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1.2 Phases of airline crew scheduling 3

Legality A pairing is said to be legal if it complies with the set of rules

given by the aviation authorities as well as union agreements. This

set has to be satis�ed by all pairings.

LegBrief Sits Leg Debrief

CPH ARN ARN OSL

Stop Brief Leg Debrief

CPHOSL

Duty periodDuty period

Pairing/roster/sling

Figure 1.1: The building blocks of a pairing.

1.2 Phases of airline crew scheduling

Due to the di�culties of airline crew scheduling the solution is traditionally

divided into a number of phases. On �gure 1.2 these phases are sketched.

The �rst phase consist of longterm planning where the destinations to serve

and the type of service (number of �ights per day) are determined. This

results in the set of all �ights to �y.

0

Assignment

Pairing

release

Schedule

days

Planning

Tracking

Day−to−day

−14−32 −1

Figure 1.2: Phases of airline crew scheduling.

1.3 Report organization

The aim of the next phase, the pairing, is to generate pairings from th

planned �ights from the planning phase. The objective is to include eac

planned �ight exactly once in the generated pairings.

When pairings have been constructed individual crews are assigned to th

generated pairings in the assignment phase. This step ends with a schedul

which gives the relation between crews and �ights; showing the �ights an

the crews that are to man them. At this point the schedule is released, s

each crew gets to see the �ights she is to man.

The released schedule is not complete, as not all �ights are assigned th

number of crews which are needed. In other words the released schedul

most likely contains open �ights. Some of the open �ights in the schedul

are inherited from the previous phase. Others emerges during the trackin

phase due to new passenger forecasts1 and illness. The objective of th

tracking phase is to assign crew to these open �ights.

Finally, on the day of operation, the schedule is executed in the day-to-da

phase. Remaining open �ights, new which arise, delays etc. are dealt wit

possibly by cancellation.

1.3 Report organization

Problem description This chapter gives a more precise description o

the problem targeted in the project along with a description of th

project background.

Tracking phase at sas This chapter describes an existing approach fo

solving the problems of airline crew scheduling during the trackin

phase, used by sas.

Solution approach This chapter describes the approach taken in thi

project for solving the problem.

Implementation Here an overview of the implementation is given.

Results This chapter presents the numerical result obtained along wit

a comparison with results obtained with the program currently use

by sas.

1The number of crew needed on a �ight is determined by the type of �ight and th

estimated number of passengers.
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0 days

Planning Operation

Planning
Pairing

Assignment

Tracking

Day−to−day

−32 −14 −1

Figure 3.1: The division of phases of crew scheduling into to

meta phases: The planning phase and the operational phase.

[13] de�nes the operational airline crew scheduling problem as that of �mod-

ifying individual monthly work schedules for airline crew members during

the operational phase of the planned schedule�.

The approach taken is column generation. The master problem is modelled

as a Set Partitioning Problem over the open �ights. The subproblem gen-

erates columns corresponding to pairings. The subproblem is formulated

as a shortest path problem on a duty graph Gk for each crew k. Each path

in the graph corresponds to a legal pairing. The cost associated with each

path in the Gk corresponds to the marginal cost of the new pairing in the

master problem.

The speci�c problem considered in this paper was that of cockpit crew.

3.3 Day-to-day

The day-to-day problem is also referred to as airline irregular operations

[15] or crew recovery [7], because it consists of targeting those problem that

arise due to disruption from maintenance problems, bad weather conditions

etc.

In [15] depth �rst search in a branch-and-bound tree is used to assign crew

to �ights that have become open due to disruption. The branch is done on

the assignment of a crew to an open �ight.

In [7] a graph Gk representing pairings is build for each crew k as an

extension of the already �own pairings by k. This is then used in a set

3.3 Day-to-day 1

covering formulation which ensures that each open �ight is covered at leas

once.
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Chapter 4

Tracking phase at sas

This chapter describes the solution approach used currently by sas when

dealing with the tracking phase.

sas uses a program called tap-ai, based on self developed heuristics (which

will be described below) to close open �ights during the tracking phase.

Before 1998 tap-ai was able to e�ciently close open �ights. This was done

using reordering (from Danish �omdisponering�), which basically swaps

pairings in and out of the schedule, possibly changing already planned duty

(a more detailed description follows). But in 1998 a new union agreement

heavily limited the possibilities of changing planned duty time during the

tracking phase. Hence, the usefulness of this approach was limited.

tap-ai consists of two main parts: One that does the reordering, and one,

that generates pairings from the initial set of open �ights. To overcome the

di�culties of the new union agreement sig took the approach of letting tap-

ai generate pairings which could then be assigned to crew using allocated

resources in schedule (such as standby, blank-days, usable-time and �holes�)

instead of changing already planned duty � which was the case when using

reordering. Thus mirroring the pairing and assignment phases from �gure

1.2. The assignment is done manually.

In the following a more in-depth description of tap-ai will be given.

4.1 tap-ai 1

4.1 tap-ai

The pairing generation part approach of tap-ai can be divided into tw

steps; an initial pairing generation, which was the generator used befor

1998, and the (main) pairing generation. The latter which has been buil

on top of the initial pairing generation after 1998.

Both the pairing generation and the reordering parts of tap-ai uses th

initial pairing generation to build an initial set of pairings from the give

set of open �ights. Firstly, a description of this initial pairing is given

Secondly, a closer look will be taken at the reordering approach used prior t

1998, and thirdly, the main pairing generation used to day will be described

4.1.1 Initial pairing

The initial pairing uses two lists, which are sketched on �gure 4.1 All ope

�ights are kept in a list L1, which is sorted accordingly to increasing de

parture time. L1 is traversed several times with di�erent heuristics tryin

to construct pairings. All the heuristics are greedy in the sense that the

start at the head of L1 and add the �rst �ight to the pairing currentl

under construction, which ful�ll some requirements given by the heuristic

Each time a pairing is successfully constructed it is stored in L2 and th

�ights which make up the pairing are marked as used in L1 (illustrate

with crosses on the �gure). As several heuristics will be tried in turn onl

�ights not marked as used will be considered when trying to construct

pairing.

L2: Pairings of open flights

L1: Open flights

A B C E G HD F

C HF B G

Figure 4.1: The 2 lists used when tap-ai does the initial pairing

on the open �ights.



4.1 tap-ai 15

As described, the initial pairing consist of a number of heuristics. They can

be divided into two main categories: A preprocessing (enforcing some rules)

and a number of heuristics which constructs pairings. The two categories

will be described next.

Preprocessing

First, a small amount of preprocessing is applied. This forces �ights to be

connected and locked1 if the �50 minute� rule2 apply. Similar the �trivsel

stop� rule3 is checked, and �ights that are required to be connected will be

connected and locked.

Heuristics

Next the following heuristics, which tries to build pairings from the �ights

in L1 are applied. The heuristics are tried successively in the order they

are listed.

The �rst heuristic tries to construct a pairing starting from a homebase X,

with one or more stops with good connection time (less than 3 hours) at

non-homebases (here a and b) and returning to X. This is illustrated on

�gure 4.2.

<3h <3h

X a a b b X

Figure 4.2: Pairing with good connection time ending and start-

ing at a homebase X.

The second heuristic relaxes the requirement on the connection time; now

connection times up to 30 hours for the leg returning to the homebase

1Pairings can be locked so they will not be changed at any point in the future.

2The rule states that if the captain or the pilot, for a given leg, have less than 50

minutes connection time to the next leg, they should be captain and pilot on that next

leg.
3Trivsel stop rule forces �ights together in pairings that will keep crew �happy�.

4.1 tap-ai 1

are accepted. Hence, the requirement becomes < 30h at �gure 4.2 for th

connection time at base b.

The third heuristic tries to build a pairing consisting of exactly two �ights

with a good connection time and start and end at the same homebase X

This is illustrated at �gure 4.3.
<3h

X a a X

Figure 4.3: Pairing with exactly 2 legs, good connection time

and start and end at a homebase X.

The fourth heuristic relaxes the requirement of good connection time, henc

a connection time of up to 26.6 hours is accepted (see �gure 4.4(a)). How

ever, there are two exceptions illustrated in �gure 4.4(b) and �gure 4.4(c)

A �ight creating more than 3 hours connection time on a homebase Y is no

accepted, if the previous base c or the next base e are a homebases (illus

trated at �gure 4.4(b)). A long stop (more than 3 hours) is not accepte

on a base d (see �gure 4.4(c)) if it is possible to insert two passive transfer

(dotted lines) forming two new balanced pairings. The two passive trans

fers may only have 5 hours of connection time and should not overlap wit

more than 2 hours.
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X a a b b X

<26.7h<26.7h

(a) Pairing with at most 26.6 hours con-

nection time with start and end at a home-

base X.

c Y Y e

>3h

(b) Connection time >

3 hours on homebase Y

and c or e also homebase.

c d d

<5h

e d e

<2h

<5h

d

c

(c) Inserting 2 passive �ights, forming 2 new

pairings, with at most 5 hours connection time

and no more than 2 hours of overlap.

Figure 4.4: Relaxation on connection time (a), with 2 exceptions (b) and

(c).

The �fth heuristic relaxes the requirement from �gure 4.4 where the pairing

should start and end at the same homebase. Hence, the pairing should start

and end on a homebase, but not necessarily the same.

The sixth heuristic is a variant of �gure 4.2. It tries to connect a �ight,

which starts on a homebase X, with one or more �ights with good connection

time. But now an ending on a base (even a non-homebase) di�erent from

the stating base X is accepted.

The seventh heuristic tries to build pairings starting from any base, with

good connection time, ending on a homebase (see �gure 4.5). A possible

bad connection time of up to 24 hours is accepted on the leg arriving on

the homebase, with the exception illustrated on �gure 4.4(c).

4.1 tap-ai 1

a b b c c Xd d

<24h<3h <3h

Figure 4.5: Pairing starting from any base with good connection

time and ending on a homebase with possible bad connection

time.

The eighth heuristic tries to construct a pairing starting on a homebase

with three or more �ights with good connection time (< 3 hours) and endin

on any base.

The ninth heuristic tries to construct pairings consisting of two �ights start

ing at any base a, with good connection time, and ending at base a (se

�gure 4.6).

a b b a

<3h

Figure 4.6: Pairing starting and ending at base a with good

connection time at b.

As a �nal processing all remaining unmarked legs in L1 from �gure 4.1 ar

converted into pairings consisting of one �ight, and are inserted into L2.

4.1.2 Reordering

The reordering approach was developed based on interviews with the sta

who prior to tap-ai solved the scheduling problems during the trackin

phase manually. The goal was to develop a system which mirrored th

heuristics that the sta� consciously or unconsciously would use. An in

depth description of reordering is given in [11]. Below a rough outline o

the ideas used in reordering will be given.

Reordering is a process where pairings are swapped in and out of crew

schedule using some heuristics. The process can be described as a loca
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search heuristics that tries to transform a current schedule by swapping

pairings (of open �ights) into the schedule (possible) replacing other pair-

ings which then become open �ights. The hope is, that if the pairings that

are swapped into the schedule, are always �harder to cover� than the ones

they are replacing, the set of open pairings can, at some point in time, be

inserted into the schedule without replacing any other pairings.

To be able to use the above sketched local search a de�nition of �hard

to cover� and �easy to cover� pairings/�ights has to be introduced. The

following characteristics are considered:

Length Several short pairings are considered easier to cover than one long.

The hope is that small pairings can be more easily �tted into the

schedule than long ones.

Destination Flights between the three homebases are considered easy to

cover. This is natural since a huge number of personal are transported

with passive �ights between the homebases and they can be used to

cover �ights.

Departure time Pairings which are closer to operation are considered

more important to cover than pairings which are far from operation.

If it is not possible to get all open pairings closed, the set of remaining

open pairings (after the reordering process is terminated) should hopefully

be easier to cover than the initial set. Due to the last preference listed

(departure time) some important time has been achieved because open

�ights are moved forward in time.

4.1.3 Main pairing

The aim of the main pairing (in the following just referred to as pairing)

process is to produce pairings which can be covered with the resources

allocated in crew schedules. The pairings produced by the initial pairing are

optimized towards reordering of crew schedules, because it was originally

build to produce the initial set of pairings from the set of open �ights used

in the reordering part of tap-ai (as described above). Pairings used in the

reordering step are (in general) shorter than the available resources in crew

schedules. Therefore some further pairing is introduced to optimize the use

of resources.

The pairing process can run in one of two modes. In mode 1 one open �ight

is only included in one pairing (similar to the way the initial pairing works,

4.1 tap-ai 2

by marking open �ights as used). This way one can be sure, that a �ight i

not overcovered, because multiply instances of the same open �ight is no

present in several pairings.

Mode 2 does not mark �ight as used thereby producing several pairing

possible containing the same open �ight. This is dealt with by a greed

heuristics that postprocesses the set of generated pairings and selects

subset that do not contain any duplicate use of �ights.

The two di�erent modes re�ects two di�erent (and greedy) ways of dealin

with the set partitioning problem that lies beneath; generate pairings tha

covers each open �ight exactly once.

In the following descriptions of the heuristics used in the two modes ar

given.

Mode 1

Similar to the initial pairing a number of heuristics are tried in turn. The

all function on a list of pairings sorted by departure time (see �gure 4.7)

The heuristics start at the head of the list, and try to build a new pairin

constructed from pairings from the list. When a new pairing X is built it i

appended to the list and the pairing used (B, E and G) are marked as use

and ignored afterwards.

A B C D E F G X

E

G

B

Figure 4.7: List of pairings.

The �rst heuristic traverses the list of pairings looking for pairings, whic

starts or ends on a homebase. When such a pairing is found it is checked

it starts on a homebase. If it does not start on a homebase passive transfe
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is added (if possible) to make it start on a homebase (making sure the

pairing is still legal). If this succeeds the result is a pairing like Pairing 1

on �gure 4.8, where X is a homebase, the leg X-b is possibly passive and

Y is a homebase. Next the list of pairings is traversed looking for another

pairing Pairing 2 with a connection time less than 5 hours if X=Y or less

than 15 hours if X6=Y. Pairing 2 is appended to Pairing 1 if the new

pairing is legal, and if one of the following holds:

� The new pairing is balanced.

� If it starts and ends on a homebase and covers at most two days.

� If it covers at most two days and can be balanced by adding passive

transfer.

New pairings are appended for as long as possible, under the rules described

above along with the 5/15 hours rule, forming one long pairing.

X b c Y

X!=Y: <15h

X=Y: <5h

d e fY

Pairing 1 Pairing 2

Figure 4.8: Pairing 2 are appended at Pairing 1 by the 5/15 hour rule.

The second heuristic is just like the �rst with the exception that passive

�ights are considered (when trying to connect the two pairings) if there is

at most 24 hours between them and if it does not create a night stop on

the base where the pairing starts.

The third heuristic tries to balanced pairings, which either starts or ends

on a homebase, by adding passive transfers. Optionally it is also attempted

to remove the �rst or the last leg if this would balance the pairing.

The fourth heuristic tries to connect unbalanced pairings that starts and

ends on a homebase (possible with a passive transfer) to make them bal-

anced.

Finally, all pairings that contain a night stop on the starting base are broken

into smaller pairings on those bases.

4.1 tap-ai 2

Mode 2

Mode 2 is very similar to mode 1 except that it does not mark pairing

as used. This is illustrated on �gure 4.9, which corresponds to �gure 4.7

Hence all possible combinations of pairings starting with B, that ful�lls th

requirements of the given heuristic, are built.

A B C D E F G X

G

E

Y

B B

F

G

Figure 4.9: List of pairing.

Mode 2 therefore produces pairings, where several instances of the sam

open �ight may be present in, several di�erent pairings. As describe

above, the problem now is to solve a set partitioning problem. This is don

using a greedy heuristic which sorts the pairings by density. The densit

of a pairing is de�ned as the total number of �ights in the pairing minu

the number of passive transfers. Hence, the density is a pairing qualit

measure. The heuristic chooses the pairing with the highest density �rs

and rule out all other pairings that contains �ights also present in th

chosen pairing. This way a best �rst principle is used.

The �nal result from the pairing process (despite the mode) is a set o

pairings covering each �ight exactly once.

However, mode 2 is not considered fully developed and has therefore no

been put into production.
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The main idea which sig had considered was this tailoring of pairings. Gen-

erating tailored pairings for each crew also lie in the line of the reviewed

literature (see chapter 3). Here, a graph Gk which for each crew k rep-

resents the set of pairings tailored for k was widely used. Especially, in

the tracking and day-to-day phases for the reasons described above. The

pairings given by Gk was the used as columns in a Set Covering Problem or

Set Partitioning Problem. Below, a solution approach using these elements

will be presented. Firstly, the generation of pairings (Gk) will be covered

followed by the selection of the pairings each crew is to man.

5.1 Pairing generation

The goal of the pairing generation is for each crew to generate a set of

pairings that she might �y. This is conceptually done by searching through

a graph Gk for each crew k which represents the pairings constructed from

the open �ights which are tailored for k.

Firstly, a more precise de�nition of how resources are identi�ed will be

given, followed by a presentation of a number of heuristics for searching for

pairings in Gk.

5.1.1 Resources

A resource is a crew that has one or more standby allocated in her schedule.

A resource period is one or more successive standby periods in a crew

schedule. This de�nition might be extended to blank-days, usable-time

and �holes� (described in chapter 2). However, the majority of resource

time allocated in the schedule is standby and the extension might not be

straight forward due to di�erences in the rules concerning the use of the

di�erent resources. Thus only standby is considered.

On �gure 5.1 two resource periods are shown in which crew might be able

to cover some open �ights. The �rst period (between t1 and t2) is simple;

it consists only of 1 standby. An upper bound on the total production

time which can be assigned during this period is t2 � t1. The next period

(between t3 and t8) is formed by three successive standby. Here t8 � t3

is an upper bound but not a particularly tight one. A better bound is

(t4� t3)+(t6� t5)+(t8� t7), because allthough one may assign production

5.1 Pairing generation 2

Time

Period Period

t3 t4 t5 t6 t7 t8t1 t2

Figure 5.1: A sample schedule for a crew. Solid lines represents

production and dotted lines standby

between t3 and t8 the legality of the production is bounded by the sum o

the individual standby.

5.1.2 Pairings

As already described a pairing is a work shift for a crew. The estimate

duty time which a pairing takes up is the sum of the length of the dut

periods that makes up the pairing (see �gure 1.1).

The term partial pairing will be used to denote a pairing which is no

balanced (Starting and ending and the same base).

5.1.3 Depth �rst search

The construction of Gk is a way of enumerating all legal pairings for a crew

k in a given resource period. As a �rst attempt a depth �rst search throug

all open �ights which lie within the given period (with respect to time) i

used.

On �gure 5.2 a sample search tree is shown. Here the resource is availabl

between t1 and t2 at base a. Each node in the tree corresponds to a le

and each edge to connection time. Each path in the tree, from the root t

a leaf, corresponds to a legal pairing to which the crew may be assigned.
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a
a
a
a
a

a

a

a

a
a
a

a

Time

a
a

a

a

t1 t2

Figure 5.2: A sample search tree for the depth �rst search.

Nodes corresponds to legs and edges to connection time.

A closeup on the search tree is shown in �gure 5.3. Here four open �ights

can follow pi. Two to which it is directly connected, namely, pj and pk and

two, pl and pm, to which it is connected through passive �ights kl and km

respectively.

On table 5.1 pseudocode for a recursive depth �rst search which gener-

ates pairings is given. As arguments, DepthFirstSearch takes the pair-

ing p corresponding to the path to the current node in the search tree,

which initially is the empty pairing. Next it takes a list of partial pairings

[l1; : : : ; ln], which initially consists of one partial pairing for each open �ight

which matches the given resource period with respect to time. [l1; : : : ; ln]

is sorted by increasing departure time. Finally, Pr is the set of generated

pairings for resource period r.

Line 3-9 check the possible direct connections connecting p with an open

�ight. This corresponds to the connection between pi 7! pj and pi 7! pk on

�gure 5.3.

Line 10-17 check for possible connections between p and an open �ight

through a passive connection, which corresponds to pi 7! kl 7! pl and

pi 7! km 7! pm on �gure 5.3.

Line 19-24 check for passive �ights that would balance the current pairing.

Which corresponds to node kn on �gure 5.3.

Each of the 3 parts (line intervals) described above have more or less the

same structure. Firstly, they check if the given connection should be tried

5.1 Pairing generation 2

pi

pl

km
pm

pk

pj

kl

kn

Figure 5.3: A node pi in the searchtree with successors pj , pk pl

and pm. pl and pm are connected by two passive �ights kl and

km.

with the �okto� predicates in line 3, 10 and 19. If the connection shoul

be tried they check if a legal pairing has been generated (lines 5, 12 an

21) in which case it is saved (line 6, 13 and 22). If the connection does no

result in a legal pairing they check if the subtree beneath the current nod

should be explored (lines 7 and 14).

A more in-depth description of the di�erent predicates follows.

okToAppend(p,l,r)

okToAppend(p,l,r) is a predicate that decides if l should be appended t

p when trying to build a pairing for resource r.

On �gure 5.4 the situation is sketched. Firstly, it is checked whatever l

departure base c matches p's arrival base b and if the connection tim

between p and l, t3 � t2, lies within a prede�ned interval. Secondly, it i

checked whatever l lies within the current resource periods time interva

(t4 � t5 and t1 � t3). Finally, it is checked whatever the estimated duty o

p [ l is bigger than the estimated duty for the given resource period.
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1 DepthFirstSearch(p,[l1; : : : ; ln],Pr,r)

2 for li 2 [l1; : : : ; ln]

3 if okToAppend(p,li,r)

5 if isValid(p[ li,r)

6 Pr = Pr [ [p [ li]

7 else if okToContinue(p[ li,r)

8 DepthFirstSearch(p[ li,[li+1; : : : ; ln],Pr,r)

9 end

10 else if okToAppendWithPassive(p,li,r)

11 k = GetPassive(p,li,r)

12 if isValid(p[ [k] [ li,r)

13 Pr = Pr [ [p [ [k] [ [li]]

14 else if okToContinue(p[ [k] [ li,r)

15 DepthFirstSearch(p[ [k] [ li,[l1; : : : ; ln],Pr,r)

16 end

17 end

18 end

19 if okToBalanceWithPassive(p,r)

20 k = GetPassive(p,r)

21 if isValid(p[ [k],r)

22 Pr = Pr [ [p [ [k]]

23 end

24 end

Table 5.1: Pseudocode for a depth �rst search procedure that

generates pairings.

isValid(p,r)

isValid(p,r) checks whatever a pairing p is valid according to union and

governmental rules. This is done by a system called rave, which sas

currently uses to ensure legality of the schedule. The check is performed

by inserting the pairing p into the crew r's schedule and then validate the

schedule using rave.
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Time

Basesa a b c d a

p

t1

l

t2 t3 t4 t5

Figure 5.4: Partially pairing l sought appended to partially pair-

ing p. The corresponding resource period start and end at base

a from time t1 to t5.

okToContinue(p,r)

okToContinue(p,r) checks if the subtree rooted at p should be explore

for resource period r. Here a partial legality check is used to ensure tha

no illegal node is explored any further. However, since the pairing is onl

partial, only a partial legality check can be performed. The pairing p i

inserted into crew r's schedule, however all activities which lie after p ar

removed from the schedule before the legality check is performed. This i

done since the pairing p is not balanced and therefore do not (yet) �t wit

the part of the schedule which lies after it.

okToAppendWithPassive(p,l,r)

okToAppendWithPassive(p,l,r) checks whatever p and l can be connecte

through a passive �ight. The requirement is that (see �gure 5.4) p arriv

on a di�erent base than l (b 6= d), and that the time interval between

and l is so �big enough� for a passive �ight to be inserted.

GetPassive(p,l,r)

GetPassive(p,l,r) returns a passive connection to connect p and l if pos

sible. This is done by querying the sig utility for a passive connection.
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okToBalanceWithPassive(p,r)

okToBalanceWithPassive(p,r) checks whatever it is realistic to balance

pairing p (see �gure 5.5) with a passive �ight. The requirement is that the

time between the arrival at b (t2) and the end of the given resource period

(t3) is big enough for at passive �ight and that p is not balanced already

(b 6= a).

Time

Basesa aba

t1 t3t2

p

Figure 5.5: Partially pairing l sought appended to partially pair-

ing p. The corresponding resource period start and end at base

a from time t1 to t5.

5.1.4 Depth-best �rst search

In the above description of the depth �rst search an implicit priority is used

during the search because [l1; : : : ; ln] is sorted by increasing departure time.

This way �ights with a small connection times are sought connected before

�ights with long connection times. This priority might not be optimal.

If a cost could be assigned to a pairing then at each node all possible

successors could be generated and sorted according to this cost. At each

node this would form a searchfront with a given length LSF . The nodes is

the searchfront could then be explored in turn by increasing cost.

5.1.5 Pairing cost

Estimating the cost of a pairing is not straightforward. Many factors in-

�uence on the quality of a pairing. Currently the only measurement used

by sig is the density of a pairing (introduced in section 4.1.3) which is the

total number of �ights in the pairing minus the number of passive �ights.

5.1 Pairing generation 3

This, however, is a very coarse estimate. Therefore a more �exible estimat

is introduced.

Together with sig, four aspects of a pairing have been identi�ed whic

in�uence the quality of a pairing and therefore should be re�ected in th

cost. These aspects will be introduced below.

Duty

The amount of open �ight duty which the pairing covers is important. Th

(estimated) duty of an open �ight has already been introduced in sectio

5.1.2 as the sum of the duty periods that make up the pairing. To mak

this comparable between di�erent resource periods the cost for duty is see

relatively to the estimated duty of the period the pairing is intended for:

Duty cost = 1�

Estimated duty of pairing

Estimated duty of resource period

In other words, this specify what you get (the duty covered by the pairing

relative to what you pay (the duty allocated in crew schedule). Since th

ratio grows, as the amount of duty that is covered grows the ratio actuall

measures what you gain. Therefore 1 minus the ratio is used as the cost. A

implicit assumption is made here that the remaining time in the resourc

period is not usable. Even though this might not be the case all the time

it seams reasonable during tracking. Here the goal is to use the resourc

periods allocated in the schedule and not to build up a schedule for from

scratch.

Passive �ights

The passive duty time in a pairing is also important since it basically i

time where a crew gets payed but do not work. Some passive legs in

pairing might be changed to �ordinary� legs, before crew sees the pairing

However, this is far from always the case and therefore passive �ights shoul

be avoided.

Once again a ratio is used to make the measure comparable:

Passive cost =

Estimated passive duty of pairing

Estimated duty of resource period
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Problem �ight

The notion of problem �ight arises because some open �ights are more

desirable to cover then other, or � put in other words � some open �ights

are more di�cult to cover than other.

A �ight from Copenhagen to Aalborg departing at 12.00 is easy to cover

compared with a �ight from Stockholm to Munich at 23.00. Therefore it

is more desirable to cover the second �ight than the �rst at this point in

the solution process. This idea is somewhat similar to that of reordering

(see section 4.1.2). Here the �ights are also ranked according to how big a

problem they are. And �ights that are bigger problems are sought swapped

into the schedule instead of less problematic ones.

Together with sig the following 4 aspects of an open �ight have been iden-

ti�ed which characterize a problem �ight:

� Time of departure (Early departures are problems).

� Time of arrival (Late arrivals are problems).

� Length of �ight (Long �ights are problems).

� If �ight creates a night stop (Night stops are problems).

Again a ratio is used to make the cost comparable between di�erent resource

periods.
Problem Cost = 1�

Duty of problem legs

Estimated duty of resource period

Crew cover

Crew cover is the average ratio of crew which have resource periods which

matches (with respect to time) the legs in the given pairing. This gives a

rough estimate of how likely it is that the legs in the pairing can be covered

by another crew.

The cost of a pairing is a weighted sum of the introduced costs:

Cost =Duty Weight�Duty Cost+

Problem Weight� Problem Cost+

Passive Weight� Passive Cost+

Crew Cover Weight�Crew Cover Cost

5.1 Pairing generation 3

5.1.6 Searching from the �middle and out�

The search strategy forces a given partial pairing to be part of the pair

ings that are generated. This is illustrated on �gure 5.6. Here a partia

pairing from b to c is used as a starting point for 2 depth �rst searches

One searches backwards in time towards the start of the given period an

another forward in time towards the end of the period.

A modi�ed version of the depth �rst search described in section 5.1.3 i

used. The largest modi�cation is that between t1 and t2 the search has t

be backwards in time form b towards a.

a

aa
a

a

a
a

a
a

cb

a

a

a

a

a

a
a

Time

t1 t4t2 t3

Figure 5.6: A sample search tree for depth �rst searching back-

and forward from a given pairing.

5.1.7 Preprocessing of the open �ights

When constructing pairings for di�erent resource periods (di�erent crew

several open �ights will be sought connected over and over again. Therefor

a preprocessing of the open �ights where all possible successors are foun

for each �ight might improve performance. This idea forms a clone betwee

the classical approach, where all pairings are generated �rst and then crew

are assigned, and the idea that is tested in this project where crew ar

considered in the generation process.

The idea is to construct two maps which for each leg gives the possibl

direct successors and possible successors through a passive leg. Thought o

in terms of graphs the two maps represents a �meta graph� G that contain
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Chapter 6

Implementation

This chapter gives a short overview of the implementation. The program

has been implemented as an extension to tap-ai. The advantages using

this approach are many; �rstly, sig's existing data structures and library

functions can be used. This way pairings, �ights, schedules, crew etc.

are already implemented and ready to use together with several library

functions where the most important are the legality checking functions.

Secondly, this makes it easy to extract data from sas and use it to test

the program. The drawback is that tap-ai has been developed within

several di�erent programming paradigms: It started out as a Prolog pro-

gram, then some of the code was ported to C and lately an object oriented

approach has been used using C++. Nowadays, the program can run com-

pletely without using the parts of the program that still resides in Prolog.

As a natural choice an object oriented approach has been taken given that

sig currently has used this paradigm in the development of tap-ai.

There has been written around 9000 lines of code in this project. The code

and test data are available at imm at /home/proj/proj7/public.

In the program code for tap-ai the term sling is used which is a synonym

for pairing. Hence, to keep the terminology consistent sling has been used

instead of pairing in the code. However, to avoid confusion in this report

the term pairing is used on the subsequent �gures.

6.1 Program design 4

6.1 Program design

On �gure 6.1 the relations between the main pairing generation objects ar

given. Two main components are the representation of resources and th

generation of pairings. For each crew a resource class is given (CrewResour

which contains a linked list of the resource periods where the crew ma

work (CrewResourcePeriod). The pairing generation heuristics are im

plemented through a Strategy pattern [5]. Therefore an abstract pair

ing generator class has been made (PairingGenerator). This way new

pairing generators can easily be added: They just have to implemen

the PairingGenerator interface. Hence, implementing and experiment

ing with the di�erent heuristics described in section 5.1 has been mad

easy. On �gure 6.1 the inheritance from the PairingGenerator-class to th

PairingGeneratorDepthFirst-class (implementing the depth-�rst searc

from section 5.1.3) has been shown. Similar inheritances have been mad

for classes implementing the other generation heuristics.

generator: PairingGenerator

period: CrewResourcePeriod

PairingGenerator

CrewResourcePeriod

next: CrewResourcePeriod

candidatepairings: PairingList

+ GeneratePairings

CrewResource

firstPeriod: CrewResourcePeriod

crew: CrewInfo

PairingGeneratorDepthFirst

+ GeneratePairings

Figure 6.1: UML-diagram for the classes representing the re-

sources and the associated pairing generation heuristic.

On �gure 6.2 a diagram is given showing the relation between the tw
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classes that represent the Set Covering problem and the class that rep-

resents the Simulated Annealing heuristics that is used the solve the Set

Covering Problem. The problem is split into two classes: One that repre-

sents the problem (SetCoveringProblem) and one that represents a solu-

tion (SetCoveringSolution). Hence all data common to di�erent solutions

to the same problem are kept in the problem class.

SetCoveringProblem

SetCoveringSolution

problem: SetCoveringProblem

SimulatedAnnealing

Figure 6.2: UML-diagram for the classes representing the Set

Covering Problem and the Simulated Annealing heuristic.

6.2 Memory consumption

During the implementation a high memory usage has been observed (in

some situations above 1 GB), which points in the direction of a memory

leak.

For the part of the code which has been written in this project some leaks

where found and corrected. Some testing has been carried out to detect

further leaks in the added code, however, no further sign of leaks could be

found. One leak was found in the original code from sig; unfortunately sig

has not yet had the time to close the leak.

The high memory usage still persist and as will be described in the following

chapter several test have been aborted due to high memory consumption.

4

Chapter 7

Results

In this chapter the software will be tested on �real life� data from sas

Firstly, a description of the di�erent data sets used will be given. This i

followed by a description of the tuning of the parameters which are par

of solution process, such as simulated annealing parameters, weights in th

cost function and so forth. Finally, the di�erent heuristics are tested an

compared.

The tests have been carried out at imm on serv2 and serv3 which bot

are HP servers model J7000 running HP-UX 11i. They each have 4 44

Mhz CPU's and 4 GB memory.

7.1 Data

The data sets used in this chapter consists of �real world� snapshots take

from sas's schedule. A snapshot of the schedule gives the present status o

the schedule at the point in time it is taken. The current set of open �ight

is given and for each crew the current activities assigned are given. Befor

the actual data is presented a short description of three important factor

will be given.

Crew category describes the type of personal to consider. There are tw

meta categories cabin and �ight deck. Within each meta categor
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1
is
to
lo
w
a
n
d
1
0
0
0
is
to
h
ig
h
b
u
t
1
0
a
n
d
1
0
0
b
o
th
se
em
to
b
e
a
cc
ep
ta
b
le
.

T
o
sh
o
w
th
e
im
p
a
ct
fr
o
m

T
0

o
n
th
e
so
lu
ti
o
n
p
ro
ce
ss
tw
o
ru
n
s
a
re
sh
o
w
n

w
it
h
d
i�
er
en
t
ch
o
ic
es
o
f
T
0
.
O
n
�
g
u
re
7
.6
th
e
o
b
je
ct
v
a
lu
es
fo
r
th
e
cu
rr
en
t

so
lu
ti
o
n
a
n
d
th
e
b
es
t
fo
u
n
d
a
re
sh
o
w
n
v
er
su
s
th
e
n
u
m
b
er
o
f
it
er
a
ti
o
n
s.

A
s
o
n
e
ca
n
se
e
m
a
n
y
w
o
rs
e
so
lu
ti
o
n
s
a
re
a
cc
ep
te
d
w
it
h
in
th
e
�
rs
t
3
5
0
0

it
er
a
ti
o
n
s
w
h
ic
h
in
d
ic
a
te
s
th
a
t
th
e
so
lu
ti
o
n
p
ro
ce
ss
m
o
v
es
a
ro
u
n
d
in
th
e

so
lu
ti
o
n
sp
a
ce
.
A
b
o
v
e
5
5
0
0
it
er
a
ti
o
n
s
th
e
se
a
rc
h
co
n
v
er
g
e
to
w
a
rd
s
a
lo
ca
l

se
a
rc
h
w
h
er
e
o
n
ly
b
et
te
r
so
lu
ti
o
n
s
a
re
a
cc
ep
te
d
.

7
.2

M
o
d
el
p
a
ra
m
et
er
s

5

26
0

28
0

30
0

32
0

34
0

36
0

38
0

40
0

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00
90

00
10

00
0

Solution value

Ite
ra

tio
ns

S
im

ul
at

ed
 a

nn
ea

lin
g:

 S
ol

ut
io

n 
va

lu
e 

vs
. i

te
ra

tio
ns

.  
   

B
es

t
C

ur
re

nt

F
ig
u
re
7
.6
:
S
im
u
la
te
d
a
n
n
ea
li
n
g.
T
0

=
1
0
0
a
n
d
�
=
0
:9
9
9
.

O
n
�
g
u
re
7
.7
th
e
st
a
rt
te
m
p
er
a
tu
re
is
lo
w
er
ed
.
N
o
w
w
o
rs
e
so
lu
ti
o
n
s
a
re
o
n
l

a
cc
ep
te
d
o
n
a
ve
ry
sm
a
ll
sc
a
le
a
ft
er
th
e
�
rs
t
7
0
0
it
er
a
ti
o
n
s.
A
n
d
a
b
o
v
e
3
0
0

it
er
a
ti
o
n
s
th
e
so
lu
ti
o
n
p
ro
ce
ss
lo
o
k
s
a
lm
o
st
li
k
e
p
u
re
lo
ca
l
se
a
rc
h
.
T
h
u
s
th

so
lu
ti
o
n
sp
a
ce
is
n
o
t
ex
p
lo
re
d
su
�
ci
en
tl
y
a
n
d
th
e
so
lu
ti
o
n
fo
u
n
d
is
w
o
rs

th
a
n
th
e
o
n
e
fo
u
n
d
o
n
�
g
u
re
7
.6
w
it
h
th
e
h
ig
h
er
te
m
p
er
a
tu
re
.



7
.2

M
o
d
el
p
a
ra
m
et
er
s

5
3

28
5

29
0

29
5

30
0

30
5

31
0

31
5

32
0

32
5

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00

Solution value

Ite
ra

tio
ns

S
im

ul
at

ed
 a

nn
ea

lin
g:

 S
ol

ut
io

n 
va

lu
e 

vs
. i

te
ra

tio
ns

.  
   

B
es

t
C

ur
re

nt

F
ig
u
re
7
.7
:
S
im
u
la
te
d
a
n
n
ea
li
n
g.
T
0

=
1
a
n
d
�
=
0
:9
9
9
.

A
n
o
th
er
in
d
ic
a
to
r,
o
ft
en
co
n
si
d
er
ed
w
h
en
v
is
u
a
li
zi
n
g
si
m
u
la
te
d
a
n
n
ea
li
n
g
,

is
th
e
a
cc
ep
ta
n
ce
ra
te
.
T
h
e
a
cc
ep
ta
n
ce
ra
te
is
th
e
ra
ti
o
b
et
w
ee
n
th
e
to
ta
l

n
u
m
b
er
o
f
a
cc
ep
te
d
n
ei
g
h
b
o
u
ri
n
g
so
lu
ti
o
n
s
a
n
d
th
e
to
ta
l
n
u
m
b
er
o
f
n
ei
g
h
-

b
o
u
ri
n
g
so
lu
ti
o
n
co
n
si
d
er
ed
(f
o
r
so
m
e
it
er
a
ti
o
n
in
te
rv
a
l)
.
T
h
e
a
cc
ep
ta
n
ce

ra
te
co
rr
es
p
o
n
d
in
g
to
�
g
u
re
7
.6
a
n
d
�
g
u
re
7
.7
is
sh
o
w
n
o
n
�
g
u
re
7
.8
a
n
d

�
g
u
re
7
.9
re
sp
ec
ti
v
el
y.

A
ru
le
-o
f-
th
u
m
b
st
a
te
s
th
a
t
th
e
a
cc
ep
t
ra
te
sh
o
u
ld
b
e
in
th
e
in
te
rv
a
l
3
0
%
-

7
0
%
in
th
e
��
rs
t
n
u
m
b
er
o
f
it
er
a
ti
o
n
s�
.
C
o
n
si
d
er
ed
th
a
t
th
is
o
n
ly
is
a
ru
le
-

o
f-
th
u
m
b
th
e
so
lu
ti
o
n
p
ro
ce
ss
d
ep
ic
te
d
o
n
�
g
u
re
7
.8
se
em
s
�
n
e,
ev
en
th
o
u
g
h

a
n
in
it
ia
l
a
cc
ep
ta
n
ce
ra
te
o
f
8
0
%

is
o
b
se
rv
ed
.
In
co
n
tr
a
st
th
e
a
cc
ep
ta
n
ce

ra
te
o
f
th
e
so
lu
ti
o
n
p
ro
ce
ss
d
ep
ic
te
d
�
g
u
re
7
.9
d
ec
re
a
se
s
v
er
y
fa
st
a
n
d

in
d
ic
a
te
s
fu
rt
h
er
th
a
t
a
in
it
ia
l
te
m
p
er
a
tu
re
o
f
T
0

=
1
is
to
o
lo
w
.

7
.2

M
o
d
el
p
a
ra
m
et
er
s

5

0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00
80

00
90

00
10

00
0

%

Ite
ra

tio
ns

S
im

ul
at

ed
 a

nn
ea

lin
g:

 A
cc

ep
t r

at
e 

   
 

A
cc

ep
ta

nc
e 

ra
te

F
ig
u
re
7
.8
:
S
im
u
la
te
d
a
n
n
ea
li
n
g.
T
0

=
1
0
0
a
n
d
�
=
0
:9
9
9
.

0

0.
050.
1

0.
150.
2

0.
250.
3

0.
350.
4

0.
45

0
10

00
20

00
30

00
40

00
50

00
60

00
70

00

%
Ite

ra
tio

ns

S
im

ul
at

ed
 a

nn
ea

lin
g:

 A
cc

ep
t r

at
e 

   
 

A
cc

ep
ta

nc
e 

ra
te

F
ig
u
re
7
.9
:
S
im
u
la
te
d
a
n
n
ea
li
n
g.
T
0

=
1
a
n
d
�
=
0
:9
9
9
.



7
.2

M
o
d
el
p
a
ra
m
et
er
s

5
5

N
e
ig
h
b
o
u
r
h
o
o
d

T
h
e
im
p
o
rt
a
n
t
p
a
ra
m
et
er
w
h
en
d
ea
li
n
g
w
it
h
th
e
n
ei
g
h
b
o
u
rh
o
o
d
,
is
th
e

n
u
m
b
er
o
f
co
lu
m
n
s
d
w
h
ic
h
is
d
ro
p
p
ed
fr
o
m

th
e
cu
rr
en
t
so
lu
ti
o
n
,
w
h
en

se
a
rc
h
in
g
th
e
n
ei
g
h
b
o
u
rh
o
o
d
.
O
n
�
g
u
re
7
.1
0
th
e
p
lo
t
sh
o
w
s
th
e
in
�
u
en
ce

o
n
th
e
so
lu
ti
o
n
va
lu
e
fr
o
m

d
i�
er
en
t
ch
o
ic
e
o
f
d
.
A
s
o
n
e
ca
n
se
e,
a
ch
o
ic
e

b
et
w
ee
n
3
a
n
d
6
se
em
s
re
a
so
n
a
b
le
.
A
b
o
v
e
6
th
e
p
lo
t
sh
o
w
s
th
a
t
th
e
d
is
ru
p
-

ti
o
n
o
f
d
ro
p
p
in
g
m
o
re
th
a
n
6
co
lu
m
n
s,
w
h
en
se
a
rc
h
in
g
th
e
n
ei
g
h
b
o
u
rh
o
o
d
,

re
su
lt
s
in
a
�
u
ct
u
a
te
d
so
lu
ti
o
n
v
a
lu
e.

26
5

27
0

27
5

28
0

28
5

29
0

29
5

30
0

1
2

3
4

5
6

7
8

9
10

Solution value

d

S
im

ul
at

ed
 a

nn
ea

lin
g:

 C
ol

um
ns

 to
 d

ro
p

F
ig
u
re
7
.1
0
:
S
o
lu
ti
o
n
va
lu
e
ve
rs
u
s
d

U
n
fo
rt
u
n
a
te
ly
,
th
e
�
rs
t
li
m
it
ed
te
st
in
g
sh
o
w
ed
th
a
t
a
va
lu
e
o
f
d
=
2
w
a
s

su
�
ci
en
t.

T
h
u
s
a
la
rg
er
n
u
m
b
er
o
f
ex
p
er
im
en
ts
w
a
s
ca
rr
ie
d
o
u
t
u
si
n
g

d
=
2
.
H
o
w
ev
er
,
a
s
th
e
a
b
o
v
e
g
ra
p
h
sh
o
w
s
a
va
lu
e
o
f
3
o
r
4
sh
o
u
ld
h
a
v
e
b
ee
n

ch
o
se
n
.
T
o
b
e
a
b
le
to
u
se
th
e
re
su
lt
s
fr
o
m
th
e
�
rs
t
la
rg
e
se
t
o
f
ex
p
er
im
en
ts
,

a
ll
su
b
se
q
u
en
t
ex
p
er
im
en
ts
w
a
s
a
ls
o
ru
n
u
si
n
g
d
=
2
.

7
.2

M
o
d
el
p
a
ra
m
et
er
s

5

M
o
d
i�
c
a
ti
o
n
o
f
th
e
a
c
c
e
p
t
fu
n
c
ti
o
n

D
u
ri
n
g
ex
p
er
im
en
ts
w
it
h
si
m
u
la
te
d
a
n
n
ea
li
n
g
a
n
u
n
fo
rt
u
n
a
te
p
ro
p
er
ty
o

th
e
co
m
b
in
a
ti
o
n
o
f
th
e
n
ei
g
h
b
o
u
rh
o
o
d
a
n
d
th
e
a
cc
ep
t
fu
n
ct
io
n
(l
in
e
9
o

ta
b
le
5
.4
)
h
a
s
b
ee
n
o
b
se
rv
ed
.
If
Æ
=
0
th
e
n
ei
g
h
b
o
u
ri
n
g
so
lu
ti
o
n
w
il
l
a
lw
a
y

b
e
a
cc
ep
te
d
si
n
ce
e

�

0 T
i

is
1
fo
r
a
ll
p
o
si
ti
v
e
va
lu
es
o
f
T
i
.

T
o
o
v
er
co
m

th
is
,
th
e
a
cc
ep
t
fu
n
ct
io
n
is
m
o
d
i�
ed
so
th
e
n
ei
g
h
b
o
u
ri
n
g
so
lu
ti
o
n
o
n
ly
i

a
cc
ep
te
d
if
th
e
�o
ld
�
a
cc
ep
t
fu
n
ct
io
n
is
sa
ti
s�
ed
a
n
d
if
th
e
o
b
je
ct
va
lu
e
o

th
e
n
ei
g
h
b
o
u
ri
n
g
so
lu
ti
o
n
is
d
i�
er
en
t
fr
o
m

th
e
o
b
je
ct
va
lu
e
o
f
th
e
cu
rr
en

so
lu
ti
o
n
.
T
h
e
re
a
so
n
th
a
t
Æ
=
0
is
th
a
t
m
a
n
y
co
lu
m
n
s
h
a
s
th
e
sa
m
e
p
a
ir
in

co
st
,
b
ec
a
u
se
m
a
n
y
a
re
th
e
sa
m
e.

7
.2
.2

G
h
o
st
c
r
e
w

c
o
st

T
h
er
e
a
re
tw
o
re
a
so
n
s
fo
r
th
e
u
se
o
f
g
h
o
st
cr
ew
:
F
ir
st
ly
,
it
en
su
re
s
th
a
t

fe
a
si
b
le
so
lu
ti
o
n
to
th
e
S
et
C
o
v
er
in
g
P
ro
b
le
m
ca
n
b
e
fo
u
n
d
,
a
n
d
se
co
n
d
ly

�
y
et
a
n
o
th
er
�
m
ea
n
o
f
co
n
tr
o
ll
in
g
th
e
tr
a
d
eo
�
b
et
w
ee
n
co
v
er
a
g
e
o
f
p
ro
b

le
m

a
n
d
n
o
n
-p
ro
b
le
m

�
ig
h
ts
.
W
h
en
th
e
co
st
o
f
a
g
h
o
st
cr
ew
is
a
lt
er
ed
i

a
�
ec
ts
h
o
w
a
tt
ra
ct
iv
e
it
b
ec
o
m
es
to
in
cl
u
d
e
th
e
co
rr
es
p
o
n
d
in
g
co
lu
m
n
i

th
e
so
lu
ti
o
n
.
A
h
ig
h
g
h
o
st
cr
ew
co
st
m
a
k
es
it
a
tt
ra
ct
iv
e
to
se
a
rc
h
fo
r
a
n
o
n

g
h
o
st
cr
ew
co
lu
m
n
th
a
t
co
v
er
s
th
e
ro
w
co
v
er
ed
b
y
th
e
g
h
o
st
cr
ew
co
lu
m
n
.
A

lo
w
g
h
o
st
cr
ew
co
st
d
ec
re
a
se
s
th
e
g
a
in
o
f
ex
cl
u
d
in
g
th
e
g
h
o
st
cr
ew
co
lu
m

fr
o
m
th
e
so
lu
ti
o
n
.
B
y
a
ss
ig
n
in
g
d
i�
er
en
t
co
st
s
to
tw
o
g
h
o
st
cr
ew
co
lu
m
n
s
i

ca
n
b
e
m
a
d
e
m
o
re
p
ro
�
ta
b
le
to
co
v
er
o
n
e
o
f
th
e
co
rr
es
p
o
n
d
in
g
ro
w
s
w
it

a
n
o
n
-g
h
o
st
cr
ew
co
lu
m
n
th
a
n
th
e
o
th
er
.

B
el
o
w
th
er
e
w
il
l
b
e
d
is
ti
n
g
u
is
h
ed
b
et
w
ee
n
tw
o
ty
p
es
o
f
g
h
o
st
cr
ew
co
lu
m
n
s

P
ro
b
le
m
g
h
o
st
cr
ew
co
lu
m
n
s
co
v
er
in
g
ro
w
s
co
rr
es
p
o
n
d
in
g
to
p
ro
b
le
m
�
ig
h
t

a
n
d
g
h
o
st
cr
ew
co
lu
m
n
s
co
v
er
in
g
ro
w
s
co
rr
es
p
o
n
d
in
g
to
n
o
n
-p
ro
b
le
m
�
ig
h
ts

O
n
th
e
fo
ll
o
w
in
g
th
re
e
�
g
u
re
s
(�
g
u
re
7
.1
2
,
7
.1
1
a
n
d
7
.1
3
)
a
n
a
v
er
a
g
e
o
v
e

sn
a
p
sh
o
t
1
,
6
a
n
d
1
3
h
a
v
e
b
ee
n
u
se
d
.

O
n
�
g
u
re
7
.1
1
th
e
ra
ti
o
b
et
w
ee
n
th
e
n
u
m
b
er
o
f
p
ro
b
le
m
�
ig
h
ts
co
v
er
ed
a
n

th
e
to
ta
l
n
u
m
b
er
o
f
o
p
en
�
ig
h
ts
co
v
er
ed
is
p
lo
tt
ed
v
er
su
s
th
e
d
i�
er
en
c

b
et
w
ee
n
g
h
o
st
cr
ew
co
st
a
n
d
p
ro
b
le
m
g
h
o
st
cr
ew
co
st
fo
r
�
v
e
d
i�
er
en
t
ch
o
ic
e

o
f
g
h
o
st
cr
ew
co
st
.
A
s
a
n
ex
a
m
p
le
th
e
so
li
d
li
n
e
re
p
re
se
n
ts
a
ch
o
ic
e
o
f

fo
r
g
h
o
st
cr
ew
co
lu
m
n
co
st
.
W
h
en
th
e
g
h
o
st
cr
ew
co
st
d
i�
er
en
ce
eq
u
a
ls

th
e
co
st
o
f
a
g
h
o
st
cr
ew
co
lu
m
n
eq
u
a
ls
a
p
ro
b
le
m

g
h
o
st
cr
ew
co
lu
m
n
a
n

a
p
p
ro
x
im
a
te
ly
2
3
%

o
f
th
e
o
p
en
�
ig
h
ts
co
v
er
ed
a
re
p
ro
b
le
m

�
ig
h
ts
.
S
ti



7
.2

M
o
d
el
p
a
ra
m
et
er
s

5
7

u
si
n
g
th
e
so
li
d
li
n
e
a
s
a
re
fe
re
n
ce
p
o
in
t,
ra
is
in
g
th
e
d
i�
er
en
ce
b
et
w
ee
n

th
e
co
st
g
h
o
st
cr
ew
co
lu
m
n
s
a
n
d
p
ro
b
le
m

g
h
o
st
cr
ew
co
lu
m
n
s
to
3
m
a
k
es

th
e
ra
ti
o
o
f
p
ro
b
le
m

�
ig
h
ts
ra
is
e
to
5
6
%
.
S
in
ce
th
e
co
st
o
f
n
o
n
-g
h
o
st
cr
ew

co
lu
m
n
s
a
re
k
ep
t
co
n
st
a
n
t
it
b
ec
o
m
es
in
cr
ea
si
n
g
ly
p
ro
�
ta
b
le
to
u
se
n
o
n
-

g
h
o
st
cr
ew
co
lu
m
n
s
th
a
t
co
v
er
s
p
ro
b
le
m
�
ig
h
ts
in
st
ea
d
o
f
th
e
co
rr
es
p
o
n
d
in
g

p
ro
b
le
m
g
h
o
st
cr
ew
co
lu
m
n
s.

A
s
ca
n
b
e
se
en
it
is
p
o
ss
ib
le
to
a
�
ec
t
th
e
ra
ti
o
b
y
in
cr
ea
si
n
g
th
e
d
i�
er
en
ce

b
et
w
ee
n
g
h
o
st
cr
ew
co
st
a
n
d
p
ro
b
le
m

g
h
o
st
cr
ew
co
st
w
h
en
th
e
g
h
o
st
cr
ew

co
st
is
lo
w
(1
a
n
d
2
).
H
o
w
ev
er
,
if
th
e
g
h
o
st
cr
ew
co
st
b
ec
o
m
es
la
rg
e
(e
sp
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t
se
a
rc
h
is
th
e
le
n
g
t

L
S
F

o
f
th
e
se
a
rc
h
fr
o
n
t.
T
h
e
se
a
rc
h
is
li
m
it
ed
to
th
e
L
S
F
-b
es
t
a
t
ea
ch
n
o
d
e

A
sm
a
ll
va
lu
e
o
f
L
S
F

w
il
l
re
su
lt
in
a
v
er
y
g
re
ed
y
se
a
rc
h
th
a
t
o
n
ly
ex
p
lo
re

th
e
cu
rr
en
tl
y
b
es
t
p
a
rt
ia
l
p
a
ir
in
g
s
th
er
eb
y
lo
w
er
in
g
th
e
so
lu
ti
o
n
q
u
a
li
t

n
o
ta
b
le
.
O
n
th
e
o
th
er
h
a
n
d
a
la
rg
e
v
a
lu
e
o
f
L
S
F

w
il
l
ca
u
se
th
e
se
a
rc
h
t

ex
p
lo
re
cl
o
se
to
a
ll
su
cc
es
so
rs
o
f
a
g
iv
en
n
o
d
e
m
a
k
in
g
th
e
se
a
rc
h
a
p
la
i

(u
n
b
o
u
n
d
ed
)
d
ep
th
�
rs
t
se
a
rc
h
a
n
d
lo
o
si
n
g
th
e
d
es
ir
ed
p
er
fo
rm
a
n
ce
g
a
in

O
n
�
g
u
re
7
.2
5
th
e
in
�
u
en
ce
fr
o
m

L
S
F

o
n
th
e
ru
n
n
in
g
ti
m
e
is
sh
o
w
n
.
A

o
n
e
w
o
u
ld
ex
p
ec
t
th
e
ru
n
n
in
g
ti
m
e
in
cr
ea
se
s
w
it
h
L
S
F
;
m
o
re
a
n
d
m
o
r

n
o
d
es
a
re
ex
p
lo
re
d
.



7
.2

M
o
d
el
p
a
ra
m
et
er
s

7
1

0

10
00

0

20
00

0

30
00

0

40
00

0

50
00

0

60
00

0

70
00

0

80
00

0

90
00

0

10
00

00

1
3

5
7

9
15

20
50

Solution time in secounds

S
ea

rc
hf

ro
nt

 le
ng

th

B
es

t-
de

pt
h 

fir
st

: S
ol

ut
io

n 
tim

e 
se

ar
ch

fr
on

t l
en

gt
h

F
ig
u
re
7
.2
5
:
D
ep
th
-b
es
t
�
rs
t
se
a
rc
h
;
so
lu
ti
o
n
ti
m
e
in
se
co
n
d
s
ve
rs
u
s
L
S
F
.

F
ig
u
re
7
.2
6
sh
o
w
s
h
o
w
th
e
so
lu
ti
o
n
va
lu
e
is
a
�
ec
te
d
b
y
L
S
F
.
A
s
ex
p
ec
te
d

a
h
u
g
e
g
a
in
in
so
lu
ti
o
n
q
u
a
li
ty
is
o
b
ta
in
ed
a
s
L
S
F

in
cr
ea
se
s
u
p
to
2
0
.
F
o
r

L
S
F

>
2
0
th
e
so
lu
ti
o
n
q
u
a
li
ty
is
n
o
t
im
p
ro
v
ed
m
u
ch
w
h
en
L
S
F

is
in
cr
ea
se
d
.

7
.2

M
o
d
el
p
a
ra
m
et
er
s

7

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

55
0

60
0

1
3

5
7

9
15

20
50

S
ol

ut
io

n 
va

lu
e

B
es

t-
de

pt
h 

fir
st

: S
ol

ut
io

n 
va

lu
e 

vs
. s

ea
rc

hf
ro

nt
 le

ng
th

F
ig
u
re
7
.2
6
:
D
ep
th
-b
es
t
�
rs
t
se
a
rc
h
;
so
lu
ti
o
n
va
lu
e
ve
rs
u
s
L
S
F
.

A
n
o
th
er
im
p
o
rt
a
n
t
m
ea
su
re
fo
r
th
e
so
lu
ti
o
n
q
u
a
li
ty
is
th
e
n
u
m
b
er
o
f
o
p
e

�
ig
h
ts
w
h
ic
h
a
re
co
v
er
ed
in
th
e
�
n
a
l
so
lu
ti
o
n
.
T
h
er
ef
o
re
th
e
n
u
m
b
er
o

o
p
en
�
ig
h
ts
co
v
er
ed
v
er
su
s
L
S
F

is
p
lo
tt
ed
o
n
�
g
u
re
7
.2
7
.
A
g
a
in
th
e
p
lo

b
eh
a
v
es
a
s
ex
p
ec
te
d
;
fo
r
L
S
F

>
2
0
th
e
g
ra
p
h
le
v
el
s
o
u
t.
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P
er
fo
rm
a
n
ce
te
st
s

7
3

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
91

1
3

5
7

9
15

20
50

Covered flights

S
ea

rc
hf

ro
nt

 le
ng

th

B
es

t-
de

pt
h 

fir
st

: N
o.

 c
ov

er
ed

 fl
ig

ht
s 

vs
. s

ea
rc

hf
ro

nt
 le

ng
th

F
ig
u
re
7
.2
7
:
d
ep
th
-b
es
t
�
rs
t
se
a
rc
h
.
N
u
m
be
r
o
f
co
ve
re
d
o
pe
n

�
ig
h
ts
in
�
n
a
l
so
lu
ti
o
n
ve
rs
u
s
L
S
F
.

A
s
in
d
ic
a
te
d
a
b
o
v
e
a
va
lu
e
o
f
L
S
F

=

2
0
sh
o
w
s
to
b
e
a
p
p
ro
p
ri
a
te
.
H
er
e

ti
m
e
sa
v
in
g
s
a
re
a
ch
ie
v
ed
w
it
h
o
u
t
a
�
ec
ti
n
g
th
e
so
lu
ti
o
n
q
u
a
li
ty
n
o
ta
b
le
.

7
.3

P
e
rf
o
rm
a
n
c
e
te
st
s

In
th
is
se
ct
io
n
a
co
m
p
a
ri
so
n
o
f
th
e
d
i�
er
en
t
h
eu
ri
st
ic
s
d
ev
el
o
p
ed
w
il
l
b
e

ca
rr
ie
d
o
u
t,
a
lo
n
g
w
it
h
a
co
m
p
a
ri
so
n
th
es
e
a
g
a
in
st
s
ig
's
p
a
ri
n
g
g
en
er
a
ti
o
n

m
o
d
e
1
(a
s
d
es
cr
ib
ed
in
se
ct
io
n
4
.1
.3
).

U
si
n
g
s
ig
's
p
a
ri
n
g
g
en
er
a
to
r
in
st
ea
d
o
f
o
n
e
o
f
th
e
d
ev
el
o
p
ed
h
eu
ri
st
ic
s
is

ea
sy
:
F
ir
st
ly
,
s
ig
's
g
en
er
a
to
r
is
u
se
d
to
g
en
er
a
te
p
a
ir
in
g
s
fr
o
m

th
e
o
p
en

�
ig
h
ts
.
S
ec
o
n
d
ly
,
fo
r
ea
ch
cr
ew
th
e
su
b
se
t
o
f
th
e
g
en
er
a
te
d
p
a
ir
in
g
s
th
a
t

sh
e
m
ig
h
t
m
a
n
a
re
id
en
ti
�
ed
.
T
h
is
es
ta
b
li
sh
es
a
si
tu
a
ti
o
n
si
m
il
a
r
to
th
e

o
n
e
o
b
ta
in
ed
fr
o
m
th
e
o
th
er
g
en
er
a
ti
o
n
h
eu
ri
st
ic
s.
H
en
ce
,
th
e
S
et
C
o
v
er
in
g

P
ro
b
le
m
ca
n
b
e
in
it
ia
li
ze
d
a
n
d
so
lv
ed
a
s
if
o
n
e
o
f
th
e
o
th
er
h
eu
ri
st
ic
s
h
a
d

b
ee
n
u
se
d
.

7
.3

P
er
fo
rm
a
n
ce
te
st
s

7

B
el
o
w
a
b
b
re
v
ia
ti
o
n
s
fo
r
th
e
d
i�
er
en
t
p
a
ir
in
g
g
en
er
a
ti
o
n
h
eu
ri
st
ic
s
w
il
l
b

u
se
d
.
T
h
es
e
a
re
g
iv
en
in
ta
b
le
7
.5
.

P
a
ir
in
g
g
en
er
a
ti
o
n
h
eu
ri
st
ic

A
b
b
re
v
ia
ti
o
n

D
ep
th
�
rs
t
se
a
rc
h

d
f
s

D
ep
th
-b
es
t
�
rs
t
se
a
rc
h

d
b
f
s

s
ig
's
p
a
ir
in
g
g
en
er
a
ti
o
n
m
o
d
e
1

s
ig
1

D
ep
th
�
rs
t
se
a
rc
h
w
it
h
p
re
p
ro
ce
ss
in
g

p
r
e

T
a
b
le
7
.5
:
H
eu
ri
st
ic
s
a
n
d
co
rr
es
po
n
d
in
g
a
bb
re
vi
a
ti
o
n
.

7
.3
.1

S
e
a
r
c
h
in
g
fr
o
m

�m
id
d
le
a
n
d
o
u
t�

T
h
e
la
st
h
eu
ri
st
ic
d
es
cr
ib
ed
in
ch
a
p
te
r
5
w
a
s
th
e
se
a
rc
h
in
g
fr
o
m
�t
h
e
m
id

d
le
a
n
d
o
u
t�
a
s
it
w
a
s
d
es
cr
ib
ed
in
se
ct
io
n
5
.1
.6
.
H
o
w
ev
er
,
th
is
h
eu
ri
st
i

w
il
l
n
o
t
b
e
te
st
ed
a
n
y
fu
rt
h
er
in
th
is
ch
a
p
te
r,
d
u
e
to
th
e
fa
ct
,
th
a
t
th
e
cu
r

re
n
t
se
tu
p
is
n
o
t
su
�
ci
en
t.
T
h
e
h
eu
ri
st
ic
s
tr
ie
s
to
b
u
il
d
a
p
a
ir
in
g
g
iv
en

p
a
rt
ia
l
p
a
ir
in
g
,
b
u
t
in
th
e
cu
rr
en
t
se
tu
p
n
o
a
p
p
ro
p
ri
a
te
w
a
y
o
f
ch
o
o
si
n
g
o

co
n
st
ru
ct
in
g
th
is
p
a
rt
ia
l
p
a
ir
in
g
is
a
va
il
a
b
le
.
A
sm
a
ll
n
u
m
b
er
o
f
p
il
o
t
te
st

h
a
v
e
b
ee
n
ca
rr
ie
d
o
u
t,
w
h
er
e
th
e
p
ro
b
le
m
�
ig
h
ts
h
a
v
e
b
ee
n
u
se
d
a
s
st
a
rt
in

p
o
in
ts
.
H
o
w
ev
er
,
th
is
a
p
p
ro
a
ch
p
ro
d
u
ce
s
th
e
sa
m
e
p
a
ir
in
g
s
o
v
er
a
n
d
o
v
e

a
g
a
in
a
n
d
so
m
e
k
in
d
o
f
p
re
-p
a
ir
in
g
h
a
s
to
b
e
in
tr
o
d
u
ce
d
to
p
ro
d
u
ce
so
m

a
p
p
ro
p
ri
a
te
st
a
rt
in
g
p
o
in
ts
fo
r
th
is
h
eu
ri
st
ic
.

7
.3
.2

d

f
s

v
e
r
su
s
d

b
f
s

In
th
is
se
ct
io
n
d
f
s
a
n
d
d
b
f
s
w
il
l
b
e
co
m
p
a
re
d
.
F
o
r
th
e
la
rg
er
sn
a
p
sh
o
ts

le
n
g
th
o
f
L
S
F

=
2
0
is
n
o
t
su
�
ci
en
t
to
b
o
u
n
d
th
e
se
a
rc
h
tr
ee
:
It
b
ec
o
m
e

to
o
ti
m
e
co
n
su
m
in
g
a
n
d
fo
r
so
m
e
o
f
th
e
sn
a
p
sh
o
ts
,
th
e
m
em
o
ry
li
m
it
o

1
G
B
is
ex
ce
ed
ed
.
T
h
er
ef
o
re
,
th
e
tw
o
b
o
u
n
d
s
in
tr
o
d
u
ce
d
fo
r
th
e
d
f
s
a
r

a
ls
o
a
p
p
li
ed
to
th
e
d
b
f
s
.
T
h
e
p
a
ra
m
et
er
s
u
se
d
a
re
L
S
F

=
2
0
,
M
1

=
5
0
0
0

a
n
d
M
1

=
1
0
0
0
0
.
H
o
w
ev
er
fo
r
th
e
d
f
s
a
ch
o
ic
e
o
f
M
1

=
2
5
0
0
0
h
a
s
b
ee

n
ec
es
sa
ry
fo
r
m
o
st
o
f
th
e
la
rg
e
sn
a
p
sh
o
ts
(1
0
,
1
1
,
1
2
,
1
4
,
1
5
a
n
d
1
6
)
si
m
p
l

to
st
a
y
b
el
o
w
th
e
1
G
B
m
em
o
ry
li
m
it
.

O
n
�
g
u
re
7
.2
8
th
e
o
p
en
�
ig
h
t
co
v
er
a
g
e
is
co
m
p
a
re
d
fo
r
d
f
s
a
n
d
d
b
f
s

T
h
e
ex
p
ec
te
d
g
a
in
in
so
lu
ti
o
n
q
u
a
li
ty
d
o
n
o
t
se
em
to
a
p
p
ea
r;
o
n
ly
a
sm
a



7
.3

P
er
fo
rm
a
n
ce
te
st
s

7
5

im
p
ro
v
em
en
t
is
se
en
fo
r
th
e
la
rg
e
sh
o
ts
,
h
o
w
ev
er
,
d
f
s
h
a
s
b
ee
n
ru
n
w
it
h

a
lo
w
er
va
lu
e
o
f
M
1
.
H
en
ce
th
e
o
b
se
rv
ed
g
a
in
is
ev
en
le
ss
im
p
re
ss
iv
e.
F
o
r

th
e
sm
a
ll
sh
o
ts
d
b
f
s
p
er
fo
rm
s
w
o
rs
e
th
a
n
d
f
s
.

A
1
0
0
%
�
ig
h
t
co
v
er
a
g
e
is
n
o
t
ex
p
ec
te
d
si
n
ce
a
fr
a
ct
io
n
o
f
th
e
o
p
en
�
ig
h
ts

li
e
cl
o
se
to
ei
th
er
th
e
st
a
rt
o
r
th
e
en
d
o
f
th
e
sn
a
p
sh
o
t.
S
u
ch
�
ig
h
ts
m
a
y
b
e

im
p
o
ss
ib
le
to
co
v
er
g
iv
en
th
e
ch
o
se
n
ti
m
e
in
te
rv
a
l.

0.
550.
6

0.
650.
7

0.
750.
8

0.
850.
9

0.
951

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Ration between open flights covered and total number of open flights

S
na

ps
ho

t

D
F

S
 v

s.
 D

B
F

S
: O

pe
n 

fli
gh

ts
 c

ov
er

ag
e

D
B

F
S

D
F

S

F
ig
u
re
7
.2
8
:
d
f
s
ve
rs
u
s
d
b
f
s
;
th
e
p
lo
t
sh
o
w
s
th
e
ra
ti
o
be
tw
ee
n

o
pe
n
�
ig
h
ts
co
ve
re
d
a
n
d
to
ta
l
n
u
m
be
r
o
f
o
pe
n
�
ig
h
ts
fo
r
th
e
1
6

sn
a
p
sh
o
ts
.

O
n
�
g
u
re
7
.2
9
th
e
so
lu
ti
o
n
ti
m
e
fo
r
th
e
tw
o
h
eu
ri
st
ic
s
is
sh
o
w
n
.
F
o
r
th
e

la
rg
e
sn
a
p
sh
o
ts
a
co
m
p
a
ri
so
n
is
h
a
rd
to
ca
rr
y
o
u
t
si
n
ce
th
e
lo
w
er
v
a
lu
e
o
f

M
1

h
a
s
b
ee
n
u
se
d
fo
r
d
f
s
.
H
en
ce
,
th
e
b
ig
d
i�
er
en
ce
in
so
lu
ti
o
n
ti
m
e
is
se
en

fo
r
sn
a
p
sh
o
ts
1
0
a
n
d
a
b
o
v
e.
F
o
r
th
e
sm
a
ll
sh
o
ts
it
se
em
s
li
k
e
th
e
o
v
er
h
ea
d

in
tr
o
d
u
ce
d
b
y
so
rt
in
g
th
e
se
a
rc
h
fr
o
n
t
is
la
rg
er
th
a
n
th
e
g
a
in
o
b
ta
in
ed
b
y

b
o
u
n
d
in
g
th
e
se
a
rc
h
fr
o
n
t.

7
.3

P
er
fo
rm
a
n
ce
te
st
s

7

0

50
00

10
00

0

15
00

0

20
00

0

25
00

0

30
00

0

35
00

0

40
00

0

45
00

0

50
00

0

55
00

0

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Solution time

S
na

ps
ho

t

D
F

S
 v

s.
 D

B
F

S
: S

ol
ut

io
n 

tim
e

D
B

F
S

D
F

S

F
ig
u
re
7
.2
9
:
d
f
s
ve
rs
u
s
d
b
f
s
;
so
lu
ti
o
n
ti
m
e
ve
rs
u
s
sn
a
p
sh
o
t

n
u
m
be
r.
4
0
0
0
0
se
co
n
d
s
�

1
1
h
o
u
rs
.

T
h
e
u
se
o
f
p
a
ss
iv
e
�
ig
h
ts
is
sh
o
w
n
o
n
�
g
u
re
7
.3
0
.
R
o
u
g
h
ly
sp
ea
k
in
g

lo
w
er
u
se
o
f
p
a
ss
iv
e
�
ig
h
ts
ca
n
b
e
o
b
se
rv
ed
fo
r
th
e
d
b
f
s
th
a
n
th
e
d
f
s

T
h
is
se
em
s
re
a
so
n
a
b
le
si
n
ce
th
e
u
se
o
f
p
a
ss
iv
e
is
re
p
re
se
n
te
d
in
th
e
co
s

fu
n
ct
io
n
.
H
en
ce
,
th
e
d
b
f
s
ex
p
lo
re
n
o
d
es
,
w
h
ic
h
re
p
re
se
n
ts
a
lo
w
u
se
o

p
a
ss
iv
e
b
ef
o
re
n
o
d
es
re
p
re
se
n
ti
n
g
a
h
ig
h
u
se
o
f
p
a
ss
iv
e.



7
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P
er
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rm
a
n
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te
st
s

7
7

0.
4

0.
450.
5

0.
550.
6

0.
65

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Solution time

S
na

ps
ho

t

D
F

S
 v

s.
 D

B
F

S
: P

as
si

e 
us

e

D
B

F
S

D
F

S

F
ig
u
re
7
.3
0
:
d
f
s
ve
rs
u
s
d
b
f
s
;
ra
ti
o
be
tw
ee
n
pa
ss
iv
e
u
se
a
n
d

n
u
m
be
r
o
pe
n
�
ig
h
ts
co
ve
re
d
ve
rs
u
s
sn
a
p
sh
o
t
n
u
m
be
r.

T
h
e
a
b
o
v
e
te
st
s
sh
o
w
s,
th
a
t
th
e
d
b
f
s
d
o
es
n
o
t
g
iv
e
th
e
q
u
a
li
ty
im
p
ro
v
em
en
t

in
th
e
so
lu
ti
o
n
to
b
e
ex
p
ec
te
d
.
T
h
e
m
a
in
re
a
so
n
fo
r
th
is
b
ei
n
g
th
a
t
th
e

co
st
fu
n
ct
io
n
h
a
s
b
ee
n
co
n
st
ru
ct
ed
w
it
h
a
fu
ll
p
a
ir
in
g
in
m
in
d
.
A
n
ex
a
m
p
le

co
u
ld
b
e:
A
p
a
rt
ia
l
p
a
ir
in
g
w
h
ic
h
(a
t
th
e
st
a
rt
o
f
th
e
se
a
rc
h
tr
ee
)
co
n
si
st
o
f

a
p
a
ss
iv
e
�
ig
h
t
o
n
ly
w
o
u
ld
b
e
p
u
n
is
h
ed
h
a
rd
b
y
th
e
co
st
fu
n
ct
io
n
.
It
m
ig
h
t

n
o
t
ev
en
b
e
ex
p
lo
re
d
,
ev
en
th
o
u
g
h
th
is
p
a
rt
ia
l
p
a
ir
in
g
m
ig
h
t
tu
rn
o
u
t
to

b
e
p
a
rt
o
f
a
�g
o
o
d
�
fu
ll
p
a
ir
in
g
.

7
.3
.3

d

b
f
s

v
e
r
su
s
s
i
g

1

O
n
�
g
u
re
7
.3
1
th
e
o
p
en
�
ig
h
t
co
v
er
a
g
e
is
co
m
p
a
re
d
fo
r
th
e
d
b
f
s
a
n
d
s
ig
1

h
eu
ri
st
ic
s.
A
s
it
ca
n
b
e
se
en
,
th
e
d
b
f
s
re
su
lt
s
in
a
n
o
ta
b
ly
h
ig
h
er
co
v
er
a
g
e

co
m
p
a
re
d
w
it
h
th
e
s
ig
1
.
O
n
ly
fo
r
o
n
e
sn
a
p
sh
o
t,
n
u
m
b
er
1
4
,
th
e
s
ig
1
re
su
lt
s

in
a
h
ig
h
er
o
p
en
�
ig
h
t
co
v
er
a
g
e.
A
s
sh
o
w
n
in
ta
b
le
7
.4
sn
a
p
sh
o
t
1
4
co
n
ta
in
s

th
e
h
ig
h
es
t
n
u
m
b
er
o
f
o
p
en
�
ig
h
ts
w
h
ic
h
m
a
y
ex
p
la
in
th
e
p
o
o
r
p
er
fo
rm
a
n
ce
.

T
h
is
b
eh
a
v
io
u
r
is
a
ls
o
o
b
se
rv
ed
fo
r
sn
a
p
sh
o
t
1
0
w
h
ic
h
co
n
ta
in
s
th
e
th
ir
d

7
.3

P
er
fo
rm
a
n
ce
te
st
s

7

h
ig
h
es
t
n
u
m
b
er
o
f
o
p
en
�
ig
h
ts
.
T
h
e
re
a
so
n
b
ei
n
g
th
a
t
th
e
d
b
f
s
is
b
o
u
n
d
ed

if
th
e
n
u
m
b
er
o
f
o
p
en
�
ig
h
ts
a
re
la
rg
e,
la
rg
er
se
a
rc
h
tr
ee
s
h
a
v
e
to
b
e
b
u
il

to
in
cl
u
d
e
m
o
re
�
ig
h
ts
.
H
o
w
ev
er
,
th
is
is
p
er
m
it
te
d
b
y
th
e
b
o
u
n
d
s.

0.
450.
5

0.
550.

6

0.
650.

7

0.
750.

8

0.
850.

9

0.
951

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Ration between open flights covered and total number of open flights

S
na

ps
ho

t

D
B

F
S

 v
s.

 S
IG

1:
 O

pe
n 

fli
gh

ts
 c

ov
er

ag
e

D
B

F
S

S
IG

1

F
ig
u
re
7
.3
1
:
d
b
f
s
ve
rs
u
s
s
ig
1
pa
ir
in
g
ge
n
er
a
ti
o
n
m
od
e
1
;
th
e

p
lo
t
sh
o
w
s
th
e
ra
ti
o
be
tw
ee
n
o
pe
n
�
ig
h
ts
co
ve
re
d
a
n
d
to
ta
l
n
u
m
-

be
r
o
f
o
pe
n
�
ig
h
ts
fo
r
th
e
1
6
sn
a
p
sh
o
ts
.

A
sm
a
ll
in
cr
ea
se
in
th
e
co
v
er
a
g
e
fo
r
s
ig
1
ca
n
a
ls
o
b
e
o
b
se
rv
ed
a
s
th
e
sn
a
p

sh
o
t
n
u
m
b
er
in
cr
ea
se
s.
A
s
th
e
sn
a
p
sh
o
t
n
u
m
b
er
in
cr
ea
se
s,
th
e
si
ze
o
f
th

sn
a
p
sh
o
t
m
ea
su
re
d
in
ti
m
e
in
te
rv
a
l
a
ls
o
in
cr
ea
se
.
A
s
sh
o
w
n
in
se
ct
io
n
7
.1

th
e
n
u
m
b
er
o
f
la
rg
e
re
so
u
rc
e
in
te
rv
a
ls
in
cr
ea
se
s
a
s
th
e
ti
m
e
in
te
rv
a
l
in

cr
ea
se
s.
S
o
s
ig
1
p
er
fo
rm
a
n
ce
b
et
te
r
o
n
sn
a
p
sh
o
ts
w
h
er
e
th
e
re
so
u
rc
es
a
r

le
ss
fr
a
g
m
en
te
d
ra
th
er
th
a
n
o
n
es
,
w
h
er
e
re
so
u
rc
es
a
re
m
o
re
fr
a
g
m
en
te
d

T
h
is
is
a
ls
o
co
n
si
st
en
t
w
it
h
th
e
d
es
cr
ip
ti
o
n
g
iv
en
in
ch
a
p
te
r
4
:
T
h
e
p
ro
b

le
m
w
it
h
s
ig
1
w
a
s,
th
a
t
th
e
p
a
ir
in
g
s
g
en
er
a
te
d
w
a
s
to
lo
n
g
to
�
t
th
e
sm
a

fr
a
g
m
en
te
d
re
so
u
rc
es
.

B
o
th
sn
a
p
sh
o
t
9
a
n
d
1
3
,
w
h
ic
h
a
re
ta
k
en
ju
st
2
d
a
y
s
b
ef
o
re
o
p
er
a
ti
o
n

re
su
lt
s
in
h
ig
h
co
v
er
a
g
e
fo
r
th
e
d
b
f
s
.
A
t
th
is
p
o
in
t,
re
so
u
rc
es
a
re
v
er

fr
a
g
m
en
te
d
a
n
d
th
e
ta
il
o
ri
n
g
o
f
p
a
ir
in
g
s
se
em
s
to
p
a
y
o
�
.



7
.3

P
er
fo
rm
a
n
ce
te
st
s

7
9

T
w
o
m
a
in
p
ri
ce
s
a
re
p
a
y
ed
fo
r
th
e
g
a
in
ed
co
v
er
a
g
e:
F
ir
st
ly
,
th
e
ru
n
n
in
g
o
f

s
ig
1
ca
n
b
e
ca
rr
ie
d
o
u
t
in
a
fe
w
m
in
u
te
s
w
h
il
e
th
e
d
b
f
s
ru
n
s
fo
r
se
v
er
a
l

h
o
u
rs
.
T
h
is
is
sh
o
w
n
o
n
�
g
u
re
7
.3
2
.
F
o
r
th
e
tw
o
sn
a
p
sh
o
t
g
iv
in
g
a
lo
w

co
v
er
a
g
e,
th
e
so
lu
ti
o
n
ti
m
e
is
co
rr
es
p
o
n
d
in
g
lo
w
.
T
h
is
is
ca
u
se
d
b
y
a
lo
w

so
lu
ti
o
n
ti
m
e
fo
r
th
e
S
et
C
o
v
er
in
g
P
ro
b
le
m
:
S
in
ce
th
e
sh
o
ts
co
n
ta
in
s
m
a
n
y

o
p
en
�
ig
h
ts
,
th
e
in
tr
o
d
u
ce
d
b
o
u
n
d
s
re
su
lt
s
in
fe
w
er
g
en
er
a
ti
o
n
s
o
f
le
g
a
l

p
a
ir
in
g
s,
w
h
ic
h
a
g
a
in
re
su
lt
in
a
sm
a
ll
er
S
et
C
o
v
er
in
g
P
ro
b
le
m
,
w
h
ic
h
ca
n

b
e
so
lv
ed
fa
st
er
b
u
t
w
it
h
a
w
o
rs
e
re
su
lt
.

0

10
00

0

20
00

0

30
00

0

40
00

0

50
00

0

60
00

0

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Solution time

S
na

ps
ho

t

D
B

F
S

 v
s.

 S
IG

1:
 S

ol
ut

io
n 

tim
e

D
B

F
S

S
IG

1

F
ig
u
re
7
.3
2
:
d
b
f
s
ve
rs
u
s
s
ig
1
pa
ir
in
g
ge
n
er
a
ti
o
n
m
od
e
1
;
so
lu
-

ti
o
n
ti
m
e
ve
rs
u
s
sn
a
p
sh
o
t
n
u
m
be
r.
4
0
0
0
0
se
co
n
d
s
�

1
1
h
o
u
rs
.

D
u
e
to
th
e
bi
g
d
i�
er
en
ce
in
ru
n
n
in
g
ti
m
e
s
ig
1
o
n
ly
a
p
pe
a
rs
a
s

a
st
ra
ig
h
t
li
n
e
ju
st
a
bo
ve
th
e
x-
a
xe
s.

S
ec
o
n
d
ly
,
th
e
u
se
o
f
p
a
ss
iv
e
is
a
ls
o
in
cr
ea
se
d
w
h
ic
h
is
sh
o
w
n
o
n
�
g
u
re
7
.3
3
.

T
h
is
m
ig
h
t
b
e
ca
u
se
d
b
y
d
b
f
s
co
v
er
in
g
m
o
re
p
ro
b
le
m
�
ig
h
ts
,
w
h
ic
h
w
o
u
ld

re
q
u
ir
e
a
h
ig
h
er
u
se
o
f
p
a
ss
iv
e.
T
h
u
s,
o
n
�
g
u
re
7
.3
4
th
e
p
ro
b
le
m

�
ig
h
t

co
v
er
a
g
e
is
sh
o
w
n
fo
r
th
e
tw
o
h
eu
ri
st
ic
s.
A
s
it
ca
n
b
e
se
en
,
a
n
o
ta
b
le

h
ig
h
er
p
ro
b
le
m
co
v
er
a
g
e
is
o
b
se
rv
ed
fo
r
th
e
d
b
f
s
.

7
.3

P
er
fo
rm
a
n
ce
te
st
s

8

0.
2

0.
22

0.
24

0.
26

0.
280.

3

0.
32

0.
34

0.
36

0.
38

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Ratio between passive used and number of open flights covered

S
na

ps
ho

t

D
B

F
S

 v
s.

 S
IG

1:
 P

as
si

e 
us

e

D
B

F
S

S
IG

1

F
ig
u
re
7
.3
3
:
d
b
f
s
ve
rs
u
s
s
ig
1
pa
ir
in
g
ge
n
er
a
ti
o
n
m
od
e
1
;
ra
ti
o

be
tw
ee
n
pa
ss
iv
e
u
se
a
n
d
n
u
m
be
r
o
f
o
pe
n
�
ig
h
ts
co
ve
re
d
ve
rs
u
s

sn
a
p
sh
o
t
n
u
m
be
r.



7
.4

P
re
p
ro
ce
ss
in
g

8
1

0.
150.
2

0.
250.
3

0.
350.
4

0.
450.
5

0.
550.
6

0.
65

1
2

3
4

5
6

7
8

9
10

11
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Ratio between number of problem flights covered and number of open flights covered

S
na

ps
ho

t

D
B

F
S

 v
s.

 S
IG

1:
 P

ro
bl

em
 c

ov
er

ag
e

D
B

F
S

S
IG

1

F
ig
u
re
7
.3
4
:
d
b
f
s
ve
rs
u
s
s
ig
1
pa
ir
in
g
ge
n
er
a
ti
o
n
m
od
e
1
;
ra
ti
o

be
tw
ee
n
p
ro
bl
em
�
ig
h
ts
co
ve
re
d
a
n
d
n
u
m
be
r
o
pe
n
�
ig
h
ts
co
ve
re
d

ve
rs
u
s
sn
a
p
sh
o
t
n
u
m
be
r.

7
.4

P
re
p
ro
c
e
ss
in
g

A
s
se
en
a
b
o
v
e,
o
n
e
o
f
th
e
m
a
jo
r
li
m
it
a
ti
o
n
s
b
y
u
si
n
g
th
e
h
eu
ri
st
ic
s
is
th
e

ru
n
n
in
g
ti
m
e.
A
s
a
�
rs
t
a
tt
em
p
t
th
is
h
a
s
b
ee
n
ta
rg
et
ed
b
y
in
tr
o
d
u
ci
n
g
a

p
re
p
ro
ce
ss
in
g
o
f
th
e
o
p
en
�
ig
h
ts
a
s
d
es
cr
ib
ed
in
se
ct
io
n
5
.1
.7
.
T
h
e
re
su
lt
s

a
re
d
es
cr
ib
ed
b
el
o
w
.

O
n
�
g
u
re
7
.3
5
th
e
o
p
en
�
ig
h
ts
co
v
er
a
g
e
is
sh
o
w
n
fo
r
th
e
fo
u
r
d
es
cr
ib
ed

h
eu
ri
st
ic
s.
A
s
ca
n
b
e
se
en
th
e
in
tr
o
d
u
ci
n
g
o
f
p
re
p
ro
ce
ss
in
g
in
cr
ea
se
s
th
e

o
p
en
�
ig
h
ts
co
v
er
a
g
e
fo
r
th
e
la
rg
e
sn
a
p
sh
o
ts
.
T
h
e
p
re
p
ro
ce
ss
in
g
re
d
u
ce
s
th
e

se
a
rc
h
sp
a
ce
b
y
ex
cl
u
d
in
g
a
ll
n
o
n
-l
eg
a
l
co
n
n
ec
ti
o
n
s
fr
o
m
th
e
se
a
rc
h
.
T
h
u
s,

m
o
re
n
o
d
es
ca
n
b
e
in
v
es
ti
g
a
te
d
a
n
d
m
o
re
le
g
a
l
p
a
ir
in
g
s
ca
n
b
e
g
en
er
a
te
d

re
su
lt
in
g
in
b
et
te
r
so
lu
ti
o
n
s
to
th
e
S
et
C
o
v
er
in
g
P
ro
b
le
m
.

7
.4

P
re
p
ro
ce
ss
in
g

8

0.
450.
5

0.
550.

6

0.
650.

7

0.
750.

8

0.
850.

9

0.
951

1
2

3
4

5
6

7
8

9
10
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12
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14

15
16

Ration between open flights covered and total number of open flights

S
na

ps
ho

t

C
om

bi
ne

d 
te

st
: O

pe
n 

fli
gh

ts
 c

ov
er

ag
e

P
D

F
S

D
B

F
S

D
F

S
S

IG
1

F
ig
u
re
7
.3
5
:
O
pe
n
�
ig
h
ts
co
ve
ra
ge
ve
rs
u
s
sn
a
p
sh
o
t
n
u
m
be
r
fo
r

th
e
fo
u
r
h
eu
ri
st
ic
s.

T
h
e
so
lu
ti
o
n
ti
m
e
is
sh
o
w
n
o
n
�
g
u
re
7
.3
6
.
In
th
is
�
g
u
re
a
n
o
ta
b
le
im
p
ro
v
e

m
en
t
ca
n
b
e
se
en
;
p
r
e
te
rm
in
a
te
s
b
ef
o
re
2
0
0
0
0
se
co
n
d
s
(=
5
.5
h
o
u
rs
)
fo

a
ll
sn
a
p
sh
o
ts
ex
ce
p
t
sh
o
t
1
0
,
w
h
ic
h
is
ju
st
a
b
o
v
e
2
0
0
0
0
se
co
n
d
s.
C
o
m
p
a
re

w
it
h
a
so
lu
ti
o
n
ti
m
e
fo
r
so
m
e
o
f
th
e
la
rg
e
sn
a
p
sh
o
ts
o
f
a
b
o
v
e
1
1
h
o
u
rs
fo

th
e
d
b
f
s
th
is
re
su
lt
m
u
st
b
e
co
n
si
d
er
ed
sa
ti
sf
y
in
g
.
N
o
te
th
a
t
M
1

h
a
s
b
ee

fu
rt
h
er
lo
w
er
ed
fo
r
d
f
s
o
n
th
e
la
rg
e
sn
a
p
sh
o
ts
a
s
d
es
cr
ib
ed
ea
rl
ie
r.
H
en
ce

a
re
la
ti
v
el
y
sm
a
ll
so
lu
ti
o
n
ti
m
e
is
o
b
se
rv
ed
fo
r
sn
a
p
sh
o
ts
n
u
m
b
er
s
la
rg
e

th
a
n
1
0
.
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P
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p
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8
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Solution time in seconds

S
na

ps
ho

t

C
om

bi
ne

d 
te

st
: S

ol
ut

io
n 

tim
e

P
D

F
S

D
B

F
S

D
F

S
S

IG
1

F
ig
u
re
7
.3
6
:
S
o
lu
ti
o
n
ti
m
e
ve
rs
u
s
sn
a
p
sh
o
t
n
u
m
be
r
fo
r
th
e
fo
u
r

h
eu
ri
st
ic
s.

T
h
e
ra
ti
o
b
et
w
ee
n
th
e
ti
m
e
u
se
d
fo
r
g
en
er
a
ti
n
g
p
a
ir
in
g
s
a
n
d
th
e
to
ta
l
so
-

lu
ti
o
n
ti
m
e
is
sh
o
w
n
o
n
�
g
u
re
7
.3
7
.
A
s
it
ca
n
b
e
se
en
d
f
s
u
se
s
a
b
o
v
e
9
0
%

o
f
th
e
ti
m
e
g
en
er
a
ti
n
g
p
a
ir
in
g
s
a
n
d
th
u
s
le
ss
th
a
n
1
0
%
o
f
th
e
ti
m
e
so
lv
in
g

th
e
S
et
C
o
v
er
in
g
P
ro
b
le
m
.
p
r
e
�
o
n
th
e
o
th
er
h
a
n
d
�
u
se
s
a
ro
u
n
d
6
5
%
o
f

th
e
ti
m
e
g
en
er
a
ti
n
g
p
a
ir
in
g
s
a
n
d
th
u
s
4
5
%

o
f
th
e
ti
m
e
is
u
se
d
fo
r
so
lv
in
g

th
e
S
et
C
o
v
er
in
g
P
ro
b
le
m
.
A
s
it
w
a
s
sh
o
w
n
o
n
�
g
u
re
7
.3
6
d
f
s
a
n
d
p
r
e

h
a
d
a
p
p
ro
x
im
a
te
ly
th
e
sa
m
e
so
lu
ti
o
n
ti
m
e
fo
r
th
e
la
rg
e
sn
a
p
sh
o
ts
,
h
en
ce
,

th
e
n
u
m
b
er
s
a
re
co
m
p
a
ra
b
le
.
d
f
s
u
se
s
a
la
rg
e
p
er
io
d
o
f
ti
m
e
g
en
er
a
ti
n
g

p
a
ir
in
g
s,
h
o
w
ev
er
th
e
re
su
lt
in
g
S
et
C
o
v
er
in
g
P
ro
b
le
m

is
so
lv
ed
fa
st
w
it
h

p
o
o
r
re
su
lt
s
(a
s
ea
rl
ie
r
sh
o
w
n
).
T
h
is
is
m
a
in
ly
ca
u
se
d
b
y
th
e
si
ze
o
f
th
e

S
et
C
o
v
er
in
g
P
ro
b
le
m

w
h
ic
h
fo
r
th
e
p
r
e
b
ec
o
m
es
a
ro
u
n
d
1
5
0
0
0
0
co
lu
m
n
s

fo
r
so
m
e
o
f
th
e
la
rg
e
sn
a
p
sh
o
ts
,
w
h
il
e
d
f
s
o
n
ly
re
su
lt
s
in
S
et
C
o
v
er
in
g

P
ro
b
le
m
s
o
f
si
ze
s
a
ro
u
n
d
3
0
0
0
0
co
lu
m
n
s.

7
.4

P
re
p
ro
ce
ss
in
g

8

0.
550.
6

0.
650.

7

0.
750.

8

0.
850.

9

0.
951

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Ration between pairing generation and total solution time

S
na

ps
ho

t

C
om

bi
ne

d 
te

st
: P

ai
rin

g 
ge

ne
ra

tio
n 

ge
ne

ra
tio

n

P
D

F
S

D
F

S

F
ig
u
re
7
.3
7
:
R
a
ti
o
be
tw
ee
n
ti
m
e
u
se
d
so
lv
in
g
th
e
S
et
C
o
ve
r-

in
g
P
ro
bl
em

a
n
d
ti
m
e
u
se
d
ge
n
er
a
ti
o
n
pa
ir
in
gs
ve
rs
u
s
sn
a
p
sh
o
t

n
u
m
be
r
fo
r
p
r
e
a
n
d
d
f
s
.

L
o
o
k
in
g
a
t
th
e
u
se
o
f
p
a
ss
iv
e,
a
sm
a
ll
im
p
ro
v
em
en
t
ca
n
b
e
se
en
o
n
�
g
u
r

7
.3
8
,
w
h
ic
h
sh
o
w
s
th
e
ra
ti
o
b
et
w
ee
n
n
u
m
b
er
o
f
p
a
ss
iv
e
u
se
d
a
n
d
n
u
m
b
e

o
f
co
v
er
ed
�
ig
h
ts
.
A
g
a
in
th
e
im
p
ro
v
em
en
t
m
u
st
b
e
a
sc
ri
b
ed
to
th
e
m
o
r

ex
h
a
u
st
iv
e
ex
p
lo
ra
ti
o
n
o
f
th
e
se
a
rc
h
tr
ee
.



7
.4

P
re
p
ro
ce
ss
in
g

8
5

0.
150.
2

0.
250.
3

0.
350.
4

0.
450.
5

0.
550.
6

0.
65

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Ratio between passive use and number of open flights covered

S
na

ps
ho

t

C
om

bi
ne

d 
te

st
: P

as
si

ve
 u

se

P
D

F
S

D
B

F
S

D
F

S
S

IG
1

F
ig
u
re
7
.3
8
:
R
a
ti
o
be
tw
ee
n
pa
ss
iv
e
a
n
d
n
u
m
be
r
o
f
o
pe
n
�
ig
h
ts

co
ve
re
d
ve
rs
u
s
sn
a
p
sh
o
t
n
u
m
be
r
fo
r
th
e
fo
u
r
h
eu
ri
st
ic
s.

T
o
il
lu
st
ra
te
th
e
co
rr
es
p
o
n
d
in
g
im
p
a
ct
o
n
th
e
p
ro
b
le
m
�
ig
h
t
co
v
er
a
g
e,
th
e

p
ro
b
le
m

�
ig
h
t
co
v
er
a
g
e
v
er
su
s
sn
a
p
sh
o
t
n
u
m
b
er
is
p
lo
tt
ed
o
n
�
g
u
re
7
.3
9
.

H
er
e
it
is
se
en
,
th
a
t
th
e
p
ro
b
le
m

�
ig
h
ts
co
v
er
a
g
e
is
n
o
t
d
ec
re
a
se
fo
r
th
e

p
r
e
,
ev
en
th
o
u
g
h
a
sm
a
ll
d
ec
re
a
se
in
p
a
ss
iv
e
u
se
w
a
s
o
b
se
rv
ed
o
n
�
g
u
re

7
.3
8
.

7
.4

P
re
p
ro
ce
ss
in
g

8

0.
2

0.
250.

3

0.
350.

4

0.
45

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

Ratio between problem flights covered and number of open flights covered

S
na

ps
ho

t

C
om

bi
ne

d 
te

st
: P

ro
bl

em
 c

ov
er

ag
e

P
D

F
S

D
B

F
S

D
F

S
S

IG
1

F
ig
u
re
7
.3
9
:
R
a
ti
o
be
tw
ee
n
p
ro
bl
em

�
ig
h
ts
co
ve
re
d
a
n
d
n
u
m
-

be
r
o
f
o
pe
n
�
ig
h
ts
co
ve
re
d
ve
rs
u
s
sn
a
p
sh
o
t
n
u
m
be
r
fo
r
th
e
fo
u
r

h
eu
ri
st
ic
s.



8
7

C
h
a
p
te
r
8

C
o
n
c
lu
si
o
n

T
h
e
m
a
in
g
o
a
l
o
f
th
is
p
ro
je
ct
h
a
s
b
ee
n
to
co
n
st
ru
ct
,
im
p
le
m
en
t
a
n
d
te
st
a

so
lu
ti
o
n
a
p
p
ro
a
ch
fo
r
th
e
a
ir
li
n
e
cr
ew
sc
h
ed
u
li
n
g
p
ro
b
le
m
d
u
ri
n
g
th
e
tr
a
ck
-

in
g
p
h
a
se
,
w
it
h
th
e
st
a
rt
in
g
p
o
in
t
o
f
th
e
so
ft
w
a
re
cu
rr
en
tl
y
u
se
d
b
y
s
a
s
.

In
a
d
d
it
io
n
,
a
�c
re
w
o
ri
en
te
d
�
a
p
p
ro
a
ch
sh
o
u
ld
b
e
te
st
ed
,
w
h
er
e
k
n
o
w
le
d
g
e

a
b
o
u
t
th
e
a
va
il
a
b
il
it
y
o
f
cr
ew
,
w
h
ic
h
,
a
t
so
m
e
p
o
in
t
in
th
e
fu
tu
re
m
ig
h
t

m
a
n
a
p
a
ir
in
g
,
sh
o
u
ld
b
e
u
se
d
d
u
ri
n
g
th
e
g
en
er
a
ti
o
n
o
f
th
e
p
a
ir
in
g
.

A

re
v
ie
w

o
f
th
e
li
te
ra
tu
re
sh
o
w
ed
,
th
a
t
th
e
(p
u
b
li
sh
ed
)
m
o
d
el
s
d
ea
li
n
g

w
it
h
th
e
tr
a
ck
in
g
a
n
d
d
a
y
-t
o
-d
a
y
p
h
a
se
s
m
o
st
ly
u
se
s
a
�c
re
w

o
ri
en
te
d
�

p
a
ir
in
g
g
en
er
a
ti
o
n
sc
h
em
e
co
m
b
in
ed
w
it
h
th
e
so
lu
ti
o
n
o
f
a
S
et
C
o
v
er
in
g

P
ro
b
le
m

o
r
S
et
P
a
rt
it
io
n
in
g
P
ro
b
le
m
.
H
o
w
ev
er
,
a
ll
th
e
m
o
d
el
s
d
es
cr
ib
ed

w
er
e
fo
rm
u
la
te
d
a
n
d
so
lv
ed
u
si
n
g
so
m
e
k
in
d
o
f
li
n
ea
r
o
p
ti
m
iz
er
.
D
u
e
to

th
e
p
ro
b
le
m
si
ze
a
n
d
th
e
cu
rr
en
t
se
tu
p
g
iv
en
b
y
s
a
s
,
su
ch
fo
rm
u
la
ti
o
n
a
n
d

so
lu
ti
o
n
a
p
p
ro
a
ch
w
a
s
n
o
t
a
�
rs
t
ch
o
ic
e.

T
h
er
ef
o
re
,
a
so
lu
ti
o
n
a
p
p
ro
a
ch
u
si
n
g
th
e
�c
re
w
o
ri
en
te
d
�
id
ea
a
n
d
th
e
so
lu
-

ti
o
n
o
f
a
S
et
C
o
v
er
in
g
P
ro
b
le
m
w
a
s
d
ev
el
o
p
ed
w
it
h
in
th
e
g
iv
en
fr
a
m
ew
o
rk

o
f
th
e
ex
is
ti
n
g
so
ft
w
a
re
a
t
s
a
s
.
T
h
re
e
d
i�
er
en
t
p
a
ir
in
g
g
en
er
a
ti
o
n
h
eu
ri
s-

ti
cs
w
er
e
su
cc
es
sf
u
ll
y
im
p
le
m
en
te
d
to
g
et
h
er
w
it
h
a
h
eu
ri
st
ic
fo
r
so
lv
in
g
th
e

S
et
C
o
v
er
in
g
P
ro
b
le
m
.
A
fo
u
rt
h
g
en
er
a
ti
o
n
h
eu
ri
st
ic
w
a
s
im
p
le
m
en
te
d
b
u
t

n
ev
er
te
st
ed
d
u
e
to
re
a
so
n
s
d
es
cr
ib
ed
in
se
ct
io
n
7
.3
.1
.
F
in
a
ll
y,
a
m
ea
su
re

fo
r
th
e
q
u
a
li
ty
o
f
a
p
a
ir
in
g
w
a
s
d
ev
el
o
p
ed
.

T
h
e
n
u
m
er
ic
a
l
re
su
lt
s
sh
o
w
ed
a
su
b
st
a
n
ti
a
l
in
cr
ea
se
in
th
e
n
u
m
b
er
o
f
o
p
en

�
ig
h
ts
co
v
er
ed
u
si
n
g
th
e
n
ew
h
eu
ri
st
ic
s
co
m
p
a
re
d
w
it
h
th
e
so
ft
w
a
re
cu
r-

8
.1

O
u
tl
o
o
k

8

re
n
tl
y
u
se
d
b
y
s
a
s
.

T
w
o
m
a
in
p
ri
ce
s
a
re
p
a
y
ed
fo
r
th
is
im
p
ro
v
em
en
t

F
ir
st
ly
,
a
la
rg
e
in
cr
ea
se
in
th
e
u
se
o
f
p
a
ss
iv
e
�
ig
h
ts
is
o
b
se
rv
ed
.
H
o
w
ev
er

th
e
in
cr
ea
se
in
p
a
ss
iv
e
u
se
h
a
s
o
n
ly
b
ee
n
co
m
p
a
re
d
w
it
h
th
e
re
su
lt
s
o
f
s
a
s

h
eu
ri
st
ic
,
w
h
ic
h
co
v
er
ed
a
fa
r
sm
a
ll
er
n
u
m
b
er
o
f
o
p
en
�
ig
h
ts
�
n
a
tu
ra
ll
y

y
ie
ld
in
g
a
lo
w
er
u
se
o
f
p
a
ss
iv
e.
D
u
ri
n
g
th
e
p
ro
je
ct
a
n
ea
rl
y
p
er
so
n
a
l
ev
a

u
a
ti
o
n
fr
o
m

s
a
s
st
a
te
d
th
a
t
th
e
u
se
o
f
p
a
ss
iv
e
�
ig
h
ts
�s
ee
m
ed
h
ig
h
�,
a
n

u
n
fo
rt
u
n
a
te
ly
,
a
n
y
fu
rt
h
er
ev
a
lu
a
ti
o
n
h
a
s
n
o
t
b
ee
n
p
o
ss
ib
le
so
fa
r.

S
ec
o
n
d
ly
,
a
la
rg
e
in
cr
ea
se
in
th
e
ru
n
n
in
g
ti
m
e
w
a
s
o
b
se
rv
ed
:
W
h
er
e
th
e
s
a

h
eu
ri
st
ic
ru
n
n
in
g
ti
m
e
ca
n
b
e
m
ea
su
re
d
in
m
in
u
te
s
th
e
ru
n
n
in
g
ti
m
es
o

th
e
im
p
le
m
en
te
d
h
eu
ri
st
ic
s
is
m
ea
su
re
d
in
h
o
u
rs
.
H
o
w
ev
er
,
w
it
h
a
p
la
n
n
in

h
o
ri
zo
n
o
f
a
co
u
p
le
o
f
d
a
y
s,
a
n
ig
h
t
o
f
ca
lc
u
la
ti
o
n
s
m
ig
h
t
n
o
t
b
e
to
o
h
ig
h

p
ri
ce
to
p
a
y
fo
r
a
n
o
ta
b
ly
im
p
ro
v
ed
so
lu
ti
o
n
.
A
�
rs
t
a
tt
em
p
t
w
a
s
m
a
d
e
i

re
la
ti
o
n
to
re
d
u
ci
n
g
th
e
ru
n
n
in
g
ti
m
e.
T
h
is
w
a
s
d
o
n
e
b
y
in
tr
o
d
u
ci
n
g
so
m

p
re
p
ro
ce
ss
in
g
to
th
e
p
a
ir
in
g
g
en
er
a
ti
o
n
,
el
im
in
a
ti
n
g
in
fe
a
si
b
le
co
n
n
ec
ti
o
n

o
n
ce
a
n
d
fo
r
a
ll
.
H
er
eb
y,
a
n
o
ta
b
le
im
p
ro
v
em
en
t
in
so
lu
ti
o
n
ti
m
e
a
n
d

sm
a
ll
im
p
ro
v
em
en
t
in
so
lu
ti
o
n
q
u
a
li
ty
w
er
e
a
ch
ie
v
ed
.

In
a
d
d
it
io
n
,
a
p
a
ir
in
g
q
u
a
li
ty
m
ea
su
re
h
a
s
b
ee
n
in
tr
o
d
u
ce
d
a
n
d
te
st
ed
w
it

sa
ti
sf
a
ct
o
ry
re
su
lt
s:
It
is
p
o
ss
ib
le
to
g
u
id
e
th
e
so
lu
ti
o
n
p
ro
ce
ss
so
th
a

ce
rt
a
in
p
ro
p
er
ti
es
(u
se
o
f
p
a
ss
iv
e,
p
ro
b
le
m
�
ig
h
t
co
v
er
a
g
e,
o
p
en
�
ig
h
ts
co
v

er
a
g
e
et
c.
)
ca
n
b
e
w
ei
g
h
te
d
to
p
ro
d
u
ce
d
i�
er
en
t
ty
p
es
o
f
so
lu
ti
o
n
s.

8
.1

O
u
tl
o
o
k

W
it
h
th
e
re
su
lt
s
o
f
th
is
w
o
rk
a
t
h
a
n
d
,
a
th
o
ro
u
g
h
ev
a
lu
a
ti
o
n
o
f
th
e
re
su
lt

es
p
ec
ia
ll
y
th
e
q
u
a
li
ty
o
f
th
e
g
en
er
a
te
d
p
a
ir
in
g
sh
o
u
ld
b
e
m
a
d
e
in
co
ll
a
b
o

ra
ti
o
n
w
it
h
s
a
s
.

In
a
d
d
it
io
n
,
se
v
er
a
l
o
th
er
a
re
a
s
m
ig
h
t
b
e
ta
rg
et
ed
d
u
ri
n
g
fu
rt
h
er
w
o
rk

F
ir
st
ly
,
a
re
d
u
ct
io
n
o
f
th
e
ru
n
n
in
g
ti
m
e.
O
n
e
a
p
p
ro
a
ch
,
w
h
ic
h
h
a
s
a
lr
ea
d

b
ee
n
tr
ie
d
w
it
h
su
cc
es
s,
w
a
s
to
a
p
p
ly
so
m
e
p
re
p
ro
ce
ss
in
g
.
T
h
is
w
a
s
d
o
n

b
y
m
a
k
in
g
so
m
e
g
en
er
ic
ch
o
ic
es
o
n
ce
a
n
d
fo
r
a
ll
in
st
ea
d
o
f
re
p
ea
ti
n
g
th
em

o
v
er
a
n
d
o
v
er
a
g
a
in
fo
r
ea
ch
cr
ew
.
T
h
e
p
re
p
ro
ce
ss
in
g
a
p
p
li
ed
u
se
s
le
g
a
li
ty

H
o
w
ev
er
,
m
o
re
re
st
ri
ct
iv
e
ch
o
ic
es
b
a
se
d
o
n
th
e
a
rr
iv
a
l
a
n
d
d
ep
a
rt
in
g
b
a
se

o
f
�
ig
h
ts
m
ig
h
t
a
ls
o
b
e
u
se
d
.

S
ec
o
n
d
ly
,
a
n
im
p
ro
v
em
en
t
o
f
th
e
so
lu
ti
o
n
q
u
a
li
ty
sh
o
u
ld
b
e
ta
rg
et
ed
.
I

th
e
g
iv
en
fr
a
m
ew
o
rk
,
fe
ed
b
a
ck
fr
o
m
th
e
se
t
co
v
er
in
g
m
o
d
u
le
m
ig
h
t
b
e
u
se

in
th
e
p
a
ir
in
g
g
en
er
a
ti
o
n
m
o
d
u
le
.
In
st
ea
d
o
f
g
en
er
a
ti
n
g
a
la
rg
e
n
u
m
b
er
o



8
.1

O
u
tl
o
o
k

8
9

p
a
ir
in
g
s
a
t
o
n
ce
,
a
li
m
it
ed
n
u
m
b
er
o
f
p
a
ir
in
g
co
u
ld
b
e
g
en
er
a
te
d
a
n
d
th
e

re
su
lt
in
g
S
et
C
o
v
er
in
g
P
ro
b
le
m
co
u
ld
b
e
so
lv
ed
.
T
h
e
in
fo
rm
a
ti
o
n
o
b
ta
in
ed

d
u
ri
n
g
th
e
so
lu
ti
o
n
o
f
th
e
se
t
co
v
er
in
g
p
ro
b
le
m

co
u
ld
b
e
u
se
d
to
g
en
er
a
te

n
ew
p
a
ir
in
g
s.
T
h
es
e
co
u
ld
b
e
in
se
rt
ed
in
to
th
e
ex
is
ti
n
g
S
et
C
o
v
er
in
g
P
ro
b
-

le
m
,
w
h
ic
h
th
en
co
u
ld
b
e
re
o
p
ti
m
iz
ed
.
T
h
is
w
o
u
ld
re
su
lt
in
a
n
a
lt
er
n
a
ti
n
g

p
ro
ce
ss
b
et
w
ee
n
g
en
er
a
ti
o
n
a
n
d
se
le
ct
io
n
.
H
er
e
�m
o
rp
h
s�
a
s
d
es
cr
ib
ed
in

[1
]
m
ig
h
t
b
e
u
sa
b
le
.

T
h
ir
d
ly
,
ex
p
lo
ra
ti
o
n
s
o
f
a
tr
a
d
it
io
n
a
l
m
a
th
em
a
ti
ca
l
fo
rm
u
la
ti
o
n
a
n
d
o
p
-

ti
m
iz
a
ti
o
n
u
si
n
g
a
li
n
ea
r
o
p
ti
m
iz
er
m
ig
h
t
p
ro
v
e
va
lu
a
b
le
.
E
v
en
th
o
u
g
h

su
ch
a
n
a
p
p
ro
a
ch
is
ex
p
ec
te
d
to
re
su
lt
in
v
er
y
lo
n
g
ru
n
n
in
g
ti
m
e
fo
r
la
rg
er

p
ro
b
le
m
s,
it
m
ig
h
t
b
e
u
se
d
a
s
a
re
fe
re
n
ce
w
h
en
ev
a
lu
a
ti
n
g
th
e
d
ev
el
o
p
ed

h
eu
ri
st
ic
s.

A
s
a
�
n
a
l
re
m
a
rk
,
a
n
im
p
o
rt
a
n
t
re
la
te
d
p
ro
b
le
m

ca
m
e
u
p
d
u
ri
n
g
th
is

p
ro
je
ct
;
d
u
ri
n
g
th
e
tr
a
ck
in
g
p
h
a
se
s
a
s
b
u
y
s
sp
a
re
ti
m
e
fr
o
m

cr
ew
to
cl
o
se

o
p
en
�
ig
h
ts
.
H
o
w
ev
er
,
it
is
n
o
t
st
ra
ig
h
tf
o
rw
a
rd
to
d
ec
id
e
w
h
en
to
b
u
y
th
e

sp
a
re
ti
m
e,
a
n
d
h
o
w
m
u
ch
to
b
u
y
fr
o
m
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