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Chapter 1 
 

Introduction 
 

All passengers travel at the hour most convenient to them. But it is not always possible 

to find a flight at the right time to fly them to their destination. In the case where service 

in any one time period is insufficient to meet air travel demanded, it may be expected 

that some unfilled demand passengers will either delay their flight or will advance it, 

thus adding to the effective demand of the adjoining time periods. Gunn (1964) defined 

this effect as �persistence of demand.� 

 

The failure to satisfy demand at the right time results in two effects.  

1. Few potential passengers who have a fairly inelastic demand for the trip in terms 

of its inconvenience; the majority of these travelers might be expected to 

advance or delay their departure from the ideal hour to an available hour if 

necessary.  

2. A fair number of passengers have a fixed schedule for the day and might not be 

willing to depart at other than the convenient hour, choosing instead to go by 

alternative means or not travel at all.  

 

The obvious alternate means of travel is a rental car. It takes a lot more time than flight, 

but it is readily available at any given time. This brings us to think of an airline system 

that will work in a similar fashion; A system that can be named an �Air Taxi System.� In 
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the past, only the rich and famous had access to personal jets designed to whisk 

travelers from city to city without the inconvenience of crowded major airports. Now, 

however, with NASA�s support and the work of several companies determined to 

redefine personal air transport, flying direct to nearly any city from the closest local 
airport may soon become a viable option for everyone.  

 

And that's where SATS comes in. The Small Aircraft Transportation System�currently 

being developed by NASA, and nearly 60 other aviation-related companies, agencies, 

and universities could, if its proponents prevail, revolutionize the way we travel. They 

intend to employ a new generation of inexpensive small business jets and an innovative 

computerized flight control network. This would help the air taxi companies provide 

direct service from and to any of the more than 3,400 public-use airports that pepper the 

national landscape but that have been unusable for commercial flights because they 

lack the staff and equipment necessary to handle heavy traffic, as well as takeoffs and 
landings in inclement weather (Scott 2002). 

 

The SATS concept of operations utilizes small aircraft for personal and business 

transportation, for on-demand, point-to-point direct travel between smaller regional, 

reliever, general aviation and other landing facilities, including heliports. The 

architecture contemplates near-all-weather access to any landing facilities in the U.S. 

The systems would leverage Internet communications technologies for travel planning, 

scheduling, and optimizing and would minimize user uncertainty regarding destination 

services, including intermodal connectivity. SATS research is intended to create the 

possibility of using landing facilities that would not require control towers or radar 

surveillance. SATS architecture would be created to operate within the National 

Airspace System (NAS), initially between about 3400 existing public-use landing 

facilities. A total of over 9000 landing facilities serve the vast numbers of communities in 

the U.S; ultimately, essentially all of these facilities could employ SATS operating 

capabilities. The SATS aircraft include twin turbofan-powered, four- to six-place 



 

  3

pressurized aircraft with revolutionary safety and affordability. There are also many new 

single-engine aircraft entering the fleet, also with safety features and cost previously 

unimagined. These new aircraft will possess near-all-weather operating capabilities and 

will be compatible with the modernization of the National Airspace System, including 

free flight. The aircraft will incorporate state-of-the-art advancements in avionics, 

airframes, engines, and advanced pilot training technologies (http://sats.nasa.gov/). 

 

It will be close to a scenario where a passenger would simply logon to an air taxi 

reservation system and would book an aircraft and a pilot for himself. The passenger 

tells the pilot he wants to fly to a distant suburb, and he's on his way�cruising at 400 

miles per hour and improving average door-to-door speed to 200 miles per hour. 

 

This would mean a virtual highway in air space leading to a vast network. The network 

would be served by small aircraft flying from one city to another loading and unloading 

passengers. Such a large network having dynamic demand will have many issues to 

resolve before successfully launching a Small Aircraft Transportation System. One of 

the most important problems to solve is scheduling of aircraft for such a stochastic 
demand flow. 

 

The objective of the research is to study a given set of airports with dynamic demand 

and known aircraft type. The major task will be to analyze the flow of passengers 

between each origin-destination pair and then schedule flights. The research will be to 

develop a schedule for a fixed set of airports with dynamic demand and known type of 

aircraft. The main objective is to maximize demand satisfaction. The study will also 

analyze the number of aircraft required for a given set of airports and find a method to 

schedule them. 
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Chapter 2 
 

Literature Review 
 

2.1 Flight Scheduling 
 

The flight schedule is the central element of an airline�s planning process, aimed at 

optimizing the deployment of the airline�s resources in order to meet demands and 

maximize profits (Etschmaier 1984). The schedule construction phase takes into 

consideration only the aspects of primary importance. It provides only a rough first 

schedule which requires considerable modifications and improvement to become both 

operationally feasible and economically desirable. 

 

A completed and adopted airline schedule is a working obligation for all those employed 

in the air carrier�s services. Passengers are interested in the greatest flight frequency, 

departure times, short waiting time. The air carrier is interested in an airline schedule 

that results in a good airplane and good utilization of the existing transportation 

capacities. Certain passenger requests regarding the airline schedule inevitably conflict 

with the carrier�s requests. The airline schedule design must reflect the best possible 

way to reconcile theses conflicting requirements. 
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The approaches taken in the schedule construction process can be divided into direct 

approaches and stepwise ones (Etschmaier 1984). The direct approaches use some 

heuristic procedure for composing a schedule, flight by flight. While some old models 

were entirely computer based, models currently in use provide a man-machine 

interactive environment in which the selection of flights is done by the planner. 

 

Stepwise approaches start by selecting routes that are to be served and determining the 

frequency of service on each route. This step is called frequency planning. The second 

step determines departure times on the basis of the time-of-the-day variability of 

demand and of the possible connections of flights to other airlines. In the third step 

departure times are checked for operational feasibility. Aircraft rotation plans are 

developed to determine the number of aircraft required for executing the schedule. Also, 

changes may be identified which could lead to a reduction of the number of aircraft 

required. 

 

Which approach is best for solving the aircraft scheduling problem for a particular airline 

depends on the structural characteristics of the airline, most importantly the route 

structure (linear vs. hub-and-spoke networks) and the market structure (density, volume 

and elasticity of demand). Various techniques used to solve these types of problems 

are: 

• Time-of-day models 

• Frequency planning models 

• Aircraft Rotation models 

• Direct Approaches 

 

2.2 Time-of-Day models 
 

A demand profile may be available that indicates how many people would like to fly at 

any particular interval of time. If only non-stop traffic is considered, then a given set of 
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flights is positioned in such a way that some measure of time displacement from 

preferred departure times for the demand is minimized. The formulation incorporates 

the combinatorial features of an assignment problem. Solutions could be obtained by 

dynamic programming. However, for realistic situations the computational effort required 

is considerable. The situation is further complicated if the different aircraft types have 

different flying times. The air travel demanded represents the number of people per time 

period who would fly, provided there were a continuous supply of aircraft. 

 

Teodorovic (1988) calls the number of passengers in a unit of time traveling from one 

city to another �Passenger Flow.� The equations can be written  

 

h t
P t dt P t

dtij
ij ij( )
( ) ( )

=
+ −

 

where h tij ( )  is the passenger flow between city(i) and city(j) at time t, 

. Pij(t) = Passenger arrival to time t. 

 

Passenger flow is a value that changes over time. Changes are noticed by month, by 

week, by day in the week and finally by hour in the day. Monthly changes are of interest 

for their global view of the scope of traffic. In terms of monthly changes in passenger 

flows, most air routes can be divided into �business� or �tourist.� To schedule a small 

chartered flight it is more important to understand the behavior of passenger flow by 

hour in the day. It is extremely important to monitor passenger flows by day in the week 

and particularly by hour in the day to solve the problem of determining flight frequency 

and departure time. 

 

The monthly passenger demand changes and shows seasonality. Rise in demand is 

observed in summer and December. This monthly demand can be split into weekly 

depending on the traffic on weekdays and weekends. Finally, the daily demand being 

split hourly illustrates peaks in morning and evening. 
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Monthly Demand
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Figure 2.1 Passenger demand per month as a fraction of mean for each year  

 

 

Weekly Demand
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Figure 2.2 Passenger demand per day as a fraction of mean for each  
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Daily Demand
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Figure 2.3 Passenger demand on hourly basis as a fraction of mean for each day  

 

The hourly demand graph shows a functional dependence between passenger flow and 

the time of the day with two peaks � in the morning and in the evening. The bar graph 

as drawn does not measure air travel demanded on any particular route but indicates a 

typical, expected distribution, indeed, we would anticipate that different routes would 

have different air travel demand distributions. Whatever the distribution of air travel 

demanded, it should be apparent that the number of passengers actually traveling is the 

function of the timing as well as the number of flights (Teodorovic 1988). 

 

If one aspect of routing efficiency is to be how well consumers are satisfied, we must 

determine a measure of consumer satisfaction and how it might vary with the 

distributions of flights throughout the day. Not all passengers travel at the hour most 

convenient to them. In the case where service in any one time period is insufficient to 

meet air travel demanded, it may be expected that some unfilled demand passengers 

will either delay their flight or will advance it, thus adding to the effective demand of the 

adjoining time periods. Gunn(1964) defined this effect as �persistence of demand,� and 

his group concluded after discussions with several airlines that persistence of demand 
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could be estimated rather accurately, based on the next best means of transportation, 

taken to be private automobile driving times. 

 

The passengers can be categorized into two groups: 

a. passengers who are ready to change their time of flight, and 

b. passengers who want to travel at a fixed time.  

 

On balance, then, some � but not all � of unfilled demand will be willing to advance or 

delay departure should it become necessary. What proportion of passengers unable to 

secure a flight at their convenient hour would be willing to advance or delay departure? 

If the sole objective were to arrive at the destination as soon as possible after the 

convenient departure time, then passengers would be willing to delay departure by the 

difference between the transport time of the next best alternative and the length of time 

taken by the flight. Alternatively, the passengers might be willing to accept the 

inconvenience of a flight departing earlier than the optimal hour (Gunn 1964). 

 

Surely those travelers who depart at a non-optimal hour have less consumer surplus 

than if they departed at the ideal hour, but there is a question as to whether average 

consumer surplus for inconvenienced passengers is significantly less than average 

consumer surplus for passengers leaving at the optimal hour. The reason is that those 

willing to advance or delay departure, if need be, are those with relatively more inelastic 

demand for the flight in terms of its inconvenience, and consequently they would have 

reaped higher than average consumer surplus had they been able to depart at the 

convenient hour. 

 

The model presented by James C. Miller III (1966) uses the time-of-day structure of 

demand to solve the airline scheduling problem by linear programming for a single city 

pair. The model is outlined below. The cost parameters of mail and cargo are eliminated 

here but are considered in the paper. 
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Parameters: 

Si = seating capacity if plane type i( i= 1 for 2-engine jet, etc.) 

Ci  = flight cost for plane type I, on flight of 775 miles. 

Ki  = daily equipment cost plus daily cost of capital for one aircraft type i. 

Di  = average air travel demanded during time period t 

 

Variables: 

Xt
i  = number of i-engine jet flights per day during time period t. 

Et  = number of empty seats flown per day during time period t. 

Y = total number of passengers flown per day. 

Zi  = number of i-engine jet aircraft. 

Cp  = per passenger revenue 
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The problem is divided into 8 time periods and has 3 types of aircrafts. The objective 

function is the total daily revenue and also the total daily cost of air service provided. 

The first element inside the brackets is the revenue derived from all passengers flying at 

time period t, and consists of the price of the ticket (Cp) times the number of 

passengers flown (i.e. total seats minus the empty seats). The next bracket is total 

operating cost at time period t, and consists simply of cost per flight times number of 

flights summed over the three types of aircraft. The second element is indirect operating 

cost and includes nonflight investment; it consists of a cost per revenue passenger mile 

multiplied by revenue passenger miles (i.e. 775 miles * actual number of passengers). 

These two elements are summed over the eight time periods to give total daily costs. 

The remaining element is flight equipment cost plus cost of capital on flight investment 

and consists of the daily cost multiplied by the number of planes of each type in the fleet 

and then summed over the three types of aircraft. 

 

The term (20Y) consists of passenger surplus ($20) multiplied by Y, the total number of 

daily passengers. 

  

2.3 Frequency planning models 
 
A frequency plan specifies the design of the network (radial vs. linear structure, nonstop 

and multistop routes), the frequency of service, and the type of aircraft assigned to each 

flight. Given a set of origin-destination markets, ( with either a static or variable demand) 

a set of candidate routes, aircraft types, yield and operating cost functions, and 

operating restrictions, the objective is to find the set of supply decisions ( a three- 

dimensional vector of frequency, routing and aircraft type) for a single period that 

maximizes revenues minus costs (Etschmaier 1984). The problem is modeled as a 

series of linear equations that are solved by mathematical programming techniques. 

Fixed competitive conditions and fixed market shares are generally assumed for all 

markets.  
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2.3.1 Linear Programming Models for Frequency Planning 
 

Under the assumption of time insensitive demand and cost function, comparatively 

simple models can be formulated to determine optimal frequency plans. The 

optimization model in this case is only a part of the bigger airline objective function. 

  

Costs are a linear function of frequency for each aircraft type on each route. The limited 

availability of aircraft is expressed by constraining the number of flight hours for each 

aircraft type. Frequencies are assumed to be continuous variables and solutions are 

obtained by linear programming. In addition to the aircraft capacity and utilization 

constraints already mentioned one may want to impose upper and lower bounds on the 

frequencies per aircraft type or on the total frequencies on the route. Also one may want 

to limit the total number of frequencies into a city. Again this may be done either for 

selected aircraft types or for the whole fleet. The formulation assumes symmetrical 

demand and frequencies in both directions of the route. If the frequencies are not 

symmetrical, additional constraints have to be introduced to assure continuity in aircraft 

movements (Etschmaier 1984). 

 

A model of the frequency optimization type is being used for the U.S. domestic air 

transportation system to minimize cost. The solution was obtained by linear 

programming with resulting fractional frequencies. Clearly, the assumption of linearity 

leads to a simplistic representation of consumer behavior.  

 

The model by Elce (1970) considers the alternate ways passengers travel from their 

origin to their destination by putting the passenger�s choice outside the model. The 

origin to destination demand figures are split up and assigned in fixed proportions to the 

most desirable routes available. Thus the frequency optimization model deals with a 

fixed demand figure for every segment of each route. To a certain degree, this sounds 
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like a self-fulfilling prophecy, since the planner will base the assignment of demand on 

his expectations of the frequencies. 

 

A number of improvements to the basic formulation for frequency planning have been 

considered over time. The most interesting achievements permit demand functions that 

vary with price and level of service. The assumption of fixed market share is remote 

from reality in all environments except for the airlines which operate in monopoly 

markets. Variable demand functions are attempts at including competitive effects. A 

number of models have been designed to include market share � frequency share 

relationships. The model developed by Swan (1977) is based on the assumption that 

the market share of an airline on a route is proportional to the share of frequencies on 

that route. 

  

Swan (1977) represents the market share � frequency share function by an S-shaped 

demand frequency relationship. The relationship is approximated by a convex, piece 

wise linear curve and is solved by linear programming. Mathaisel and DeLamotte (1983) 

formulate a goal programming model in which the demand is sensitive to the price and 

the frequency of service. The nonlinearity of the revenue function (the product of the 

variable demand and price function) is resolved by splitting the maximization part of the 

objective into two goals: maximum demand and maximum price. A minimum cost goal is 

also included. 

 

A more sophisticated model was developed to find the approximate mix of vehicles, 

routes, schedules and terminal facilities that would satisfy intercity passenger and cargo 

demands at a minimal social and economic cost. The cost function includes such 

elements as the value of time for the passengers and cargo; the cost of owning and 

operating aircraft for the normal flight times and for delays due to air traffic congestion; 

the terminal operating costs; and the cost of dissatisfied demand. The waiting times for 

scheduled departures and cost of delays due to air traffic congestion are convex 
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functions of the frequencies and thus can be approximated by piecewise linear 

functions. This further increases the size of the problem. 

 

Teodorovic (1988) gives a different way to determine the flight frequency between two 

cities. He shows that the time difference between the actual and desired time of 

departure can be approximately expressed in the function of flight frequency. 

 

2.3.2 Integer Programming Models for Frequency Planning 
 

All the frequency models discussed so far have one common deficiency: the resulting 

frequencies may be, and usually are, fractional. While this may be of negligible 

consequence for an airline with only high frequency routes, it can pose considerable 

problems for most airlines. The important problems resulting from continuous 

frequencies are given below. 

1. For large networks the rounding operation is not as simple as it seems. Even in 

the simplest case with only non-stop traffic and symmetrical frequencies on each 

route, one has to balance aircraft availability and demand satisfaction between 

the routes with fractional frequencies. The complexity of the rounding process 

increases with the number of constraints. Elce (1970) embeds the frequency 

model in an interactive scheme where the demand that corresponds to small 

fractional parts of frequencies is reassigned to other routes. The frequency model 

is solved with the adjusted demand value and this process is continued until it 

stabilizes. Soudarovich (1971) goes one step further and, after each rounding 

operation determines the actual traffic that can be attracted by the frequencies. 

2. There is no guarantee that the non integer solutions are anywhere near optimal. 

The result may, for example, suggest half a frequency of a large aircraft over one 

frequency for a smaller aircraft. The problem is not just one of rounding the 

fractional part of the frequency. On routes with small frequencies it is easy to see 
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that, instead of adjusting the result for the fractional part, it may be preferable to 

assign all frequencies to another aircraft type. 

 

The obvious answer to the difficulties arising from fractional solutions is the use of 

mixed integer linear programming. The passengers in such a model are considered  

continuous variables whereas the frequencies are restricted to integer values. The 

problem is that MILP algorithms lag far behind LP algorithms in computational efficiency 

and require large computer memory. For large scale cases one might consider a 

Lagrangian relaxation solution to the integer problem. 

 

2.4 Minimizing Waiting Time of Passengers 
 

Passenger waiting time is a crucial factor to consider. The passenger demand is never 

steady over the period of day. It varies from hour to hour, and it is very important that 

the flights are scheduled to fulfill all the demand. 

 

Passengers can be categorized as �business� or �tourist.� The Small Aircraft 

Transportation System will primarily serve the business class. This class will require the 

service to be fast and with no schedule changes. In other words, these type of 

passengers will have to be served as soon as possible. The waiting time or delay per 

passenger will indicate the quality of the transportation service. 

 

Ross (2000) considers passenger arrival to be a Poisson process having rate λ and 

denotes the time of the first event by T1. Further, for i > 1, let Ti denote the time elapsed 

between the (i � 1)st and the ith event. The event {T1 > t} takes place if and only if no 

arrivals occur in the interval [0, t]. Ross shows that T2 is also an exponential random 

variable with mean 1/λ, and furthermore, that T2 is independent of T1. This proves that 

Ti, i = 1, 2, �, are independent identically distributed exponential random variables 
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having mean 1/λ. Teodorovic (1988) explains the effect of flight frequency on airline 

schedule delay.  

 

 

 

 

 

Let f(t) be the probability density function of random variables Ti and let the mean and 

standard deviation of these random variables be denoted by µ and σ, respectively.  

 

We will consider a time period T where xi is the airplane departure times during period 

(0, T). Assuming that the passengers will choose the flight closest to their desired 

departure time, all passengers who choose departure xi will be the passengers who 

arrive during interval ( , )
x x x xi i i i− ++ +1 1

2 2
. The arrival of passengers will be a normal 

distribution with mean xi. Let 2m be the number of passengers on every flight, i.e., m 

passengers during 
x xi i− +1

2
 and m passengers during 

x xi i+ +1

2
. 

 

We denote Wi as the absolute time deviation between the actual and desired time of ith 

passenger. 

 

 

       
W1 = T2 + T3 + �. + Tm + Wm 

W2 = T3 + T4 + � + Tm + Wm 

.. .. .. .. .. 

Wm 

Wm+1 

Wm+2 = Tm+2 + Wm+1 
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Wm+3 = Tm+3 + Tm+2 + Wm+1 

.. .. .. .. .. 

W2m = T2m + T2m-1 + T2m-2 � + Tm+1 + Wm+1 

 

where Wm + Wm+1 = Tm+1 

The total waiting time is  

W Wi
i

m

=
=
∑

1

2

. 

 

Teodorovic proves the frequency of flight for minimizing the waiting time for period (0, 

T). Teodorovic (1988) gives the average schedule delay per passenger, D, as  

 

D
T
N

=
4  

 

where,  T = Total time period in minutes, and  

  N = Flight frequency. 

 

Ross (2000) solves the optimization problem of minimizing the total expected wait. Ross 

considers a processing plant that has items arriving according to Poisson process with 

rate λ. At a fixed time T, all items are dispatched from the system. The problem chooses 

an intermediate time, t Є (0, T), at which all items in the system are dispatched with 

minimum expected wait time. Ross considers a time t, 0 < t < T, then the expected total 

wait of all items will be 

λ λt T t2 2

2 2
+

−( )
. 

The expected number of arrivals in (0, t) is λt, and each arrival is uniformly distributed 

on (0, t), and hence has expected wait t/2. Thus, the expected total wait of the items 
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arriving in (0, t) is λt2/2. Similar reasoning holds for arrivals in (t, T), and the above 

follows. To minimize this quantity, we differentiate with respect to t to obtain 

 

 

d
dt

t T t
t T tλ λ λ λ

2 2

2 2
+

−







 = − −

( )
( ) . 

 

 

Equating this to 0 shows that the dispatch time that minimizes the expected total wait is 

t = T/2. 

 

 

2.5 Minimum Number of Aircraft Required 
 

One of the fundamental problems when designing schedules is determining the 

minimum number of vehicles needed to service a given schedule. This problem is 

relatively easy to solve on smaller transportation networks. However, for larger 

networks, the optimal solution must be chosen from the very large number of possible 

solutions.  

 

The figure 2.4 shows a space-time diagram with 14 flights (trips) to be carried out 

between cities A and B, B and C, C and B, B and A. It is obvious that we can distribute 

the vehicles to carry out the planned flights in different ways. For example, a vehicle can 

take flight 4, then flight 6, flight 11 and finally flight 14. Figure 2.6 shows a network in 

which nodes represent planned flights (trips) to be made. 
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Figure 2.4 Space-Time Diagram 

 

In this network, a branch is directed from node xi towards node xj only if flight xj can be 

carried out after flight xi. Flight xj can be made after flight xi if flight xj starts in the city 

where flight xi finishes and if the planned departure time of flight xj is after the finishing 

time of flight xi. 
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Since chains represent vehicle routes, the minimum number of vehicles needed to 

service a given schedule on the transportation network equals the minimum number of 

chains into which the acyclic oriented graph can be decomposed, with each node 

representing flights to be made.  

 

Therefore, by discovering the answer to our question on the minimum number of chains 

into which an acyclic oriented graph can be decomposed, we also answer the question 

on the least number of vehicles needed to service a given schedule. 

 

Let |C| denote the minimum number of vehicles required. 

Let |D| be the number of branches in the network. 

Let |N| be the number of nodes in the graph. 

We have |N| = |D| + |C| 

 

To solve the problem, we start from node s1 and construct all branches starting from this 

node.  Figure 2.5 shows that the flight 1 travels from city A to city B. The only flights that 

it can now fly are flight 5, 6, 9, 10, 13, and 14, i.e., flights that fly from city B after flight 1 

reaches city B. We allocate a value of 1 to the first branch (s1, t5) as it is the earliest 

flight after flight 1 reaches city B.  



 

  21

 
Figure 2.5 Bipartite Graph for branches from S1, S2, S3, S4 
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The value of 1 to t5 signifies that flight 5 has been allocated. Since a flow with the 

highest value of 1 can appear from node s1, this means that branches (s1, t6), (s1, t9), 

(s1, t10), (s1, t13), (s1, t14) are left with flow value of 0. We also know that in the future all 

branches arriving at node t5 will be without a flow since node t5 has already received 

flow of 1.  

  

Now, we go to node s2. We construct branches (s2, t4), (s2, t8) and (s2, t11) from this 

node. The first branch (s2, t4) is allocated a flow of 1. Similarly, the branches from s3 are 

constructed as below and branch (s3, t6) is allocated with value 1.  

 

 
 

Figure 2.6 Final Solution 

We now come to node s4. Branches starting here include (s4, t6), (s4, t9), (s4, t10), (s4, t13) 

and (s4, t14). Here we see that the first branch (s4, t6) cannot be allocated as branch (s3, 

t6) arrives at node t6 with flow of 1. Thus, we allocate the flow to branch (s4, t9). 
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Similarly, with the same procedure, we allocate flows of value 1 to branches (s5, t7), (s6, 

t11), (s7, t10), (s8, t13), (s9, t12) and (s11, t14). Figure 2.8 gives the final solution. 

 

The bipartite has 10 branches with a flow value of 1. This means that the maximum 

number of total flows through the bipartite graph is 

|D| = 10 

|N| = 14.  

Thus, the minimum number of vehicles needed to service the given schedule is 

|C| = |D| - |N|  

|C| = 4. 

The minimum flights found by this method are not always feasible. The feasibility test 

can be made by heuristically running the flights in the network. The figure 2.7 shows the 

routes of all 4 vehicles. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 2.7 Routes for all 4 vehicles 
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2.6 Aircraft Rotation Models 
 

Aircraft rotation planning is solved with the assignment of flights individual aircraft. The 
work to be discussed covers two complementary problems: 

a. how a given schedule can be realized with minimum number of aircraft, and 

b. how the schedule can be changed to reduce the number of aircraft required. 

 

Minimization of the number of aircraft required, of course, conflicts with some of the 

objectives. The problem of aircraft rotation then would be to assign aircraft to flights and 

to identify changes in the schedule such that the schedule can be carried out with 

aircraft on hand. However, defining the problem in this way tends to obscure under 

utilization of the fleet and the potential for introducing more flights. In contrast, by 

showing idle aircraft, minimization of the number of aircraft required might facilitate 

substantial savings. Minimization also provides a much clearer objective function 

suitable for mathematical programming. If the objective were solely to find feasible 

solutions, secondary objectives would have to be introduced to select from among the 
possibly large number of feasible solutions. 

 

Aircraft rotation models, to be realistic, have to take into consideration the maintenance 

requirements of the aircraft. In many airlines maintenance requirements have been 

defined in anticipation of a flight schedule so that most rotation plans will meet them 

automatically. It may be advantageous to exclude the maintenance constraints when 

constructing the rotations. The construction of aircraft rotations, which do not include 

maintenance constraints, has received considerable attention. Comparatively little work 

on the other hand has been devoted to models that include maintenance constraints. 

 

Clarke, Johnson, Nemhauser and Feo (1997) study the maintenance location problem, 

which involves finding the minimum number of maintenance stations required to meet 

the specified 4-day requirement for a proposed flight schedule. They assume that the 
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interim stops of flights during the day are unimportant. Using the one-day routings 

between overnight cities as input, they formulate the maintenance base location 

problem as a minimum cost, multicommodity network flow problem with integer 

restrictions on the variables. Kabbani and Patty(1992) study the maintenance routing 

problem for American Airlines where each aircraft needs to be checked every three 

days. They formulate the problem as a set partitioning model where a column 

represents a possible weeklong routing and a row of a flight. Gopalan and Talluri(1998) 

study the maintenance routing problem for US Air, where each aircraft needs to have a 

routine check every three days and a �balance-check� once in a while. They consider 

the problem for a daily schedule under the term �static infinite horizon model.� 

 

2.7 Aircraft Scheduling 
 

B. P. Loughran (1970) gives an airline schedule construction model which is called 

�Timetable Building Module.� The Timetable Building Module is comprised of two 

programs: the initial scheduling program and the fleet reduction program. Figure 2.10 

shows the flowchart for the initial scheduling program that takes the output from the 

route retrieval routine (number of daily flights on each route) and, using this time-of-day 

demand distribution profile for each city pair, produces an initial timetable tailored to 

passenger demand desires but without regard to efficient usage of the fleet from the 

airline�s point of view. The fleet reduction program, operating on the initial timetable, 

then produces more efficient flight itineraries by shifting the arrival and departure times 

slightly to affect flight connections and thus reductions in aircraft required. 

 

Scheduling for chartered aircraft must consider dynamic demand. The entire scheduling 

process is demand responsive.  

 

In a survey of the general aircraft scheduling problem by Etschmaier and Mathaisel 

(1984), the concept of dynamic scheduling similar to Demand Driven Dispatch is 

discussed. Berge and Hopperstad(1993) give a demand driven dispatch model for 
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dynamic aircraft capacity assignment. Kikuchi and Jong-Ho(1989) solve the demand 

responsive transportation system and the method used can be characterized by the 

following elements. 

1. Vehicle schedules are built one vehicle at a time. 

2. Insertion possibility is examined for a group of trips simultaneously. 

3. A trip may be inserted into any place on the time axis as long as it satisfies all the 

time constraints. 

 

Horn (2002) describes a software system to manage the deployment of a fleet of 

demand-responsive passenger vehicles. Apart from its scheduling functions, the system 

includes automated vehicle dispatching procedures designed to achieve a favorable 

combination of customer service and vehicle deployment efficiency. 

 

Charter aircraft scheduling is discussed by Ronen (2000). The paper deals with 

scheduling several fleets of small air jet aircraft by a charter operator, and describes a 

computerized decision support aid. The problem handled is a fleet schedule of several 

types of aircraft. They use an Elastic Set Partitioning (ESP) model, which is very 

appealing to problems where costs are non-linear and discrete, and complex 

operational rules are involved. Keskinocak and Tayur (1998) consider scheduling time-

shared jet aircraft. They show that the jet aircraft scheduling problem is NP complete 

and formulate the problem as a 0-1 integer program and solve small and medium size 

problems by Cplex. 

 

One of the earliest computerized schedule construction studies was conducted by R. W. 

Simpson (1966). Simpson determines the frequency pattern for non-stop services and 

then constructs a timetable to assign departure times for each service on every route. 

The computer program constructs an initial timetable given 

1. the frequency pattern, 

2. block time, and  

3. data describing the daily variation in demand for each city pair. 
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Figure 2.8 Initial Scheduling Program 
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Chapter 3 
 

Methodology 
 

3.1 Problem 
 

In the previous chapter, we have seen various scheduling techniques for conventional 

airlines. However, the scheduling problem addressed in this thesis is for an air taxi 

system. Scheduling air taxi differs from conventional aircraft scheduling in the following 

ways. 

1. Conventional airlines have a fixed schedule, and passengers plan their travel 

according to this schedule. However, the air taxi system schedules flights only if 

there is demand. Thus, the air taxi system will plan its schedule according to 

passenger demand. 

2. The schedule for conventional airlines is fixed for some specific period of time, 

say a week or month. The air taxi system will have a schedule that will change 

daily depending on the demand for that particular day. 

3. Conventional airlines have scheduled flights for each aircraft. However, the 

aircraft in an air taxi system may run a different flight schedule each day. 
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The air taxi service will be used primarily by business passengers who wish to fly from 

one city to another on any day and at any time. This type of demand is very difficult to 

predict. However, on the basis of previous studies, it is possible to approximate annual 

or monthly demand for a specific O-D pair. This demand can be further refined to 

estimate daily demand. The daily demand can be further refined to hourly demand. 

Passenger arrival in an air taxi system is nothing more than the time at which he 

requires the flight. Farrell (2001) gives probability of passenger arrival for each hour of 

the day. Table 3.1 shows the time of the day and also the probability of arrivals. 

 

Time of the Day Probability of Passenger Arrival 
00:00 - 01:00 0.002579 
01:00 - 02:00 0.001433 
02:00 - 03:00 0.000860 
03:00 - 04:00 0.001146 
04:00 - 05:00 0.000573 
05:00 - 06:00 0.003483 
06:00 - 07:00 0.065043 
07:00 - 08:00 0.078223 
08:00 - 09:00 0.053582 
09:00 - 10:00 0.071060 
10:00 - 11:00 0.061891 
11:00 - 12:00 0.045559 
12:00 - 13:00 0.055587 
13:00 - 14:00 0.050430 
14:00 - 15:00 0.057020 
15:00 - 16:00 0.057593 
16:00 - 17:00 0.053009 
17:00 - 18:00 0.087679 
18:00 - 19:00 0.075358 
19:00 - 20:00 0.064183 
20:00 - 21:00 0.057020 
21:00 - 22:00 0.032951 
22:00 - 23:00 0.014900 
23:00 - 24:00 0.008883 

 

Table 3.1 Hour of the day and Probability of Passenger Arrival 
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Table 3.1 presents the probability mass function of daily passenger arrival. 

 

3.2 SATS Aircraft 
For our study, we will consider the Eclipse 500 as the sole aircraft in the air taxi service. 

The eclipse has been already documented by NASA in its vision for SATS. The 

performance specifications of the aircraft are presented in Table 3.2. 

 

 

Eclipse 500 Jet Performance 
  Imperial Metric 

Takeoff Distance 
Sea level, ISA to 50 ft @ MGTOW  

2,155 ft 657 m 

Landing Distance 
Sea level, ISA @ 4,600-lb landing weight 

2,040 ft 622 m 

Rate of Climb - 2 engines 2,990 ft/min 911 m/min 
Rate of Climb - 1 engine  888 ft/min 271 m/min 
Time to Climb - 35,000 ft 19 min   
Takeoff at 5,000 ft at 68°F  
(1,524 m at ISA +15) 

3,350 ft 1,021 m 

Single Engine Takeoff Climb at 5,000 ft at 68°F 
(1,524 m at ISA + 15) 

293 ft/min 89 m/min 

Single Engine Service Ceiling 25,000 ft 7,620 m 
Cruise Speed 375 kt 694 km/hr 
Max. Altitude 41,000 ft 12,497 m 
Range, 4 occupants 
IFR 45-minute reserve 

1,395 nm 2,584 km 

 

Table 3.2 Eclipse 500 Performance 
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Figure 3.1 Speed of Aircraft 

 

The figure 3.1 illustrates the speed of aircraft for different distances. It is observed that 

the aircraft cruises after it has traveled 300 nautical miles. The total time required for a 

flight can be found out by knowing the distance between two cities.  

 

Total time =  Distance between the cities 

                   Speed of the aircraft 

 

In this research, the aircraft service will be provided for cities within a range of 500 

nautical miles. This means that flight time will be at most 1 hour and 30 minutes. The 

time taken by a flight from take off to landing is known as the �block time.� We assume 

the block time to be 1hour and 30 minutes (maximum). 
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3.3 Time Unit 
 

The study will consider a select group of cities that are each separated by a distance of 

less than 500 Nautical Miles. Thus, the maximum time that the flight flies will be 1 hour 

30 minutes to about 2 hours. Thus, we consider a time unit of 2 hours for convenience. 

This restriction does not affect the general procedure presented here. 

 

The two hour time unit will be constant for all origin destination pairs. The entire service 

time is split into 2 hour time units beginning at 4 a.m., with the last flight departing at 10 

p.m. Thus, for every origin destination pair, the time units and probability of passenger 

arrival are provided in Table 3.3.   

 

Time of the Day 
Time 
Unit 

Probability of Passenger 
Arrival 

04:00 - 06:00 1 0.007367 
06:00 - 08:00 2 0.146577 
08:00 - 10:00 3 0.127953 
10:00 - 12:00 4 0.110761 
12:00 - 14:00 5 0.109328 
14:00 - 16:00 6 0.117924 
16:00 - 18:00 7 0.143999 
18:00 - 20:00 8 0.142852 
20:00 - 22:00 9 0.093282 

 

Table 3.3 Probability of Passenger Arrival by Time Unit 

 

From Table 3.3, we can determine the probability density function for passenger 

arrivals. 
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Figure 3.2 Probability Density Function of Passenger Arrival 

 

 
Figure 3.3 Cumulative Density Function of Passenger Arrival 
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Figure 3.4 shows the cumulative distribution function, which is independent of daily 

demand.  

 

3.4 Demand and Flight Frequency 

 

The demand for any O-D pair can be determined from the population and the travel 
trend between the two cities.  

 

The daily demand for a city in the network is a dynamic generation of a number 

between 0 and 40. This daily demand is split into demand per time unit depending on 

Table 3.3. The minimum number of flights required for one day can be found from the 
following equations Teodorovic,1988. 

Let 

A = number of aircraft 

Nijt = number of flights assigned from origin i to destination j at time unit t 

n = number of seats in each flight 

λijt = demand between origin i to destination j at time unit t  
dij = distance between origin i to destination j 
Cij = cost to fly a flight from origin i to destination j  
S = time required to take off and land (constant for all flights) 

V = speed of the aircraft 

U = maximum possible utilization of the aircraft 

 

The objective function is to minimize the cost of flying the plane each time. 

Min N Cijt ij
i jt ( , )
∑∑

=1

9

 

 

The constraints are described below. 
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a)   Demand Fulfillment Constraint 
Supply of seats offered > Demand 

nNijt ijt≥ min( , )λ 6  for all (i, j) city pairs and all time units t. 

The number of seats in each time unit for each O-D pair is a product of the number 

of seats per flight and number of flights per unit time 

 
b) Number of flights in a time unit 

N Aijt
i j

≤∑
( , )

     for t = 1, 2, �, 9. 

This will ensure that the total number of flights per time unit for the network is less 

than or equal to the fleet size. 

 
c) Non negativity Constraint 

Nijt ≥ 0  

 

The above equations will give the time units at which we should schedule a flight for any 

OD pair. It will also give the number of flights required for the network. 

 

The network, consisting of a number of cities, will provide direct (non-stop) service from 

each city to every other city. As the number of cities increases, the number of O-D pairs 

will increase according to the following rule: 

l l( )− 1  

where, l = number of cities. 
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Figure 3.4 Relation of O-D pairs with the number of cities 

 

Each O-D pair will have its own demand for the day. The demand for the day will 

determine the rate of passenger arrival for every two hour block. The next task is to 

determine the time units for the flights  

 

 

3.5 Passenger Waiting Time 
 

Teodorovic (1988) gives the average schedule delay per passenger, D, as 

D
T
N

=
4  

where,  T = Total time period in minutes, and 

  N = Flight Frequency. 

The flight day is defined as 4 a.m. to 10 p.m. i.e. 18 hours = 1080 min. 

 If there is one flight flying per time unit, the average schedule delay will be 
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D =
1080

36 = 30 min. 

 

For the system defined here, a similar check can be performed except that each time 

unit must be handled differently. The waiting time for each passenger in every time unit 

must be found. To fly a flight in a specific time unit, it should minimize the waiting time of 
all the passengers that arrive in that time unit. 

 

Consider a single time unit (two hours). Let the number of passengers requesting flights 

in this time unit be six (maximum seating capacity). Let H(t) be the cumulative 

distribution function as defined previously in figure 3.4. If the flight flies at the end of the 
time unit, then the waiting time is from start of the time unit to the end. 

 

Figure 3.5 Waiting time for passenger 

For example, if a flight flies at time x, then maximum waiting time is the shaded portion 
in Figure 3.6. 
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W H t dt H x
x

x
= − −

−∫ ( ) * ( )
2

2 2  

where, H(x-2) = total passengers arrived by time (x-2).   

The average waiting time will be the total waiting time divided by the number of 
passengers served. 

 

3.6 Flight Assignment and Routing 

 

Flight assignment is the most crucial part of airline schedule. The algorithm that will find 
the entire schedule is given below. 

 

3.6.1 Algorithm 1 � Generate a matrix that will provide data regarding the 
proximity of cities from a particular city individually. 
 

Step 1: 
The algorithm requires the distance between each city. This information is stored in a 

square matrix with row and columns equal to number of cities. The matrix will have the 

distance from a city to every other city. Matrix F shows the cities compared, and matrix 

G shows the values, for a network of four cities. 

F =

− − − −
− − − −
− − − −
− − − −



















1 1 1 2 1 3 1 4
2 1 2 2 2 3 2 4
3 1 3 2 3 3 3 4
4 1 4 2 4 3 4 4
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G =



















0 23 65 76
23 0 78 22
65 78 0 12
76 22 12 0
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Figure 3.6 Flowchart of algorithm 1 
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Figure 3.7 Flowchart of algorithm 2 Part(a) 
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Figure 3.8 Flowchart of algorithm 2 Part(b) 
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Figure 3.9 Flowchart of algorithm 2 Part(c) 
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Step 2: 
Each row of matrix G will be then arranged in descending order. This will arrange the 

cities from farthest to the closest for the city represented by that row. Matrix I shows 

that, for city 1, the closest city is city 2, then 3 and finally 4. Similarly, for city 2, the 

closest city is city 4, then 1 and then 3. 

 

G =



















76 65 23 0
78 23 22 0
78 65 12 0
76 22 12 0

 

I =



















4 3 2 1
3 1 4 2
2 1 4 3
1 2 3 4

 

 
 

3.6.2 Algorithm 2 � Develop a schedule for the network 
 
The algorithm will first find the flights for the network for any number of cities. The 

number of O-D pairs is found out by the equation given below. 

l l( )− 1 , where l = number of cities in the network. 

 
Step 3: 
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The algorithm will be fed with daily demand for each O-D pair. The demand for each O-

D pair will be split into demand for each time unit according to the probability factors 

from earlier referenced p.d.f (Table 3.4).  

 

Time Unit Probability of Arrival 

1 0.006 

2 0.144 

3 0.127 

4 0.11 

5 0.108 

6 0.117 

7 0.143 

8 0.142 

9 0.093 

 

Table 3.4 Probability of passenger arrival per unit time 

 

Step 4: 
If the demand for any O-D pair for any time unit is greater than one, assign a flight for 

the O-D pair in that time unit.  

 

If the demand for any time unit is greater than six, assign a flight for the O-D pair in that 

time unit. This flight will carry only six passengers, while the remaining passengers are 

carried to the next time unit. 

 

Thus, if there is any demand greater than one for any time unit, there will be a flight for 

that O-D pair in that time unit, otherwise there will be no flights for that O-D pair in that 

time unit. This will give the time units in which there are flights for that O-D pair. Each O-

D pair will have a matrix with nine rows (corresponding to nine time units) and one 

column with values of either 0 or 1. An example is shown below. 
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Q =



































0
1
1
0
1
1
1
1
0

 

 
Step 5: 
Step 4 is repeated for all the O-D pairs to obtain the flight information for all O-D pairs in 

each time unit. The final matrix will have nine rows (corresponding to nine time units) 

and columns equal to the number of O-D pairs. Matrix J shows the flight information for 

a network of six cities. A network of six cities will have 30 O-D pairs. 

 

J =

0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 1 0 0 1 0 0
1 1 0 0 1 0 1 1 0 0 1 0 0 0 1 1 1 1 1 1 0 0 0 1 1 1 0 1 0 0
1 1 1 1 1 1 1 1 0 0 1 0 1 0 1 1 1 1 1 1 0 0 1 1 1 1 0 1 0 0
0 1 1 0 1 1 1 1 0 0 1 1 0 0 1 1 1 1 1 1 0 1 1 1 1 0 0 1 0 1
1 1 1 0 1 1 0 1 1 0 1 1 1 0 1 0 1 1 1 1 0 0 1 1 0 1 0 1 0 1
1 1 0 1 1 1 1 1 0 0 0 1 0 1 1 1 1 1 0 0 0 0 1 1 1 0 0 0 0 0
1 1 1 0 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 0 1 1 1 1 1 0 0 0 1
0 1 1 0 1 1 1 1 0 0 1 1 1 1 1 0 1 0 1 1 0 0 1 1 1 1 0 1 0 1
1 1 0 0 1 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0



































  

 

The number of cities, their daily demand and the distance is found. The next step is to 

determine the number of planes for the network. The information required is the number 

of planes and their location at the start of the day. 
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The information required to schedule the flights is the flight information for each O-D 

pair in every time unit, the distance from each city to every other city in the network, and 

the initial location of the planes. 

 
Step 6: 
The schedule is solved for each time unit. Each time unit schedule is further solved for 

each O-D pair. Consider the first time unit. The demand for all O-D pairs, and the 

number of planes located at each origin are known. The equation below gives the status 

of each city. 

P A Di ix ij
jx

= − ∑∑  

where,  x = the aircraft number 

  i = origin city 

  j = destination city 

Aix assumes the value of 1 or 0 depending on whether the aircraft is 

available at the origin city or not. 

Dij assumes the value 1 or 0 depending or whether there is a demand from 

city i to city j. 

Pi provides with the information about the state of city i. 

 

Pi can be found for all the cities. The value of Pi determines the state of the system at 

city i for a specific time unit. If 

Pi = 0, then city i has the exact number of aircraft required to satisfy the demand, 

Pi > 0, then city i has surplus planes, and 

Pi < 0, then city i has more demand than the number of aircraft. 

 

Step 7: 
If the value of Pi for any O-D pair is greater than or equal to zero, then the origin city is 

self sufficient in satisfying the demand for that time unit. If Pi is less than zero, the origin 

city will require planes from other cities. This will require dead legs to be flown from 
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other cities to the origin city in the previous time unit. The method below is used to 

determine the city from which the dead leg is flown. 

 

Method to determine the dead leg: 

• This method is used if the value of Pi is less than zero for any city. The previously 

determined matrix I from algorithm-1 provides the information of cities closest to 

any city. This matrix will determine the city from which the dead leg needs to be 

flown. 

• From matrix I, the row that represents the origin city is found. This will provide the 

list of cities in the order of their distance from the origin city. 

• The city closest to the origin city is selected and the value of P is found for that 

city. If the value of P is greater than zero, we need to check the activities of all 

the planes located at that city. If a plane has not flown in a time unit, it is 

assumed to have performed no activity for that time unit. 

• For assigning a dead leg, it is necessary to know the activity of the plane in the 

previous time unit. If the plane has no activity in the previous time unit, then that 

plane can be assigned a dead leg.  

• If the value of P is less than or equal to zero or if all the planes have an activity in 

the previous time unit, then those planes cannot be assigned a dead leg. 

 
Step 8: 
If the value of P for the origin city is still less than zero, then the next closest city is 

considered and Step 11 is repeated.  

 
Step 9: 
A matrix, Z, will give the position and the activity of each plane for all 9 time units. The 

first row represents the dummy row that will handle any initial adjustments in the 

positions of the planes, while the remaining rows of this matrix represent the time units 

and the columns represent the plane. As the initial position of the planes is known, the 

first and the second row are populated. All the other rows are populated with a high 
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number e.g. 99. If there are 3 cities and 5 planes and the planes are initially located at 

1, 2, 2, 3, 1 respectively, then the matrix Z will be 

Z =







































10 20 20 30 10
10 20 20 30 10
99 99 99 99 99
99 99 99 99 99
99 99 99 99 99
99 99 99 99 99
99 99 99 99 99
99 99 99 99 99
99 99 99 99 99
99 99 99 99 99

 

The location of the planes is represented by the extreme left hand side digit of the 

number. If this digit is followed by a zero, it represents that no activity has been 

assigned to this plane in that time unit. If a dead leg is flown by plane 5 from city 1 to 2 

in the dummy time unit, then we assign the number 120 to column 5 and row 1. Any 

number in the matrix that is greater than 99 represents a dead leg flown and the flight 

can be read as explained below. 

120 = a dead leg from city 1 to city 2. 

310 = a dead leg from city 3 to city 1. 

 
Step 10: 
Steps 7 to 9 are repeated for all O-D pairs. At the end of step 9, we will have flown dead 

legs wherever necessary. Also, the values of P are changed due to the dead legs flown. 

 
Step 11: 
The summation of new Pi determines the status of the entire network for any time unit. If 

the summation is greater than or equal to zero, the network is stable i.e. the number of 

planes available will satisfy the demand for that time unit. However, if the summation is 

less than zero, then the available planes are insufficient to satisfy the demand. 
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Step 12: 
This step will allocate the flights that will satisfy the demand. Every O-D pair needs to 

repeat this step. 

 

Consider an O-D pair. If the value for this O-D pair in the specific time unit is 1 in the 

matrix J, then one plane will fly from the origin to destination.  

 

If plane 3 is flown from city 2 to city 1 in time unit 4, then the 3rd column of the 5th row is 

populated by the number 21. The number tells that the plane is flown from city 2 to city 

1. 

 
Figure 3.10 Explanation of number populated in the schedule matrix 

 

The step is repeated for all the O-D pairs. After the completion of all O-D pairs, we 

obtain the flights flown by each plane in the specific time unit. The destination city of 

each plane becomes the origin city for the same plane in the next time unit. If the plane 

has no activity in the time unit, it will have the same location for the next time unit. 

 
Step 13: 
Steps 6 to 12 are repeated for all the time units. At the end of the 9th time unit, matrix Z 

is populated with all the flight information of the planes throughout the day. Matrix Z, 

below, gives a final schedule for a network of 3 cities and 5 planes. 

21

Origin 
City Destination

City 
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Z =







































10 20 20 30 30
12 21 20 30 30
23 12 21 32 30
310 21 12 20 30
12 13 21 20 31
23 32 12 21 10
30 21 20 12 10
32 12 23 21 10
21 20 30 12 10
10 20 30 20 10

 

The above is explained as shown in Figure 3.8. 
 

 
 

Figure 3.11 Description of a daily schedule for a single aircraft 
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Figures 3.12, 3.13, 3.14, 3.15, 3.16 show the route of each aircraft in the network. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.12 Route of Plane 1 in the network 

Dummy T1     T2     T3     T4     T5    T6     T7     T8     T9  

CITY 1 

CITY 2 

CITY 3 

Plane 1

10 21323023123123 12 10 
T9 T8T7T6T5T4T3 T2 T1 Dumm

Dead Leg
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Figure 3.13 Route of Plane 2 in the network 
 

Dummy T1     T2     T3     T4     T5    T6     T7     T8     T9 

CITY 1 

CITY 2 

CITY 3 

Plane 2

20 20122132132112 21 20 
T9 T8T7T6T5T4T3T2 T1 Dumm
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Figure 3.14 Route of Plane 3 in the network 
 

Dummy T1     T2     T3     T4     T5    T6     T7     T8     T9 

CITY 1 

CITY 2 

CITY 3 

Plane 3

30 302320122112 21 20 20 
T9 T8T7T6T5T4T3 T2 T1 Dumm
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Figure 3.15 Route of Plane 4 in the network 
 

Dummy T1     T2     T3     T4     T5    T6     T7     T8     T9  

CITY 1 

CITY 2 

CITY 3 

Plane 4

20 122112212020 32 30 30 
T9 T8T7T6T5T4T3 T2 T1 Dumm
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Figure 3.16 Route of Plane 5 in the network 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Dummy T1     T2     T3     T4     T5    T6     T7     T8     T9 

CITY 1 

CITY 2 

CITY 3 

Plane 5

10 101010103130 30 30 30 
T9 T8T7T6T5T4T3 T2 T1 Dumm
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Chapter 4 
 

Results and Analysis 
 
4.1 Matlab Program 
 

The algorithm described in chapter three was coded in matlab version 6.1.0.450 release 

12. The program is capable of solving a network of 99 cities. The features of the 

program are given below. 

 

1. The program will run the schedule for a period of 7 days. 

2. Inputs required are the number of cities and the number of planes. Different demands 

and demand patterns are assigned by the program to different O-D pairs. 

3. The output of the program provides 

a. daily utilization of the planes and the entire fleet,  

b. the number of dead legs, 

c. the number of flights not scheduled, 

d. number of dissatisfied customers, 

e. average waiting time for the network, 

f. number of flights scheduled, 

g. number of customers served, and 

h. number of customers lost. 
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4.2 Experiments 
 

A list of scenarios was run each with a different number of cities and varying fleet size. 

The experiments were conducted for a network of 3, 6, 8, 10, 12, 15,18, and 20 cities 

with the fleet size changing as a percent of the O-D pairs. The fleet size was 20%, 50%, 

60%, 70%, 75%, 80%, 85%, 90%, 95%, or 100% of the O-D pairs. For example, for a 

network of 6 cities, 30 O-D pairs, the fleet size is a percent of 30. Table 4.1 shows the 

fleet size for different numbers of cities. 

 

Table 4.1 Fleet size for different number of cities 

 

Fleet Size 
(% of O-D 

pairs) 20% 50% 60% 70% 75% 80% 85% 90% 95% 100% 
Number of 

Cities                     
3 1 3 4 - 5 - - - 6 - 
6 6 15 18 21 23 24 26 27 29 30 
8 11 28 34 39 42 45 48 50 53 56 

10 18 45 54 63 68 72 77 81 86 90 
12 26 66 79 92 99 106 112 119 125 132 
15 42 105 126 147 158 168 179 189 200 210 
18 61 153 184 214 230 245 260 275 291 306 
20 76 190 228 266 285 304 323 342 361 380 

 

 

The Table 4.2 shows the actual experimental experiments examined. 
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Table 4.2 List of Experiments 

Exper
iment Cities Planes  

Experi
ment Cities Planes

Exper
iment Cities Planes 

1 3 1  6 6 6 16 8 11 
2 3 3  7 6 15 17 8 28 
3 3 4  8 6 18 18 8 34 
4 3 5  9 6 21 19 8 39 
5 3 6  10 6 23 20 8 42 
    11 6 24 21 8 45 

    12 6 26 22 8 48 
    13 6 27 23 8 50 
    14 6 29 24 8 53 
    15 6 30 25 8 56 
          
Exper
iment Cities Planes  

Experi
ment Cities Planes

Exper
iment Cities Planes 

26 10 18  36 12 26 46 15 42 
27 10 45  37 12 66 47 15 105 
28 10 54  38 12 79 48 15 126 
29 10 63  39 12 92 49 15 147 
30 10 68  40 12 99 50 15 158 
31 10 72  41 12 106 51 15 168 
32 10 77  42 12 112 52 15 179 
33 10 81  43 12 119 53 15 189 
34 10 86  44 12 125 54 15 200 
35 10 90  45 12 132 55 15 210 

          
Exper
iment Cities Planes  

Experi
ment Cities Planes    

56 18 61  66 20 76    
57 18 153  67 20 190    
58 18 184  68 20 228    
59 18 214  69 20 266    
60 18 230  70 20 285    
61 18 245  71 20 304    
62 18 260  72 20 323    
63 18 275  73 20 342    
64 18 291  74 20 361    
65 18 306  75 20 380    
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4.3 Output 
 

The specific output from the algorithm is described below. 

 

• Fleet Utilization: The fleet utilization is calculated as the ratio of the actual flying 

time of the fleet to the total time of the network. The total time in this case is 18 

hours per day for 7 days i.e. 7560 min. 

 

Fleet Utilization
Tijk

kj

G

i= ===
∑∑∑

1

9

11

7

7560  

where,  i = days 

j = planes 

k= time units (segments into which the day is divided) 

Tijk = block time of plane j in time unit k on day i.  

G = total number of planes flown 

 

• Dead Legs: The number of flights flown empty. 

• Flights Not Scheduled: The number of flights which could not be flown due to 

unavailability of planes. The unavailability arises due to a shortage of planes in a 

larger network size. 

• Number of Dissatisfied Customers: The number of customers that could not be 

flown in the time unit that they requested to fly. 

• Average Waiting Time of customers (including satisfied customers): Assuming 

that the dissatisfied customers wait for one hour.  
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Av Wait Time hours
D

P

ik
ki

ik
ki

. ( )
*

= ==

==

∑∑

∑∑

1
1

9

1

7

1

9

1

7  

 

where,  i = days 

k= time units (segments into which the day is divided) 

Dik = number of dissatisfied customers 

Pik = total number of customers 

• Scheduled Flights: The flights that were flown with passengers over the network 

excluding the dead legs. 

• Customers Served: The number of passengers that were flown in the network. 

• Passenger Load Factor: 

Passenger Load Factor
S
F

=
4  

where,  S = customers served 

4F = total number of seats available (seats per flight * scheduled 

flights) 

• Flights not scheduled: The number of flights that were flown to satisfy the 

passengers that could not fly by their scheduled flights due to overbooking. 

• Failures: The number of passengers who could not be flown in a particular day. 

 

4.4 Results  
 

Appendix A contains the results from the experiments explained above. 
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4.4.1 Analysis  
 

4.4.1.1 Fleet Utilization 
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Figure 4.1 Fleet Utilization 

 

Figure 4.1 gives the behavior of fleet utilization for the various experiments performed. It 

is observed that the utilization increases slightly as the fleet size increases from 20% to 

50%. However, the fleet utilization decreases as we increase the size above 85 � 90%. 

 

The low utilization for small fleet size (20%) can be due to the fact that the fleet has to 

stay at one particular city to satisfy the requests in the next time unit. The probability of 

the fleet flying a dead leg is very low in such a case. The increase in the fleet size from 

50% to 100% results in a decrease in the utilization.  
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4.4.1.2 Dead Legs 
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Figure 4.2 Dead Legs 

Figure 4.2 shows the change in the number of dead legs with an increase in the fleet 

size. The different lines resemble the different network size. The number of dead legs 

increases as the fleet size increases until the fleet is approximately 90% of the O-D pair. 

A further increase in fleet size reduces the number of dead legs. 

 

4.4.1.3 Scheduled Flights 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.3 Scheduled Flights 
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The number of flights scheduled increases with the increase in the fleet size. The 

percentage jumps as the fleet size increases from 20% to 50% of the O-D pair, and it 

shows a slight increase as the fleet size is further increased to 100%. 
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Figure 4.4 Passengers Satisfied 
 
The percent of passengers satisfied is directly proportional to the percent of scheduled 

flights. It can be observed that for most fleet sizes, the percent of passengers satisfied 

crosses 90% when the fleet size reaches 95% of the O-D pairs. The percentage is also 

very close to 100% for any fleet size above 90% of O-D pair.  

 

It is very important to observe that the rate of increase of passengers satisfied drop as 

we increase the fleet size. Thus, it is important to understand the cost of increase in an 

fleet size as compared to the cost of losing a passenger. The increase in the number of 

dead legs increases the cost substantially. A cost estimate of an additional plane in the 

fleet and the cost of flying dead legs can help in this decision.  
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4.4.1.4 Passenger Load Factor 
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Figure 4.5 Passenger Load Factor 

 

The passenger load factor is the fraction of available seats that are actually occupied by 

the passengers in a flight. 

 

Observe that the passenger load factor decreases as the fleet size increases. This 

shows that with an increase in fleet size, the flights are not completely booked. The 

decrease in the passenger load factor is the result of satisfying more passengers in the 

requested time unit, yielding a decrease in dissatisfied customers. 
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% of Dissatisfied Customers
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Figure 4.6 Dissatisfied Customers 
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Figure 4.7 Percentage of Failures 

 

An increase in the fleet size also reveals substantial decrease in the number of 

dissatisfied customers and a decrease in customers lost. Figures 4.6 and 4.7 illustrate 

these trends. 
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4.4.2 Cost Analysis  
 

The cost of operation includes various factors like maintenance, fuel, and other 

activities. Some of these costs are taken into consideration in this cost analysis. 

 

 

4.4.2.1 Cost of new aircraft 

 

The purchase price of a new aircraft is $ 1,170,000. For the purpose of analysis, this 

cost is divided into cost per week with the assumption that the aircraft has a life of 5 

years and no salvage value.  

(Note: This analysis does not consider inflation or the time value of money) 

 

Cost of aircraft per week
Lifeof Aircraft in years

=
1170000

52( )*  

 
4.4.2.2 Pilot Salary 

 

The annual salary of a pilot is $ 60000. Thus, the weekly salary of the pilot is  

Pilot salary per week =
60000

52  

 
4.4.2.3 Cost of fuel 
 
 

Fuel Expense FuelConsumption Gallons per hour Jet fuel t per gallon= ( ) * cos  
 
Fuel Consumption can be calculated from Figure 4.8., and 
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jet fuel cost per gallon = $ 2.71. 

 

Fuel Consumption lb per hour

0
100
200
300
400
500
600
700
800

0
20

0
40

0
60

0
80

0
10

00

Stage Length

Fu
el

 C
on

su
m

pt
io

n 
(lb

) p
er

 
ho

ur Fuel Consumption lb
per hour

 
Figure 4.8 Fuel Consumption (lb) per hour 

 
 

 

4.4.2.4 Maintenance Cost 

 

Maintenance Hours per Flight Hour = 0.84 

Maintenance Labor Expense per Hour = 64.39 

Maintenance cost per hour = Maintenance Hours per Flight Hour * Maintenance Labor  

        Expense per Hour = 54.09 

 

4.4.2.5 Miscellaneous Cost 
 
Miscellaneous expenses include service during the flight. 
 
 

Miscellaneous Trip Expenses = 65 

Schedule Parts Expense = 50 
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4.4.2.6 Cost 

 

Total Variable Expense per hour = Fuel Cost per hour + Maintenance Cost + 

Miscellaneous Cost 

Total Fixed Expense per hour = Weekly Cost of purchasing aircraft + Weekly salary 

expense 

 

4.4.2.7 Cost of Dead leg 

 

The cost of a dead leg = total variable expense * time of dead leg. 

 

4.4.2.8 Cost of losing a passenger 

 

For the purpose of an example, the cost of losing a passenger is considered to be $100 

per customer. 

 

Figures 4.9 and 4.10 show the trend in variable and fixed cost. Figure 4.9 shows that 

the variable cost increases rapidly with initial increase in fleet size and gradually flattens 

out as the fleet size increases above 90%. This is because utilization and miles flown 

reach a steady figure as the fleet size increases. 

 

Figure 4.10 shows that the aircraft cost and the salary increase steadily with an 

increase in fleet size. This is primarily because the increase in fleet size increases the 

aircraft expense and also the pilots required. 
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Figure 4.9 Fuel Cost, Maintenance Cost, Miscellaneous Cost, Dead leg Cost 
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Figure 4.10 Aircraft Cost, Salary 
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The number of customers lost dips as we increase fleet size. Thus, we observe a 

negative exponential curve in the cost with increase in fleet size as seen in figure 4.11. 
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Figure 4.11 Cost of customers lost 

 

Total Cost = (Total variable expense per hour + Total fixed expense per hour) * Total 

hours flown by an aircraft * Number of aircrafts + Total cost of dead legs + Total Cost of 

customers that could not be served. 

 
Dividing the total cost by the total number of customers served yields the average cost 

per seat. This is the required average revenue per seat for break even. 
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Figure 4.12 Average Cost per seat 
 
Figure 4.12 shows the trend in cost per seat the fleet size increases, for different 

network sizes. 

 

There is a drop in the average cost per seat for an increase in fleet size to a certain 

point. However, as the fleet size increases further, the cost starts increasing again. 

 

  Number of cities 
  3 6 8 10 12 15 18 20

20% 1030.124 1239.709 1059.511 945.8711 948.0045 943.3603 930.7705 993.2818
50% 828.3884 1075.499 879.117 795.3955 826.6426 839.3287 961.2937 856.7734
60% 807.4545 1060.806 910.7221 800.4619 828.007 843.998 886.1711 874.2403
70% 807.4545 1004.515 928.5701 822.798 845.8232 878.2122 920.0454 921.0781
75% 811.2855 1078.499 941.1819 843.9341 868.7175 893.5895 952.273 946.9334
80% 811.2855 1111.837 967.4817 866.9192 891.872 916.8493 979.1738 978.6222
85% 811.2855 1123.607 989.9927 877.8199 915.3914 942.0463 1008.535 1006.39
90% 811.2855 1124.285 1000.67 887.9608 935.6071 961.6182 1023.604 1028.007
95% 833.0996 1147 1013.055 903.8172 947.0451 973.3606 1034.557 1033.803Fl

ee
t s
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e 

as
 %
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f O

-D
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100% 833.0996 1153.722 1038.524 913.7886 957.7321 983.858 1039.977 1039.789
 

Table 4.3 Average Cost / Seat 
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Table 4.3 shows that the minimum cost per seat is obtained when the fleet size ranges 

from approximately 55% to 70% of the O-D pairs. It is clearly indicated that a larger fleet 

size requires more cost per seat to break even.  

 

For a very small fleet size, the cost per seat is high. The dominant reason is the number 

of customers lost for this small fleet size. Even though the passenger load factor is high 

and the fixed cost is low, the percentage of customers lost is very high. 

 

The possible cause of the rise in the cost as the fleet size increases beyond 70% of O-D 

pairs is the rate at which the dead legs change. Also, the passenger load factor 

decreases indicating that flights are not flying full. 

 

 

 

4.5 Sensitivity Analysis on Cost of Losing a Customer 
 

4.5.1 Average cost per seat 
 
Average cost per seat is calculated for various penalty fees. The change in average 

cost per seat is observed for penalty fees ranging from $100 to $ 1200 with an 

increment of $100. 
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Figure 4.13 Average Cost per Seat (Penalty of $100 and $ 200) 

 

Figure 4.13 shows that the average cost per seat varies in a specific pattern. The cost 

per seat decreases at a very fast rate as the fleet size increases from 20% to 50%. 

Further increase in fleet size shows a slow growth in the average cost. Primary factors 

of this increase can be the increase in the fleet size and decrease in the passenger load 

factor.  

 

A hypothesis stating that the pattern of the change in the average cost per seat should 

remain same can be observed for higher values of penalty fees. 
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Figure 4.14 Average Cost per Seat (Penalty of $300 and $ 400) 
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Figure 4.15 Average Cost per Seat (Penalty of $500 and $ 600) 
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Figure 4.16 Average Cost per Seat (Penalty of $700 and $ 800) 

Figures 4.14 � 4.16 support the hypothesis of displaying a similar pattern in change of 

average cost per seat.  
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Figure 4.17 Average Cost per Seat (Penalty of $900 and $ 1000) 
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Figure 4.18 Average Cost per Seat (Penalty of $1100 and $ 1200) 

 

Figures 4.17 � 4.18 also show that the cost remains steady with increase in fleet size 

from 50% to 100%. 

 

Thus, the cost is observed to behave similarly with an assumption that each flight will fly 

equal miles. The total miles flown by different network sizes and different fleet sizes is 

different.  
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4.5.2 Average cost per seat per mile 
 

Average cost per seat per mile is calculated by considering the entire fleet size.  
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Figure 4.19 Average Cost per Seat per mile  

 

Figures 4.19 illustrates that the average cost per seat per mile increases with increase 

in fleet size.  

 

 

 

4.6 Fleet Size 
 

The factors that help to determine a good fleet size can be divided into positive factors 

and negative factors. The positive factors are the factors that should be maximized for 

better performance of the network e.g. customer satisfaction, fleet utilization, passenger 
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load factor. The negative factors are the factors that should be minimized for better 

performance of the network e.g. cost, failures, dead legs, wait time. 

 

To find the fleet size, the following steps were carried out.  

 

For positive and negative factors: 

Step 1: The maximum value of each factor is determined. This value is set as 100%. 

Step 2: By considering the maximum as 100%, the percentage value for each fleet size 

for each factor is determined.  

 
Fleet Size 
(% of O-D 

Pairs) 
Fleet 

Utilization 
Customer 

Satisfaction 

Passenger 
Load 

Factor Average 
20 97.53 29.19 100.00 75.57241 
50 99.60 68.37 93.66 87.21084 
60 100.00 81.51 90.17 90.56004 
70 97.72 88.85 86.93 91.16423 
75 97.32 93.57 84.84 91.90839 
80 96.39 95.43 82.15 91.3237 
85 94.74 97.47 80.41 90.87326 
90 92.00 98.21 79.50 89.90563 
95 87.99 99.88 78.97 88.94487 

100 84.73 100.00 78.52 87.75019 
 

Table 4.4 Percentage of positive factors as compared to their maximum value 

 
Fleet Size 
(% of O-D 

Pairs) Cost/seat 
Dead 
legs Failures Cost/seat/mile Wait time Average 

20 100 0.373333 100 15.85566 100 63.2458 
50 87.29156 12.98667 44.65067 35.65693 95.41045 55.19926
60 86.66642 26.90667 26.4954 42.31957 88.0597 54.08955
70 88.10803 43.30667 16.5349 51.92626 92.35075 58.44532
75 90.67788 53.78667 9.427376 58.21399 81.34328 58.68984
80 92.99694 72.90667 6.496158 64.60016 80.97015 63.59402
85 94.86363 90.90667 4.098861 71.93454 76.08209 67.57716
90 96.07454 100 3.555381 80.09963 79.4403 71.83397
95 97.4675 97.22667 1.335293 89.98598 99.51493 77.10607

100 98.39144 97.41333 0.985274 100 98.95522 79.14905
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Table 4.5 Percentage of negative factors as compared to their maximum value 

 

 

The difference between the positive and negative values will determine the fleet size 

performance. A higher positive difference between the two values will illustrate better 

performance. 
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Figure 4.20 Comparison between different fleet sizes 

Figure 4.20 illustrates that difference between the positive and negative factors. The 

fleet size of 60% - 70% of O-D pairs seems to give the best value under the assumed 

conditions. 
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Chapter 5 
 

Conclusion 
 
5.1 Summary 
 

The goal of the SATS program is to increase the role of small, general aviation airports 

in order to effectively triple the current level of aviation system throughput in the future. 

This thesis provides a basic understanding of aircraft scheduling keeping the quality and 

quantity as priorities.  

 

The significant contribution of this research was the understanding of how various 

factors affect the network behavior and affects the schedule and cost. The 

understanding of the system was provided by two ways. First, the system was tested for 

various network sizes. The networks used for analysis are built after a thorough 

understanding of the population and other variables that will randomize the cities to form 

similar networks. This helped in comparing the correct behavior of a small network to a 

larger network. The cities within a network have different populations and different daily 

demands. These variables helped in choosing cities that will represent different types of 

demand constraints. Second, the system changed the fleet size that served each 

network. Fleet sizes varied by the percentage of the O-D pairs in the network. The 

software used to test the system was Matlab. 
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The program and schedules were run on a daily basis. Once the daily schedules 

worked correctly, the program was coded to work for more than one day. The continuity 

of the schedule was the prime challenge in a model that ran for more than one day. 

Finally, a full schedule was run for a time span of 7 days with different network sizes. 

Various parameters were changed during the run. Some of these parameters included 

the actual fleet size, the starting points of the flights and cost of losing a customer. 

  

Cost factors added to the model helped in reviewing the actual feasibility of different 

networks and fleet sizes. Interesting results were obtained with cost analysis. It was 

clear that more planes did not seem to improve the performance beyond a certain level. 

There was some initial improvement in the performance as the fleet size increased from 

20% to 50%. However, a fleet size beyond 80% of the O-D pairs did not change the 

performance, but the cost increased with the increase in the fleet size. It was found that 

the network gave the best performance when the network size was between 70% - 75% 

of the O-D pairs.  

 

The analysis performed can be a good reference to understand the actual network 

behavior. The schedule can be used to find the right fleet size for a particular network.  

 

 

5.2 Future Research 
 

The model built has limitations on variables. The robustness and reliability of the model 

can be verified by adding more constraints and more complex networks. The accuracy 

and precision of the results are limited and are bounded by the assumptions made 

before actual model was built.   

 

The model can be further enhanced by the use of more complex and wider variety of 

network properties. Properties like weather, mechanical problems can actually affect the 
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results of the current model. A more robust model incorporating such properties can be 

compared with this model for verifying the results and observing the sensitivity of such 

properties.  

 

The model uses one aircraft type for all the networks. This limits the performance of the 

model. Introducing more than one type of aircraft can give interesting results. New and 

better aircrafts can definitely cut down cost per mile and also improve average 

satisfaction. The decision of choosing between the different aircraft types would be 

challenge for such a model. Different speeds and different service schedules can add to 

the complexity of the model. Various facts and right assumptions can simplify this task. 

 

The thesis work shows the behavior of networks that are within the radius of 500 nm. 

This limitation has influenced the results obtained. A strong analysis can be made by 

expanding the network size in terms of number of cities and in terms of distance as well. 

A network that has cities in different time zones can prove to be a very interesting 

analysis. Scheduling flights across time zones will replicate a practical network that 

flows across U.S.A.  

 

Time zones are as important constraints as weather and mechanical problems. Aircraft 

require constant mechanical service and check-ups. Also, different types of aircraft have 

different schedules for servicing. Along with these schedules, the normal time table can 

be disrupted by weather. The model should be able to minimize the affect of weather 

delays and should try to adjust the schedule so as to maximize satisfaction.  

 

SATS have an interesting problem of scheduling flights in a network that has dynamic 

demand. Scheduling flights would also require crew scheduling for the network. Getting 

the crew to schedule to such a dynamic network problem is interesting. The model can 

consider constraints like getting the crew back to their base and scheduling work 

without exceeding the hours worked per day by each crew member. 
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The model presented in this thesis gives a heuristic approach to solve the scheduling 

problem. A non heuristic approach which will have all the variables discussed and 

considered in the model can give a robust model. The time to solve such a problem can 

also be improved by using more sophisticated tools. 

 

Finally, this thesis provides a basis for a problem that can be represented in several 

different ways and can be solved by various techniques. The study done for this thesis 

will be a strong platform for someone who is challenged by this type of a problem. This 

thesis touches various aspects of scheduling and provides an understanding of a SATS 

network. Using this study as a base, a sophisticated and robust model can be built to 

solve this dynamic problem. 
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Appendix C: Matlab Program 
 
 
Program 1:  
Plots a US map and locates two cities 
 
city1 = [-80 36.3];   % Latitude and Longitude of city1 (Blacksburg) 
city2 = [-120 36.0];  % Latitude and Longitude of city2 (West Coast) 
 
[pos,distance] = great_circle(city1,city2); 
 
% Load the US Map to plot 
load usalo 
 
plot(uslon,uslat,'b') 
hold on 
plot(gtlakelon,gtlakelat) 
plot(statelon,statelat) 
plot(city1(1),city1(2),'r+',city2(1),city2(2),'ro') 
grid 
 
title(['Distance = ',num2str(distance,'%15.0f'),' miles']); 
 
 
Program 2: Great Circle 
Calculates the distance between cities 
 
% Function great_circle to estimate great circle distance between two points 
% on the surface of the earth 
 
function [pos,distance]=great_circle(city1,city2); 
%WRLDTRV2 Calculate and plot great circle distances. 
%   WRLDTRV2 is used by the demo WRLDTRV. 
 
% East longitude is POSITIVE 
% North latitude is POSITIVE 
    phi1=city1(1)*pi/180; 
    tht1=(city1(2)+135)*pi/180+pi/4; 
    [xp1,yp1,zp1]=sph2cart(tht1,phi1,1); 
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    phi2=city2(1)*pi/180; 
    tht2=(city2(2)+135)*pi/180+pi/4; 
    [xp2,yp2,zp2]=sph2cart(tht2,phi2,1); 
 
    out=cross([xp2 yp2 zp2],[xp1 yp1 zp1]); 
    [tht3,phi3,r]=cart2sph(out(1),out(2),out(3)); 
 
    % Following calculation uses Napier's Spherical 
    % Trigonometry Cosine Rule for Sides 
    % Ref: VNR Encyclopedia of Mathematics 
    angularDistCos=sin(phi1)*sin(phi2)+cos(phi1)*cos(phi2)*cos(tht1-tht2); 
    angularDist=acos(angularDistCos)*180/pi; 
    % Earth radius in miles: 3963 
    earthRadius=3963; 
    distance=(angularDist*pi/180)*earthRadius; 
 pos=[xp1 yp1 zp1]; 
 
 
 
Program 3: 
Developing a matrix when a network of cities is known. 
 
        clear all; 
 
        fprintf('\nNumber of cities? '); 
        G = input(''); 
         
        for i = 1:G 
            for j = (i+1):G 
                fprintf('\ndistance between city %g and city %g ? ',i,j); 
                entry = input(''); 
                F(i,i) = 0; 
                F(i,j) = entry; 
                F(j,i) = entry; 
            end 
        end 
         
        for i = 1:G 
             
            H(i,:) = F(i,:); 
             
            for j = 2:G 
                for k = G:-1:j 
                    W(i,k) = k; 
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                    W(i,k-1) = k-1; 
                     
                    if H(i,k) >= H(i,k-1) 
                        temp = H(i,k-1); 
                         
                        H(i,k-1) = H(i,k); 
                         
                        H(i,k) = temp; 
                                                 
                    end 
                     
                end 
            end 
        end 
        
        for i = 1:G 
            t = 1; 
            for j = 1:G 
                for k = 1:G 
                    if F(i,j) == H(i,k) 
                        W(i,k) = j; 
                        t = t + 1; 
                    end 
                end 
            end 
        end 
         
        W 
 
 
 
Program 4: 
Program that schedules the flight for a period of 7 days  
 
%%%%%%%%%%%%%%%%%%%%%%%START OF 
PROGRAM%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%% 
 
%-----------------INITIAL VALUES-------------------------% 
clear all; 
 
%---------------START OF THE PROGRAM THAT WILL GIVE THE FLIGHTS FOR THE 
DAY-------------------% 
clear all; 
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C = input('\nNumber of cities? '); 
v = 1; 
for i = 1:C 
    for j = 1:C 
        if i ~= j 
        fprintf('\ndemand from city %g to city %g ? ',i,j); 
        entry = input(''); 
 
        m = [ entry*0.006 entry*0.144 entry*0.127 entry*0.11 entry*0.108 entry*0.117 
entry*0.143 entry*0.142 entry*0.093]; 
        k = 0; 
        G = 0; 
        F = 0; 
        T = 0; 
        T(1,1) = 0; 
        for k = 2:10 
            X = m(k-1); 
            F = G + m(k-1); 
     
            if F >= 1 
                T(1,k) = 1; 
                if F > 6 
                    G = F - 6; 
                else 
                    G = 0; 
                end 
            end     
            if F < 1 
                T(1,k) = 0; 
                G = G + m(k-1); 
            end 
        end 
         
        T; 
                B(v,:) = T(1,:) ; 
               v = v+1;  
           end 
       end 
   end 
 
B; 
L = B'; 
 
B = L 
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%---------------------------------------END-------------------------------------------------% 
 
%--------------------WORKING OF CODE-------------------------------% 
         
 
 
        fprintf('\nNumber of planes? '); 
        G = input(''); 
         
        for i = 1:G 
                fprintf('\nLocation of Plane %g (1, 2, 3)? ',i); 
                entry = input(''); 
                F(1,i) = entry*10; 
                F(2,i) = entry*10; 
                F(3,i) = 99; 
                F(4,i) = 99; 
                F(5,i) = 99; 
                F(6,i) = 99; 
                F(7,i) = 99; 
                F(8,i) = 99; 
                F(9,i) = 99; 
        end 
        A = F; 
         
   t = 2; 
      
     D = [5 3 4 2 1; 4 5 1 3 2; 1 5 2 4 3; 2 1 5 3 4; 1 2 3 4 5]; 
      
    tic;  
    while (t < 10) 
        mm = t + 1; 
        airport_a = 0; 
        airport_b = 0; 
        airport_c = 0; 
         
        for i = 1:C 
            v = 1; 
            CC = i *10; 
            airport(i) = 0; 
        while (v < G+1) 
            if A(t,v) == CC 
                airport(i) = airport(i) + 1; 
            end 
            v = v + 1; 
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        end 
        end 
        airport; 
         
        v = 1; 
        while (v < G+1) 
            A(mm,v) = A(t,v); 
            v = v + 1; 
        end 
         
        S = C; 
        v = 1;   
        for i = 1:S 
             
            X(i) = 0; 
           J = i*(S-1); 
            while (v < (J+1) ) 
                if (B(t,v) == 1) 
                    X(i) = X(i) + 1; 
                    
                end 
                v = v+1; 
            end 
         
        end 
        B(t,:); 
        X 
         
        for i = 1:C 
            P(i) = airport(i) - X(i); 
        end 
        P; 
         
        for i = 1:C 
         
        if P(i) < 0 
            %DA = D(1,:); 
            for k = 1:G 
            if (P(i) < 0) 
            for j = (C-1):-1:1     
            Q = D(i,j); 
                if (P(Q) > 0) & (P(i) < 0) 
                    QQ = Q*10; 
                        if (A(t,k) == A(t-1,k)) & (A(t,k) == QQ) 
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                            A(t-1,k) = Q*100 + i*10; 
                            A(t,k) = i*10; 
                            A(mm,k) = i*10; 
                            P(i) = P(i) + 1; 
                            P(Q) = P(Q) - 1; 
                        end 
                end 
            end 
            end 
            end 
        end 
        end 
 
        XXX = P 
         
        for i = 1:C 
        switch P(i) 
        case -1 
            
fprintf('=============================================================
==================\n'); 
            fprintf('Could not fly one flight from Airport %f in time unit %f\n',i,(t-1)); 
            
fprintf('=============================================================
==================\n'); 
     
        case -2 
            
fprintf('=============================================================
==================\n'); 
            fprintf('Could not fly two flights from Airport %f in time unit %f\n',i,(t-1)); 
            
fprintf('=============================================================
==================\n'); 
     
        otherwise 
        end 
        end 
    B     
   v = 1;  
    for i = 1:C 
    for j = 1:C 
        A; 
        if i ~= j 
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        X(i); 
        if X(i) > 0 
            ii = i*10; 
            for k = 1:G 
                A(t,k); 
                B(t,v); 
                X(i); 
             if A(t,k) == ii 
                if (B(t,v) == 1) & (X(i) > 0) 
                    A(t,k) = i*10 + j; 
                    A(mm,k) = j*10; 
                    X(i) = X(i) - 1; 
                    B(t,v) = 2; 
                else 
                    A(mm,k) = A(t,k); 
                end 
            end 
            end 
             
        end 
        v = v+1; 
        end 
    end 
    end 
         
         
       t = t + 1; 
    end 
    toc; 
  A 
  B 
  counter = 0; 
  for i = 1:G 
      for j = 1:9 
          if A(j,i) > 100 
              counter = counter + 1; 
          end 
      end 
  end 
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fprintf('=============================================================
==================\n'); 
  fprintf('We have %g dead leg/s\n',counter); 
        
fprintf('=============================================================
==================\n'); 
         
        %-----% 


