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Extended Abstract

Due to the significant increase in traffic over recent years, pressure on run-
way capacity has increased for many of the world’s leading airports. This has
sparked increasing interest amongst practitioners and academics in the devel-
opment and the application of highly advanced decision support to maintain
and improve the efficiency of runway operations, reduce delay and fuel burn,
and improve passenger satisfaction. The algorithms underpinning such sys-
tems are often based on dynamic programming (for instance [4,6,8,9,10,12]),
mixed integer linear programming (for instance [3,5]), and heuristics (for in-
stance [11,13]). The exact methods are often applied within a rolling window
to maintain scalability and tractability (for instance [2,7]).

The computational efficiency of many of these approaches can often be im-
proved by exploiting problem specific characteristics. Examples of such char-
acteristics include structures in the aircraft separations [9], properties of the
objective function [9], the distribution of earliest take-off /landing times in real
world instances [9], and the presence of aircraft classes [9,10,12]. These charac-
teristics can significantly reduce the size of the solution space and improve the
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average or worst case complexity of the algorithm. This is illustrated in [9],
where a wide range of characteristics for runway sequencing problems with
a single runway, and with multiple runways and pre-determined runway al-
location, were considered. The exploitation of problem characteristics in [9]
resulted in the currently fastest known algorithm to solve complex real world
problem instances to optimality.

Lieder and Stolletz [10] studied the runway sequencing problem with mul-
tiple runways and flexible runway allocation. The authors considered scenarios
for both independent and interacting runways (in which case separations on
and between runways must be maintained), as well as different runway al-
location policies (ranging from fully flexible to partially constrained). Their
algorithm exploits the presence of aircraft classes in combination with an ad-
ditive monotonic increasing objective function, in which case a first come first
served order can be inferred between aircraft belonging to the same aircraft
class/type [9,10,12]. The concept of an awvailability matriz was introduced,
containing the “the earliest possible times for the next operation of each air-
craft class on each runway”. The availability awv,, for aircraft class w on
runway r (if it has preceding aircraft) is defined as:

AVyr = maz{py, + 6;/,’2”} weW,reR (1)

in which py.» denotes the take off time of the last aircraft of class w’ on
runway r’, and 5:1,’20 denotes the minimum separation that must be maintained
between aircraft class w’ on runway r’ followed by aircraft class w on r.

Availability is used in Lieder and Stolletz’s [10] dynamic program to infer
dominance. A state s is no worse than a state s’ if (a) “at least the same
number of operations of all classes have been scheduled” [10] in state s; (b) all
non-identical runways are available for all classes of aircraft for state s no later
than for state s’; (c) there exists a permutation of the availability matrix for
the identical runways in state s’ such that state s is available for each class of
operations no later than for state s’; (d) the objective value for state s is no
worse than the objective value for state s’.

In this paper, we propose that the dominance rule in [10] can be strength-
ened by redefining availability to take into account the earliest time for the
first remaining aircraft in every aircraft class. Let f(w) denote the func-
tion that returns the first remaining aircraft in the ordered set for aircraft type
w. Availability can then be redefined by equation 2, in which et s, denotes
the earliest take-off time for the first available aircraft in w, f(w).

AVyr = maz{et f (), Puw'r + 5;/,’20} weW,reR (2)

In contrast to Equation 1, Equation 2 accounts for the fact that the minimum

! !’
separation d,;", will have no influence if et ¢(y) > puwrr + 0,,/7,. In layman’s

terms, if the last aircraft on runway 7 is a heavy aircraft that requires a large
separation (due to the strong wake turbulence that it causes), or a small air-
craft that requires a small separation (since it causes less wake turbulence), the
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difference in this separation would not influence the time for the first remain-
ing aircraft of type w on runway r if it was not yet available for sequencing
anyway. That is, if the separation constraints for two states s and s’ are non-
binding upon the take-off time for the first remaining aircraft, the value of
avyp, will be the same for both states, increasing the chance that either state
will be dominated and can be pruned from the search space. In contrast to
Equation 1, Equation 2 thereby takes into account the properties of the actual
aircraft, in addition to the presence of aircraft classes.

In a fashion similar to the dominance rule described above, the other prun-
ing rules introduced in [9] can also be extended to the multi-runway sequenc-
ing problem with flexible runway allocation. For instance, insertion dominance
which states for a monotonic increasing objective function and a single run-
way that, “if an aircraft x can be inserted into a partial sequence s (i.e. not
appended) without delaying any of the subsequent and remaining aircraft, the
sequence s can be pruned without compromising optimality” [9], can be modi-
fied to “without delaying any of the subsequent aircraft and remaining aircraft
on any of the runways”. The delay for aircraft remaining to be added to the
sequence represented by s can be measured in terms of the availability defined
above.

As a proof of concept, both of the rules above were implemented in the
forward dynamic program presented by Lieder and Stolletz in [10], and tested
on the publicly available benchmark instances that were introduced by the
authors [1]. The datasets contain different numbers of aircraft (N), different
runway loads (RL), and different planning horizons (PH), as reflected by their
naming. Each dataset contains 10 different subsets, for which the averages are
presented in Table 1. The results reported for Lieder and Stolletz’s approach
and our strengthened formulated were both generated on an Intel(R) Xeon(R)
CPU E5-1620 v2 @ 3.70GHz processor, sharing as much of the code as possible
in both implementations to ensure a fair comparison. The number of states is
reduced by a factor 27.6 and 34.9, and the CPU times are improved by a fac-
tor 20.9 and 20.3 for interacting and independent runways, respectively. The
superior performance of our strengthened dynamic program clearly illustrates
the benefit of exploiting problem characteristics in runway sequencing prob-
lems, and provides a strong motivation for our future work on exploring the
applicability of the other dominance rules introduced in [9] in multi-runway se-
quencing problems with flexible runway allocation. The results for these other
rules will be included in our conference presentation, together with an in depth
explanation of the work already reported in this abstract.
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|| Dataset [ Lieder and Stolletz [10] | Strengthened [ Ratios 1l
[ #States Time (s) [ #States Time (s) | #States Time []
Interacting Runways
N40-RL80-PH1800 250881.5 2.42 5031.5 0.09 83.5 72.8
N46-RL90-PH1800 535080.7 5.48 45907.9 0.98 21.6 13.5
N50-RL100-PH1800 944804.6 16.38 230592.0 7.14 5.2 3.2
N30-RL90-PH1200 62363.3 0.73 7405.0 0.10 11.4 10.7
N40-RL90-PH1500 282187.0 3.07 17982.7 0.27 22.4 18.4
N54-RL90-PH2100 1338637.6 14.66 126988.0 3.16 27.0 16.5
N60-RL90-PH2400 2124832.7 20.81 173580.6 4.31 21.8 11.2
Average ratio: 27.6 20.9
Independent Runways
N40-RL30-PH1800 250621.1 2.28 3465.5 0.06 113.9 73.4
N46-RL90-PH1800 549803.3 5.77 36170.6 0.80 42.8 22.2
N50-RL100-PH1800 1008321.2 36.00 275265.0 22.19 5.7 2.9
N30-RL90-PH1200 60105.3 0.59 5050.3 0.07 15.5 11.9
N40-RL90-PH1500 278754.2 2.56 18014.9 0.28 17.7 10.6
N54-RL90-PH2100 1353247.3 16.48 121358.9 4.53 23.2 10.0
N60-RL90-PH2400 2167773.2 29.44 161797.4 8.39 25.7 11.2
Average ratio: 34.9 20.3

Table 1 A comparison of the average number of states and average runtime in seconds for
the dynamic program introduce by Lieder and Stolletz [10] and the strengthened dynamic
program introduced here on the benchmark instances available in [1]. The last two columns
denote the improvement ratios (reduction in states and CPU time)
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