�W�H�J�L�F �D�L�U�O�L�I�W �R�S��
�H�U�D�W�L�R�Q�D�O �H�I�I�H�F�W�L�Y�H�Q�H�V�V �I�R�U �W�K�H �V�D�N�H �R�I �V�X�S�S�R�U�W�L�Q�J �I�X�W�X�U�H �D�L�U�F�U�D�I�W �D�Q�G �I�O�H�H�W �G�H�V�L�J�Q�� �7�K�L�V �Z�D�V �S�H�U�I�R�U�P�H�G �Z�L�W�K
�D�Q �D�L�U�O�L�I�W �V�L�P�X�O�D�W�L�R�Q �P�R�G�H�O �W�K�D�W �P�R�G�H�O�V �D�L�U�F�U�D�I�W�� �D�L�U�E�D�V�H�V�� �F�D�U�J�R �D�Q�G �D �G�L�V�S�D�W�F�K�H�U �H�Q�W�L�W�\ ���P�L�P�L�F�N�L�Q�J �D�Q �D�L�U
�W�U�D�I�I�L�F �P�D�Q�D�J�H�U �D�Q�G �I�O�L�J�K�W �V�F�K�H�G�X�O�H�U�� �D�V �D�J�H�Q�W�V�� �,�Q �G�R�L�Q�J �V�R�� �W�K�H �P�R�G�H�O �F�D�Q �Q�D�Y�L�J�D�W�H �W�K�U�R�X�J�K �D �G�\�Q�D�P�L�F
�R�S�H�U�D�W�L�R�Q�V �H�Q�Y�L�U�R�Q�P�H�Q�W�� �L�Q�G�X�F�H�G �E�\ �H�Y�H�Q�W�V �V�X�F�K �D�V �D�L�U�F�U�D�I�W �V�H�U�Y�L�F�L�Q�J�� �D�L�U�E�D�V�H �D�F�F�H�V�V �U�H�V�W�U�L�F�W�L�R�Q �D�Q�G �F�D�U�J�R
�U�H�T�X�L�U�H�P�H�Q�W �U�H�I�R�U�P�X�O�D�W�L�R�Q�� �7�\�S�L�F�D�O �D�L�U�F�U�D�I�W �G�H�V�L�J�Q �W�R�R�O �R�X�W�S�X�W�V �D�U�H �X�V�H�G �W�R �P�R�G�H�O �W�K�H �D�L�U�F�U�D�I�W �D�O�R�Q�J �Z�L�W�K �D
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�R�S�H�U�D�W�L�R�Q �F�D�V�H�V�� �W�K�H �W�R�R�O �W�D�N�H�V �L�Q�S�X�W�V �W�R �F�U�H�D�W�H �L�W�V �H�Q�Y�L�U�R�Q�P�H�Q�W �D�Q�G �G�H�W�H�U�P�L�Q�H �L�W�V �I�O�L�J�K�W �S�O�D�Q�Q�L�Q�J �D�Q�G �F�D�U�J�R
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�E�H �P�D�Q�D�J�H�G �E�\ �D �V�L�Q�J�O�H �R�S�H�U�D�W�R�U �D�W �D �W�L�P�H �>���@�� �,�Q �W�K�H �I�L�[�H�G �G�H�P�D�Q�G �P�R�G�H�O �Z�K�L�F�K �U�H�F�U�H�D�W�H�G �W�K�H �V�F�H�Q�D�U�L�R��
�U�H�V�X�O�W�V �I�R�X�Q�G �W�K�D�W �E�R�W�K �W�K�H �0�9�������% �D�Q�G �W�K�H �+�+�������: �R�Q�O�\ �U�H�T�X�L�U�H�G �� �X�Q�L�W �W�R �F�R�Q�G�X�F�W �W�K�H �G�D�L�O�\ �V�R�U�W�L�H�V�� �Z�L�W�K �W�K�H
�0�9�������% �K�D�Y�L�Q�J �D �U�H�G�X�F�H�G �X�W�L�O�L�]�D�W�L�R�Q�� �E�H�Q�H�I�L�F�L�D�O �I�R�U �V�H�U�Y�L�F�H �O�L�I�H �D�Q�G �I�D�V�W�H�U �G�H�O�L�Y�H�U�\ �W�L�P�H�V �>���@�� �7�K�H �7�X�U�W�O�H�E�D�F�N�V
�U�H�T�X�L�U�H�G �� �X�Q�L�W�V �W�R �F�R�P�S�O�H�W�H �W�K�H �G�D�L�O�\ �V�R�U�W�L�H�V�� �D�Q�G �V�X�I�I�H�U�H�G �D �K�L�J�K �X�W�L�O�L�]�D�W�L�R�Q �R�I �������� �K�R�X�U�V �I�R�U �W�K�H �G�D�\ �>���@�� �7�K�H
�E�H�Q�H�I�L�W�V �R�I �W�K�H �7�X�U�W�O�H�E�D�F�N�V �E�H�F�R�P�H �D�S�S�D�U�H�Q�W �Z�K�H�Q �L�Q�F�U�H�D�V�L�Q�J �W�K�H �X�Q�L�W�V �S�H�U �G�D�\�� �W�R �F�R�P�S�O�H�W�H �W�K�H �P�L�V�V�L�R�Q
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