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A MULTIOBJECTIVE ORIENTED NETWORK DESIGN MODEL

FOR ON GROUND AIRCRAFT’S ROUTING MANAGEMENT

Esteve CODINA∗ and Ángel MARÍN†

Abstract. In this paper a network design model is presented for the problem

of how to define an optimal airport topology in order to attend the conflicting

movements of the aircrafts on ground during short to medium planning periods

and taking into account the dynamic aspects of their interfering movements. Given

a set of decision variables affecting the airport’s topology, the model balances a set

of conflicting objectives or factors and their results are compared with the routing

decisions taken from real data. The model is primarily solved using ”B&B” and

the multicriteria approach presented is investigated using real test networks.

1. Introduction

The evaluation of routing decisions for the aircrafts on ground, or taxi planning (TP), is

carried out using Numerical Simulation in the current state of the practice and we are not

aware of previous optimization models dealing with this problem. The limited literature

that exists is not explicit about the methods used to solve the Taxi Planning approaches

considered. Idris et al. [2] researched the identification of the flow constraints that difficult

departure operations at major airports. In its work it is concluded that the runway system

is the main bottleneck and source of delay. They also proposed strategies for improving

the performance of departure operations, and to determine the control points in the airport

where the departure sequence at the runway can be improved. Anagnostakis et al. [1]

presented several possible formulations of the runway operations planning with objectives

and constraints. Some properties of their model in order to be used in the context of Branch

and Bound were mentioned, although a detailed methodological proposal was not given and

computational experience was not reported.

The TP presented in [3] and in [4] is concerned on the routing problem of aircrafts

on ground for a fixed topology of the airport dependencies during a short to medium

planning period and this model is the backbone of the network design model presented
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here. The resulting design model shall be referred to as a Taxi Planning Network Design

for Short Term operations or TPND in short. Its objective function will be a weighted sum

of conflicting objectives that are described in section 3. As a distinctive characteristic,

the model takes into account in the design decisions the factor of the interventions of the

controllers that monitor the evolution of the aircrafts in the sense that decisions on topology

and/or aircraft routes on ground can not force to increase the number of interventions due

to situations which require a mandatory preventive action.

2. Brief summary of the TP model formulation

The TP model in [3] and [4] is formulated on a space time network defined by tem-

porarily replicating an airport’s network model, defined originally as a directed graph

G = (N ,A) and dividing the planning period, (PP in the following) in time subinter-

vals T = { 0, 1, 2, ...|T |}. The time space graph, G∗ = (N∗,A∗), is defined by the replicated

node set, N∗, and the space temporal links, A∗. The TP variables are referred to the links

of the expanded time-space network with fixed speed. For each link, the time ti j used by

any flight to move along it depends on its average speed, so it is enough to know t, time

at link origin. ti, j is expressed as an integer number of the subperiods. Each flight, w, is

defined by an origin node, o(w), a destination node, d(w), and an origin time, t(w). In the

space-time network the origin is a single node, but the destination is a set of space-temporal

nodes defined by the nodes with d(w) for the different periods and the intermediate nodes

between the origin and the destination during the final of the PP, if the flight doesn’t arrive

at the destination during the PP.

The binary variables used to define the TP problem are the following ones: Ew
i,t
= 1,

if the aircraft “w” waits in node “i” at the period “t”; and 0, otherwise. Xw
i, j,t
= 1, if the

aircraft “w” is routed from the node “i” to the node “ j” at period “t”; and 0, otherwise.

A reduced TP may be obtained defining the variable flow vectors Uw, w ∈ W , which

components Uw are: Uw
= (Uw

a ,∀a ∈ A
∗), where for all a ∈ A∗: Uw

a = (Xw
i, j,t
,∀i, j ∈

A,∀t ∈ T ; Ei,t ,∀i ∈ N ,∀t ∈ T )

The node flow conservation constraints can be expressed in a compact form by means of

proper node-link incidence matrices Bw for each aircraft, and the origin-destination vector

bw of each flight w ∈ W ,with components 1, -1 or 0 depending on the associated node being

the flight origin, the destination or other.

BwUw
= bw, w ∈ W (1)

The capacity constraints model the node access conflicts and capacity limitations can

be incorporated in only one generic capacity constraint

∑

w∈W

Uw
a ≤ qa, a ∈ A∗1 (2)

or in compact form MaUa ≤ qa,∀a ∈ A∗
1
. With the above considerations, the TP can be

expressed as a binary multicommodity network flow problem with capacity constraints,
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Min U F(U)

s.t. : BwUw
= bw, w ∈ W

∑

w∈W Uw
a ≤ qa, a ∈ A∗

1

U binary

(3)

where A∗
1

are the links associated to the nodes with capacity.

3. Aspects taken into account in the Network Design Model

In this section we introduce several additional constraints and objectives as well as decision

variables into the Taxi Planning model in order to take into account the possibility of con-

sidering certain types of short-to-medium term design decisions such as temporarily closing

or opening or reversing a runway, a terminal, etc. In practice, the following (conflicting)

objectives are to be minimized under low to medium congestion situations during the PP,

from higher to lower priority: a) Interventions of the controllers, b) travel times and delays

experienced by the aircrafts on ground, c) number of arrivals and take-offs and d) opera-

tions cost for the design decisions that will be operative. In situations of high congestion an

objective that takes priority is the total number of arrivals at its final destination in ground

(parking or terminal) plus the total number of taking-offs. We now enter in the formulation

of the above mentioned objectives.

Number of interventions of controllers It is usually considered by the Airport Man-

agement Authorities that one of most important operational tasks of the controllers is their

surveillance and capacity of prevention of any kind of conflicts. In normal operational

conditions, the design solutions regarding aspects of the airport topology must be taken so

that one of the aspects that enforce the security of the operations is to make as easier as

possible the task of the controllers. In this model it will be considered that a conflict arises

when two or more aircrafts approach at a point and at least one of them is going to cross

it and the crossing trajectories either coincide or are separated by a short time. This will

cause the intervention of a controller in order to ensure that some aircrafts stop guaranteing

that the conflict point is crossed safely by only one of them at a time. It will now be

developed a set of constraints that model these kind of conflicts and an objective function

that provides the number of times in the PP that controllers enter in action because of the

proximity in time of two trajectories.

Let K be the set of conflicting points on the airport and let KA ∈ KA be the set of arcs

incoming to the conflicting point and let KN ∈ KN be the set of nodes inside the conflict

point where possibly, there can be also aircrafts waiting. The number of aircrafts that, at

time t ∈ T , are at a conflicting point K ∈ K or that are at a distance ≤ ν time subperiods

from the point is given by CK,t + 1, where CK,t is given by:

CK,t =

t
∑

�=max{t−ν,2}





























∑

(i, j)∈KA
�−ti, j≥1

xi, j,�−ti, j +

∑

i∈KN

ei,�−1





























− 1 (4)
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where xi, j,t =
∑

w∈W Xw
i, j,t

for a link (i, j) ∈ A and ei,t =
∑

w∈W Ew
i,t

for i ∈ N . Let now γK,t

a binary variable that takes value 1 when CK,t > 0, i.e., when two or more incoming links

at the conflict point have positive flow or equivalently that two or more aircrafts are at a

distance less than or equal to ν time subperiods from the point K ∈ K being considered.

It must be noticed that ν · (|KA| + |KN |) ≥ CK,t . The following constraints express this

relationship by means of the binary variable δK,t .

CK,t ≤ ν ·(|KA| + |KN |)·(1 − δK,t)

γK,t ≥ 1 − δK,t
at a conflict point K ∈ K , t ∈ T (5)

If now nc is the number of controller available for control tasks in the planning period,

then at each t ∈ T there can be no more than nc incidents:

∑

K∈K

γK,t ≤ nc, t ∈ T (6)

The objective is to minimize IC , the number of times during the PP that two or more

aircrafts are at a distance of equal or less than ν time subperiods of conflicting at a point

K ∈ K of the airport. We shall refer to IC as the number of controller interventions.

IC =

∑

K∈K

∑

t∈T

γK,t (7)

Travel times and delays Let the travel time zw for aircraft w ∈ W be defined as:

zw
=

|T |−1
∑

t=1

















∑

(i, j)∈A

ti, j Xw
i, j,t +

∑

i∈NW

Ew
i,t

















+

∑

i∈NW

r
d(w)

i
Ew

i,n, (8)

where r
d(w)

i
is the estimated travel time from node i ∈ NW to the destination d(w) for the

next PP. NW is the set of the waiting nodes. If λw is a coefficient for the priority of aircraft

w ∈ W , then the weighted total travel time z can be expressed as in
∑

w∈Wλ
wzw.

Delays Dw
IN

, Dw
OUT

of incoming and outgoing traffic are given by:

Dw
IN
=

∑

t∈T

∑

i∈NW

Ew
i,t , ∀w ∈ W A, Dw

OUT
=

∑

t∈T

∑

i∈NW

Ew
i,t , ∀w ∈ WD (9)

where W A is the set of aircrafts entering to the airport with a given destination on ground

and WD is the set of aircraft requiring to go to a given exit to the taking-off runways.

Clearly, travel times for aircrafts either τ or the related delay Dw
IN
, Dw

OUT
may be objectives

in conflict with IC , the number of controller interventions defined in the previous subsection

in case of congestion, because reducing the number of times that space-time trajectories

of two or more aircrafts are close each other generally must result in delays for waiting or

adopting routes with greater travel times.

Number of arrivals and take-offs The TNDP model has also into account the total

throughput T = T − + T + comprised by the total number of take-offs, T −, and arrivals

at destinations on ground, T +, within the PP. The number of arrivals on ground T + and

take-offs T − are given by :
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T + =
∑

t∈T

∑

q∈ND
1

∑

d(w)=q

Ew
q,t , T

−
=

∑

t∈T

∑

j∈N AR

∑

i∈F∗( j)

∑

w∈W

Xw
i, j,t (10)

where ND
1
= { q ∈ N | ∃w ∈ W so that d(w) = q } is the set of locations on ground where an

aircraft has fixed its destination. The number of take-offs is:

Also as for the aircrafts travel times of previous subsection, the T may be in conflict

with IC as the effect in minimizing IC may lead to a reduction in the airport’s capacity.

N AR is the access runway node set. W is the set of aircrafts. F∗( j) is the link set from j.

Design decision variables The location or cancellation of some links are now consid-

ered. Let now y be a vector of binary variables that will be associated to open/close during

the whole PP a reduced subset Â of the links with capacity A∗
1
. If yi, j is the decision

variable associated to link (i, j) ∈ Â, then, clearly the constraints linking the flow variables

in U to the decision variables will be:

∑

t∈T

∑

w∈W

Xw
i, j,t ≤ yi, j, ∀ (i, j) ∈ Â (11)

or in compact form HaUa ≤ qa ya, ∀ a ∈ Â.

The design variables may be formulated belonging to a design feasible set Y , that it

would be defined with budget or environmental constraints.

4. TPND model formulation

Let now g(y) be the link location costs associated with the decisions yi j. It will be assumed

that it is a linear function g(y) =
∑

(i, j)∈Â ci, j yi, j with nonnegative coefficients ci, j. The TPND

model can be stated in the form of a binary optimization problem that minimizes the total

routing time and the location costs involved by the decision variables U ∈ {0, 1}, y ∈ Y

during the PP while ensuring that the airport constraints can be satisfied. Along with them,

constraints (5) that model controllers intervention must also be taken into account. These

set of constraints will be expressed simply as Γ1 U ≤ Γ2γ + Γ3δ, where γ = (...γK,t ...; t ∈

T, K ∈ K) and δ = (...δK,t ...; t ∈ T, K ∈ K), used in (5). Adding the constraints between

flow and decision variables, then the TPND problem can be stated as:

Max U,y,δ,γ φ

s.t. : BwUw
= bw, ∀w ∈ W

HaUa ≤ qa ya, ∀ a ∈ Â

MaUa ≤ ya, ∀a ∈ A∗
1

Γ1 U ≤ Γ2γ + Γ3δ

U, δ, γ binary, y ∈ Y.

(12)

where φ is a weighted sum of objectives given by (7), (8), (9), (10), taking into account

also the cost g associated to the binary variables y:

φ = αROUTE

∑

w∈W

λwzw
+ αL g(y) + αICIc + αOUT

∑

w∈W D

Dw
OUT
+ αIN

∑

w∈W A

Dw
IN
+ αττ (13)



68 E. Codina, Á. Marı́n

where αROUTE, αL, αIC, αOUT, αIN, ατ ≥ 0 and αROUTE + αL + αIC + αOUT + αIN + ατ = 1.

The TPND defined with this objective function is a multiobjective problem and dif-

ferent methodologies would be applied. A simple but effective technique to manage the

computational difficulties that may arise in the balancing of the different components of

the objective function regarding specially the inclusion of the terms related to the number

of interventions of controllers will be shown during the meeting and at the last extended

version of the paper.

5. Running the TPND

Computational experiments have been run in order to solve model (12) using Branch and

Bound, and they have been developed with two simplified airport networks, taken from

actual data of Madrid-Barajas Airport, supplied by Aeropuertos Españoles y Navegación

Aérea, the Spanish airport management corporation in order to better illustrate the key

aspects of the model. Computational tests on the two test networks have been run using

different weights of the objective function in order to show the most relevant aspects of

the implicit multicriteria decision process on which the model relies as well as to show

the sources of computational difficulty that may arise in solving the optimization problems.

In the computational experiments it is shown how the inclusion of the factors relative to

the number of interventions of the controllers is the source of the major computational

difficulties in the model and also how these difficulties can be avoided analyzing the model

using different runs.
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search Report of Departamento de Matemática Aplicada Polytechnic University of

Madrid.

[5] Pujet, N., B. Delcaire and E. Feron. (1999). “Input-Output Modeling And Control Of

the Departure Process Of Busy Airports.”, Report No. ICAT-99-3. MIT International

Center for Air Transportation.


