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RESUME 

Nous présentons dans cette thèse le développement d'un modèle 

mathématiq~e pour l J~valJaiion de la ponctualité des horaires d'une flotte 
, , 

aérienne. Etant membr.e de la Division de Recherche Opérationnelle à Air 
1 

Canada, ce modêle fut programmê de façon a permettre l'usage interactif 

et de façon a rencontrer certaines exigences de là Compagnie pour la 
.. 

planification des horaires, afln de permettre son intégration parmi les 

systèmes existants ou en voie de développement. . . , 

Les activités principales reliées à une flotte d'avions sont 

définies e; term'e de" ~arüoles aléatoires et une" étude param~trique est 

effectuée sur ces mêmes variables afin de représenter celles-ci par une 

di~tribution lognormale. Un modèle est alors formulé suivant une ~étro~p .. 

, .. 

analytique plutôt que de se ser~ir du concept de simulation. Les distributlons 

des temps de délais de départs et d'arrivées pour les arcs de vols sont , . 
déterminées par un modèle récursif, tout en utilisant les techniques de 

, 
discrétisation et de convo1~t,on. Des tests de fiabilités sur des exemples 

réels sont décrits. Nous présentons a~ssi des méthodes de prédiction pour 

l'évaluation des "nouveaux vols. 

, 
Cette thèse est basée sur une étude semblable qui a été conduite 

-P9! Lufthansa. 
--~- - ------
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CHAPT~R 1 

INTRODUCTION 

,. 

The alrline industry is still in a phas~ of rapid growth in both 

passenger volumes and competi~ion between airlines. The ~cope of this 

comp~tition is quite narrow due to the limited number of aircraft types 

aV<lflable and to the'stiff controls enforced by governments and industry 
c -, 

1 

bodies on air fares, air ,routes, f1ight frequencies, aircraft' capacities~ 

etc ... Service thus becomes the maJor are1 open to competition and a 

key e1ement of service is the on-time performance of an airline schedule. . . 

The evaluation of the on-time perfonnance of airl ine schedules has the­

refore become increasingly necessary in recent years. 

The primary concern of a study on the reliability of an airline 

s~hedu1e- is 'to construét some type of a model which could identify the 

potential problem ar~as in the punctuality of : given schedule in order to 

increase its expected reliability. The ~urpose of this thesis is to 

provide such a model which wou1d enable an ajrline, an~ in particu1ar Alr 

Canada} to evaluate the on-time pe,rformance of its schedules in both the 
• ~ A /.-'< , , 

short-t~rm as well as the long term. The approach that was selected is an 

analytical type of model based on the work done by Peter' Franke (1972) in 

Lufthansa. Due to the di fference in envi ronments and rf'qui rement'S of the 
- ) 

two alfY.llnes especially regarding thl typ~ of available data and the 

dii 'ere,:ce in markets that each~h" mode 1 in thl s study is sI ightly 

dl f Ferellt 1 n nattire a lthough the same in c mcept. 

=;====- --=-=-==------==-.. -. ----
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Contributions ain this thesis have been made iB various aspects. 

A mathematieal representation of the model and sorne of its variations are 
~ , 

given in Section 1. 2.2 of this chapter. A b'rief review o~ related work is 

also presented showing models witp similar objectives that h~ve been . ~ 

developed ln the past, with specifie reference made to ',uch a model 

previously built within Air Canada. As for predi~ting ~e means and 

varlances of our principal variables, a method different from the"one 

propDsed by F.ranke is .. applied in this thesjs. _ Finally, a discussion 

. is given on the aecuracy ta be expected from the discretization followed 

by a convolution of independent 10gnor~~1 random variables. 

In- this chaptt>r, concepts' and terminology used in scheduling are 
• 

described followed by a description of the available data (Section 1.4) and 

a di·scuss i on on thei r sui tabil ity for the adopt i on of the proposed mode 1 . 
c 

Thl cha~ter ends ~ith a section describing the method of analysis which 

1 eads to Chapter two, the parametri c ana lys i s. 

In the, first section of th~ secorld chapter an intuitive discussion . 
lS given relating to "the nature of the varIables that are being analysed, 

leddi1l9 to a reasoning for the use"of the lognormal distribution and then 

de' criblng sorne properties of that distribL tion. Sorne types ofCanalyses 

are the'l d'~scus~ed comparing thtt I.olmogoro\ and the Chi-Square tests for 

testing t~e sample distributions. This 1S followed by individual treatment 

and analyses of each of three variables. 

jl ;#' 

-~ ,,, , The problein of predicting the means and varian,ces )f our variables 

lS then dlscussed inv Chapter four where an application of the method is 

a 150 prrsented. - 1 
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Chapter three dea l s wi th the mode 1 in questi on where sorne of the 

~ractical logic and a detailed formulàtion of the m~del are presented. The 

computational procedures used for the model are stated and t~is is, 

followed by,some comments on the accuracY,with respect ta dis~retizatipn, 

and convolutions as mentioned abave. Some comments are then made 

on the interpretation of the resu1ts of the model: In the followin~ 

section, sorne reliability tests for the model are performed by compa~ing 
- , 

J • 

the model results with sorne actual on-time performance statistics recorded 

for the same time period. The chapter ends with a discussion of other 

possible approaches that may be pursued to achieve the same objective -

tha~is for the evaluation of thé on-time performance of a flight schedule . 
. 

This is th en followed by the appendices and the bibliography . 

.. 
1.1 Basic concepts and terminology 

< 

In planning an airline schedule sorne fixed times are allotted 

for the commencement and duration of eaeh of an interconnecting network of 

activities.· Basically, these activities consist of a multitudè of "flight­

legs" each being a single flight from one airport to another with no 

intermediate stop'~ Between these legs when the aircraft 1s physically 

inactive on th~'gro'U't1a, other kinds of activities relating to aircraft and 

passenger handling occur. 

One or more flight-legs of a pre-planned sequence constitute a 
• , 

3 

"flight" which has an associated flight serial number and which is operational 

on a specified aircraft type either daily or for specifie days of the week. 

/ "'. , 



)' 

. , 
For instance Flight 602-may be a DC-9 scheduled ta leave Ottawa daily at 

6:00 a.m. arriving in Montreal at 6:30 a.m~ and then departing for Halifax 

at 7:00 a.m. where it arrives at 9:20 a.m:: 

4 

Flight 602: Ottawa Montreal Hal ifax~ ---------- ~~=---------------~ 6:00 a.m. 6:'30 a.m. 7:00 a.m. 9:20 a.m. 
~ 

. 
When one aircraft is scheduled to undergo a certain sequence of 

flights or ~to follow its "routing'" this is denoted ~s an aircraft cycle 

which repeats itself according to the pre-planned frequency of the flights. 
, 

Thus incthe former example a DC-9 was planned' for Flight 602 and the same' ...... 

aircraft was also planned for fligpts 6Ô9, 227 and 296 d~ily as f~110ws: 
(, 

,r-_____ F1 ; ght 602 ______ -" rI _____ Fl i ght 609---, 
Ottawa Montrea 1 Ha li fax Montrea l 

06001----0630 ' 0700 0920--1035 1100 

r---------- F1ight 227 -------;:-------., l ' l 
Montreal Windsor . Winnipeg Calgary Vancouver 
1100--1200-132"5'-1355----1510---1535---1'630--1700>----1715 

\ 

r-J -----...--- Flight 296 -------~l 
_ Vancouver(; . Edmonton Winni peg . 

1715 184~5 -----,2105 2125~-----.~0005 

An airline schedyle, usual1y prepared by aircraft type, consists, , 
. . 

in simplified form, of a number of these aircraft cycles. However, many 
, 

complications vccur in scheduling since one must cope with the many 

operational and commercial constraints while aChieving the required services 

and also maximizing the use of the resources at a minimal cost. 

, 
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) The schedu 1 fng pr.oc~s becom~s very comp 1 ex when one cons iders 
../ t ~~ , _ 

the interrelated operational constraints such a~~urfews at 

5 

"" stations, directional headwinds, gate and ground crew li)T1itations, 

maintenance needs, time zone changes, e~c ... while attempting to meet 

the commercial requirements of ftequency of service, desired.departure 

time, and mix of hon-stop, direct and connecting services. 

) 

, 

The schedule-related elements are sa complex that for analysis 
1 

purposes a simplification of the entire structure is nece~ary. Taking 
" 

the pOi"nt of view of aircraft cycles as was don~ above enables one to 

follow an aircraft through its scheduled route a~d thus to relate ta the . - -- ..... - ~ - ~ - -- -----

Jltypiéitl" acti"vities w;"thin a cycle. tssentiall,l, a c,Yéle relates in a 

timewi'se fashion, .a se~es of sequential activ~ties functionally independent 

from one another which ~re each essential in forming the total service. 

Before departing from its home base (first departure), the aircraft must be 

prepa r,ed, and the amount and type of preparayon depends on the type of \ 

aircraft, 'the station and the p1ann0d"triP i~ (e.g. meal prepa~ation 
may or may not be necessary). From this point" i~qUenCe of açtivities 

will take the form of flights from one airport·to another as well aS"grou~d­

type activities at each intermediate station. 
o -~ 

problem definition it is, essen~ial at 
, , , Before proceeding to the 

thi s poi nt to deScrtb~·~ChJle.-..~ the 

this thesis. 

termi no~ ogy tha t wi 11 be used- th-rottg.hout 
---- ~/./ 1 

~'In observirlg a particu1ar aircraft for one leg of a flight, the 

actual ti,me it takes from take off to touch down is denoted as the "flight 
• _l 

." 

time". The addition of the taxi ;,times upon departure as well as arrival 

result,s in the "black time ll 
• 

_fi'------

l' 

• -- _. __ --....._--------_. 



• ,. 

" , . 

_ __ The groun~ stops s~parati ng legs of the ~ame fl ; ght are .denotecf 

as "tr~nsitsll whi1~~ho~;i-~;~twe~n -~tw~ different \li9ht's are *tgrri5Jl~------­
The difference in the te~inology is ;efl~dted by the diiferenc~ ~n ~he 
nature ,of these activities. Turns are usually given more time on the ~ound 

~-

since a more extertsive clean up a"nd more routine activities are planne.,d for 
'. 

- - ----~ --< -these. In the above example" .the t~rns. are of more thart one hour duration 

\, 

" 

\ " \ 

\ 

• 

? 

while·transits are given close to 30 mtnutes. 

,. " Ta this poiflt the d~scription,has be~n centerea on the functioning 

" of a single aircraft. However. passenger connections are also frequent and a 
. ' 

"connection" will denote the event when passengers and their baggage are 
, ' 

completely transferred from one aircraft to the other. 

1.2 Problem definition 
< 

Hav;ng examined the nature of aircraft cycles and how these link 
fi' 

to m~e a scheduJe, it is app'arent that the planned time for a single 
- . 

actvity within a cycle may nDt match entirely with the ~ctual tnne it takes 

in practice. Each ac~ivity, such as blotk or ground activities in a cycle, 
. 

has a corresponding average time span which varies as a result of sorne 

external random influèr1~es-. Consequently,ia schedule must allow for this 

variabil i ty. 

" . 
The occurence of,a delay i~ the schedule then means that the time~ 

allotted for one or for. a series of activities was not sufficient to all~w 
- - \ 

: for thé time required by these functions. Thus, in the cases when not enol;lgh 
"; , 

time has been given for either a sing~e activity or aga;n for a sequence ~ _ 
!:~~...r • ..r~ 

of activities, a delay 1s generated which is likely to be'prop~ated over 
- ... , 

the netwo~k of activities. If the size of the delay is signific~nt~and 'j.f 

these delays are 'Systematitally caused by the schedule· this is characterized 
" 

-
fi .. - • 
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as a potenti a 1 weakhess within the schedul e or more specîfi ca 11y wi thi n the 

particular cycle. This thesis is primarily concern~d with the study and 

analys!s of thes~?elays or the on-time performance of an airline schedule­

and the points of c~centration are in the performance ~ith respect to ~ 

departures and arriv~s of a11 scheduled p,assenger flight-legs, (although 

[the m0ge l may be extended to cargo fl i ghts 'as .we 11 ). , 

Normally, in attempting to overcome d~lays, sorne buffers or 

"'dditional time for some activities may be b4ilt in the schedu1e or e1se 

sorne reassignment of resources may take place as in the aircraft reallocation 

for a .f1 i ght schedu1 e. 

Large .buffers would certain1y increase the 'expected 're1i'abilitt 

of a schedule but with accompanying high costs (i.e., incr'easing the no,n- ~ 

operating time of the aircraft which costs 10-30 million dollars). As 
• Q , 

for the reassign~nt solution, this requires frequent ùperationa1 decisio~s 

often at the last minute. In practice, it is desirable ta attain certain 

standard's which are set by the airline for the reliabi1ity of a schedu1e 
~ , 

and a compromise is made between both of these·so1utions. 

One could follow a number of different approaches t~ Bna1ysing the 
- " 

on-time performance of a schedu1e. The most common one in the past has been 

in simu1ating the major activities constituting the schedu1e. This technique, 

of which a review of past work is de&c~ibed in Section 1.3, gives quite . , 
, ,'l ~ 

accurate results but at the' cost of much' data gathering and long computer 

processing and turnaround time. In this study, the approach ta~en was to 

divide the sche~le into a number of aircraft cycles. The major v~riables-
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~) 

or activities depicting, each cycl~ were associated with sorne theoretical 

probability distributions and the validity of this association was·tested 

using historicaJ da'ta. 

Initial1y, it is important to be able to logically separate the 

major acti vi ti es in a cycl e or the mpjor del ay-causi ng activiti es. Bas ic-
.... " 

al1y a delay can be one of j:WQ types~ either schedule induced, that is 

resul ti ng from insuffi cien t time a 11 owances for the functioning of the . 
previous legs and thus causing' a delay in the leg in question, or non­

schedule induced as woùld be the case within Jhe station for activities 

other than the normal aircraft and passenger handl ing. In the latter case 

this delay-type is referred t? as a station delay and examples would be an 

unexpected aircraft maintenance problem or a bad weather problem. 

8 

In producing any model some basic assumptioQs must be established 

concerning both the practical and theoretical aspects of the particular 

problem. The practical portion is pofnted out in the next se~tion for the 
~ \ . 

sake of portra~ing sorne of the limitations of the model. The t\fst ones are 
, 

di rected towa rel. the assumed schedu le structure requi red hy the modal ~ then 
1 

sorne technical aspects are stated followed by a description of sorne' factors 

that are, and~others that are not considered by the model. 

. 
1.2.1 Practical assumptions. As mentioned earljer, we adopt 

the approach of considering an airlirie schedule to be made up of a set of 

cycles. The term _"cycle" will be used throughout the text to denote both- \ 
f ' _ 

_ J) -

a complete cycle and, a part of a cycle spUt<where a turn·.ofJTlore than thr,ee 

hours occurs since the treatment is the same in either case . 

r _~ ~ ___ ~ ______ ~ __________ ........ 
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The aircraft cycle is assumed to be composed of a number of fligh~s 

(at least one) which are separated by'lIturns li and each such flight fs made 

up of a number of flight legs which are separated by IItransits ll
• 

In the case of the first leg in the cycle (the firs.Lleg.---of the 

flight) the aircY'aft is assumed to be available at s~heduled time. However, 

any delays caused by station manoeuvring are taken into account within the 

statlOn delays. 

It 15 assumed that no aircraft leaves from an airport prior to 

its scheduled departure tim~, as this does not normally occur in practice . 

Furthermore; for each cycle, the same, physical aircraft is 

aS5umed to be in use for all the planned activities. No automatic re­

allocati ons _of aircraft are accepted hy the model. 

Delays caused by connecting passengers, where applicable, are- ---

not treated individually by this model due to thE. difficulty in acquiring 

the nec~,ssary data. Instead, they are included ln the station delays. 

Slnce connecti(,n delays are not frequent and are a small percentage of all 

delays, the ef ect of including them with station delay. is not of great 

consequence. 

\ 
/ 

Our variables are assumed to be independent. This is-a reasonable 

a~'iumpti on since the activities are physica 11y independent from one another. 

The black activities are mainly a;rcraft movement (taxi and flight), while' 

the graund activities are for aircraft and'cabin servicing. 
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-, 

The aspects descri bed above have been thoroughly di scussed wi th 

the schedulers in Air Canada who agree that the assumptions are both 

necessary and mi~mal in the sense that their effect on the results of the 

model will not'be significant. The schedulers also agree that the assumptions 

normally hold in practice. 

r 

f 1.2.2 Mathematical notation and formulation. Throughout th; s 
't 

study, the following mathematical reasoning and ~tation will be used. 
r 

Consider one partieular' schedule, f~-nstance, a schedule for the OC-9 
c 
J 

aircraft type in- the summér se?son (any breakdown is permitted). The, 

schedule, according to the logic that has been'followed 50 far, consists of 
,. 

m cycles. Each of these cycles 15 trê-âtëaïrYdividually by the model and thus 
-

the model is cycle-Jnd,ependent. This is of great importance'since the 

entire schedule need not be analysed completely at one time. Any number 

Of cycles within that schedule (even one) may be studi€d. For this reason 

we need to consider only a single aircraft, cycle and the method may be 
/ 

repeated a.I5 many times as there are cycles in the schedule. 

Consider one aircraft cycle with k flights each having n:.j J:gs for 

i = 1, 2, .. : .. k. 8e10\'1 i s some notation .us..e.cL_J1H' the r.andom variab~_o.f~ _________ _ 

interest. The last in the 1ist is the on}iV- exception. It is a set of' 

const~'nts defining the fixed scheduled timesCof departures: 

B .. = Black time variable i = 1, 2, k " . " , lJ for fl ight i, leg j j = 1, 2, n. · .. , 
l 

TS .. = Transit time variable i = 1, 2, k · .. , lJ flight i, after leg j j e 1, 2, (ni-l) · .. , 
TN. = Turn time variable i = 1, 2, (k-l ) · .. , l after flight 



• 

• 

' ... 

US1ng the above notation it is clear that an .lircraft routing 

consistlng of k flights has (k-i) turns, and .each of th/· flights consisting . 
of n1 legs (i = 1, ... , k) have (n;-1) transits,(ni-l) ,:onnections, Ri poss'ible 

station de l ays and of cour~ schedul ed departure tirr,es. One wi shes to express 

the random variable Tij in~ of the other random val'Ïables sa that a 

distribution for TiJ may be derived, for each index i atld each j. 

Consequently the distribution of the difference between Tij ~nd the fixed 

. tin~ K
iJ 

mai be obtained. This difference represents the departure delay 

random"variable which need not )e sol~ positïv~'lÎch is the target 

of'this thesis. 

Suppose thdt a particl1ar cycle has three flilJhts and that the 

'number of legs per fI i ght ar--eT,j, and 2 respectfvely. "thell the sequence 

. ofcevents is the following: 

Fllght Leg 1 Leg 2 Leg 3 

, 

1 OIl~Bll~ (TS 11 , C 11). D1r+-·B 12+ (TN 1 , CI2 ) 

2 D?l'~ 821 " (TS21 , C21 ) 022+ 822+ (TS2 , Cn ) D23+B23+(TN2 , C23 1 
-, 

3 [')31~ B31'~ (TS 31 , C31 ) D32+ 832 

.-
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~~ uently, the distribution of' the departure time for any leg'j 

, , 

. 
of flight i will depend on the distributions of t e co Ollent rafld9ffi---.\ta..riab](ls 

"ï" 

over the previous legs. For the first leg, these. randol11 variables are the 

block time, ground time and scheduled departure time. ;ince sorne intersection 

between connection and ground times may occur, the maxill1um of the two variables 

is taken. The departure time for the second leg is the maximum of the corr­

esponding variable resulting fram the first leg and the station delay variable 

of leg 2 (when added to Kij ). Simnarly, _the departure time for other, __ l:gS __ ~ 

is also the maximum of the corresponding variable resulting from the cumulative 

effect of the previous -legs, and- the station delay v-ariables. Following the 

activlties sequentially, the following relation is obtained: 
LetD.'I!=D .. +K .. , i,j. 

T' :J Kll'~ i /{J"r ~a{D; m ' max 
1 J ~= l m=1 ' 

[(Bt ,,; + TSt,m) ,(Bt,m+ c, .m)]1 

! ~ax [ D~ , max [( B ~ n + TN i)' ( Bi n + Ci n )]ll ~ 
"ni ' i ' i '9., ~, 

n. {I f [ 1-1 . 

+ L max D~ ,max (B. + T3. ), 
m= 1 1 ,m 1 ,Ill - 1 ,m 

T. 
1J = max [n., D~. J 

1 J l J 

no = 0; i = 1, 2, .... , k 
j = 1, 2, ... , ni 

CB. + l,m 

Th.eIecu.rsive relation is more useful computa:ionally,a1d is 

of the form given below: 

Tll = Kll +,011 

maX[T .. 1 + max 
1 ,J- [ (B.. + TS. ), (B .. + C .. )] D.1l:] 1,J-1 1,J-1 1,J-1 1,J-1 '1J 

i = l, 2, ... , k; j = 2, 3, .. 0' ni 
T. =:; 

1J 

o 

max [T. l + max 1- 0 ,n;_1 [ ; ;':;:~ , + TN. 1) • 
1-;,r n. l-

, 1- l 

i = 2, 3, "0' k, j = 1 

(B. <.-:C. )] 0*] 1-1,n. 1-1,n , .. 
1-1 1-1 1J 

( 
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• The first recursive relation holds for legs within the same 1 

. 
flight while the second applies to the departure time of the first leg of 

a new fl i ght. 

• 
If station delays include the connection delaystequa~ion (1.2) 

reduces ta the following: 

--------_lu = Ku + Du 0 -=-=-------

'-

• 

maxVT.. + B. . 1 + TS. . 1'-)' D ~ . ] , l\ 1 ,3-1 1,J- 1,J- lJ 

~X~T. t + B. 1 + TN. ~, 0 ~ .] '1-1,n i _1 1- ,n i _1 1-ï lJ 
, . 

.r ~ .. -

{ 
, 

i=JJ2,.~ .. ,k 
-j = 2~ 3~"· ..... n. 

1 

,; = 2,3, .... , k 
j = 1 

; (1.3) 
One of the ass p_tiollS ~bat w~~~ade for the model was, that {' 

all aircraft were nQt ta prior ta the;r schedule,d departure. time. 

Thi s meàns tha t T .. > K .. whi ch i s fi xed from the schedul e. Thus if lJ - lJ 

f ij (t) is the unknown den~ity of T;j and Ti! ;s the departure time to 

be tes'ted in the schedule we have: 

K .. -oo<T .. ~ K.:. 
1J lJ .' ' 1,r i = 1, ... , k 

..• , n. 
1 

T.. T .. > K .. 
1J lJ lJ 

(1.4 ) 

T..* ~e have: 
lJ ... ~ -- , ., 

0 -co < t < K .. 
lJ 

K .. 

f~. (t)= 
f lJ f .. (t)1:tt t = K •. 't ; = 1, ... , k 

1J - 00 
lJ lJ 

j = l, . . . , n~ . 
1 

f .. ( t) t > K •• 
lJ lJ ( 1.5) 

, -. 

, , 

" 
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• For simplicity of argument, let the tran~formation of Tij 
, 1-

to Tij * as shown above be represented by a function 'G(Tij , Kij ). 

Eqûation (1.3) then becomes/the following: 

(since 0
11 

~ 0) 

maX[T"r. + B .. + TS., ,01C.], K .. }, i = 1, 
,1,J-1 1,J-1 1,J-l 1J 1J J' = 2 , 

B. 1 + TN. l' 01C.] , K .. } ,1' = 2, 
1-- , ni -1 1- 1 J 1 J j, = 1 

2, · .. , ~ 
3, · .. , n. 

1 
3, • •• , k 

-------~---~~-----~ - ... ~ .. ~"-~-- ------------------------ (1. 6) 

• 

---
It is now possible to obtain the distribution of the difference 

betwee~ -the actua(and-the s-cti~duTeà-tfmes of departure;--What~is---ef 

interest is to find the probabilitY,that the difference (or delay) wi~l 

be at most a specified value A~ 0 that is, what are the ch,ances of having a 
"" delay of magnitudi of A minutes or less? Since K .. is a constant, one obtains: - 1J·, 

[ ] [ 
A+K .. 

P (T .. * - K .. ) < A = P T .. *< A + K .. ] = J f~~* (x)dX 
1 J 1 J - 1 J - , l J -00 1 J 

-; 

i = 1, 2, k; j = 1, 2, .... , n. ; A = constant .. • t • , 

1 

1 

Thus for A = r the prqbability of an on-time 
' 1 

departure is 

obtained. In such appllcations, it is also of interest to obtain the above 

probability for maDY values of A, and in par~icular for incr~ents of five 
! 

minutes. In ~I.!ch a way it is possible to observe if each depairtur:-e meets 
1 

J - i 

. the ai rl i ne standarods i ri terms of i ts on-t,ime performance, fo~ argument saire, 
1 •. 

~ay 80% within five minutes. ) 
, 

Note that Ti! was introduced for convenience and ~ore thorough 

cOll1prehensio,n of the 109ic. In actual fact, T.~ = T ... 
1 J 1 J 



• 1.3 Review of related work. 
/ 

The important problems that come up in scheduling are 

, 
, 

the on-time performance aspect of the sche~ule but also in dete intng~,_ 

the number and location of spare aircraft, in the required fleet ize, 

the maintenance dispatch reliability of each aircraft type and o~her 
c 

related problems which all have some impact on the on-time performance~ .. ,...,. ........ 

ConseÇjuently in attempting 'to evaluate schedule reliability, it was the 

practice in the past to construct large multi-purpose models that 

1 

15 

\ 
\ 

.----- -- encompas·sed ·mànyLiifferent aspects---ef-s-dte6ule re-1-iabi-l-l-ty-so-as--ta--enablL _____ -1 

the airline in question ta attain'its pre-set standards. 

The first of the on-time performance analyses was directed 

toward the aircrafJ assignment problem and was developed by Dequesnay in 

Air france (1961). This was achieved thrqugh the simulation technique 

as was the case for a large part of the past work on-this ~bject. 1 

Then simulation models were reported by British European Airways (Jackson 

and Smith 19è3), and by Air Canada. The Air Canada simulation, based on 

the Monte-Carlo technique, was developed by Lee and Fearnley (1963) and r 

later revised by T. Batey and his co-workers (1967). This latter model 

~erved as'a multi-purpose model that gave some answers to the following 

questions: 

1) How would an increase or decreas~ in available fleet size 
affect the operating performance of a schedule? 

2) How would change~i~ planned station turnaround or transit 
- - ---- timeLaffec.t the operating performances, ramp congestion and 

.. ramp overload? -- ----- -- -- ---- - _______ _ 

-3)" What is the probable range of variation of departure and 
arrival times of flights? • \ 

", 



.' 
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3 

What-is the range of variation of the number of aircraft on 
the ramp at the same time at any station? 

16 

As may be observed from the above description, this model answers 

questions relating to many areas of schedule performance and operation and 

the results actually give quite an accurate picture of what is to be 

expected. The functioning of the above models require much data gathering 

and their nature and complexity ;s such that they have long computer 

turnaround time. Essentially these models are 50 complex that' not much 

room is 1eft for judgment and,of course,on-the-spot answers to specifie 
" quesUon~ are--net-possible .. _ Mgst often, questions re1ating ta schedule 

------
performance are not asked jointly but are usually asked selectively. 

These models take global views rather than more restricted ones. 

Another problem that arose with'these models was that sorne of 

the data required for their functioning wèreonly ~vailable for the short 

- -term-schedu-les- and -noLfD1"-_tb~ longgr=-term ones. 

As a result, airline -companies have concentrated more effort in 

establishing more data gathering routines, setting up data bases and 

constructing simpler more direct models which help in answering more selective 
r 

or specifie areas in scheduling problems. In addition to this, instead 

of concentrating on complete aircraft schedules, tne more recent models 
\ 

\ 
dea1t mainly with aircraft cycles. Less data gathering requirements and 

, 

quicker tu r~und times resulted and much quicker answers were âchieved 

espe~;~ with the recent interactive programming approach. A model of 

been developed recently by Tobin and Butfield (1970) in 

ritish European Airways. --More recerïtly a rhore analytical type model was 
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developed by Peter Franke (1972) in Lufthansa which served as a core for 
/ 

the present study. 

The ,advantages of these were mainly in the practical point of view. 
, 

That 15, in terms of simplicity (relative ta the others), quick response and 

they"were more specifically directed toward smaller problems. 

1.4 Description of available data. 

In Air Canada, much data relating to flight operations are kept 

on computer tapes for long periods of time. The data used in this study 

covered one year of history from January ta Oecember 1973. fa be~i~witht 

the ga ta were written in -lIpad<ed" fi el d so- thaT they l'nay m:C1py-lr~ss spdce 

in storage. A program éalled DEPAC was written ta retrieve the proper 

information, "de-pack ll the da"ta or translate them into ct more easily 

readable form and restore the extracts on new tapes. In the future, 5uch 

data will be easi'ly accessible due to the recent develo!lment of a new 

data base ~it~in the company. 

The original tapes recorded data containing information on . 
• 

individual flight-legs in sorne s'equence for each day in one month of Q 

-operation. One such tape represe~ts a 'total of 16,000 to 18,000 record, 
" 

on flight-legs. From these on1y the scheduled passenaer flights that_had 

no irregularities were considered.' The type of information contained in 

the original as well as in the' new tapes is given in Appendix A. 

As may be observed fram the type of given data, enoug~ information 

is given to re-construct an-aircraft cycle as it occurred. In the case of 

an aircraft reassignment, no tracing back was possible and the'cycle was brokel. 
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, The actual block minutes àre explicitly given and accessing this 

variable is ,no problem. As for the transits or turns the data h"ad ta be 

manipulated 50 as to reconstruct the entiroe flight (for transits) or the 

entire cycle (for turns) and to calculate from the actual times of arrivals 

and departure of the legs, actual times for transits and turns. Since 

all times are in local times it was sometimes necessary to convert the 

times to GMT (Greenwich mean time). The trans i t and turn times together' 

are equivalent to the single ground times considered in Franke's study. 
1 

- Connection time data were however impossible to trace back from 

available tapes. Upon realizing this, other sources were searçhed, but 

there was difficulty to obtain these data and link them to specifie 
- - - ~ - - ----~ -~ ~ , 

" 

departures in a cycle., Moreover, connections are not- al~~'y; planneèT in'the­

_schedule~ tn terms of reserving time for this purpose. These problems " 

together led to- the_-~e~is~:n :f abandon~ng th~~on~ect'on times~-;--\s' w~----~-
~ 

pointed out before, delays caused by connections were included in the 

. station delays. 

From the definition of a station de1ay as given in the
U

documentat1on 

of the ori gina 1 tapes (see appendi x A), thi s var; able was preei sely whatwas 
l ' • 

needed. It is described as: 

"The delay minutes ehargeable to the departu're station. 
Arrived at by subtracting the arrival delay minutes from 
the departure delay minutes. Il 

• 
Thus these delays take into account any delay which is not 

caused by the previous le9. It is station-dependent rather than cyele­

depen~ent . 

\ 

, 

__ , 'IL~ __ ,",----,-__________ _ 
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1.5 OutTine of the method' of analysis~ 
J • ' !J 

Due to the difficulty in accessing ronfl"bction, ti"me data as 
~ 

explained earlier, the model adopted for applicatio~ with the Air Canada .. 
data is represented by equation (1.6) which re~4tes the departure time 

" variable T .. of each' leg to the principal tfms và!iables of a cycle 
lJ + - ' 

, -1- , :'" 
excluding connection tinie's; that is, to the block,transit and tu-rn times· 

as well as the station delay variables. Consequently, it is'essential 

'to have aii:','lssociated probability distribution for ea~h of these variates 

so as to evaluate the distribution of T .. as the convolution of the other lJ . -" , 

independent variables. 
, '> 

, 
In the case of the three time variables (block, transit and turn . 

times): each is analysed indiyidually and ~heoretical distributions are 
- ------

fitted to the historical data. In ~b~-e~~ingth~-availabiecrata for One 
( 

\'ar,fable~~ '> time, it is apparent that the data are ,"ot homogeneous . 
.1'1* 1 ---- - - - - -_. _ _ __ 

InclLJ~d.~are measurement~ for' all s-eas~~~-,-r~t~ll- Ùmes-of Hle-day~ fQran----
~'r,. 0 ~_r 
~ 1 /1 ~ >1 

_ aircraft ~ypes, all cities or city-pairs and in short for all the possible 

conditions that have occurred in the pasto 
,- (~ 

1 
- - -- - - - _ .i, l 

The. da ta need te be more fi ne ly defi ned ~nd ca tegori zed so tha t 
-

the data in each classification may be claimed to behave in a similar way 

with the exce~~tion of existing random fluctuations of lourse. For instan~e, 0 , . 't 

.. 

-- _T 

..l 
. the black time variable must be broken down at least by city pair since 

D 

" 

Moreover,~'the order of the pair of ,cHies is important. 
. 

For example, the 
t \ 

for different city pairs the distribijtions of the variables are different. . , , 

mean block time for the Montreal to Paris fli~bt-leg is known to be 
.." • .' 

, /, 
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• 

different:from the corresponding mean block time of'the Paris to Montreal . , 

l eg due to the preva il i ng wi nds . One' al so proce~s to look for further 

breakdowns of'the block time variable such as by s~son, aircraft type 
'J 

and so on, until a practically logical solution or 6'ne---that produces the 
"-

best type of fit 'te> the theoretical distribution'is optained.- This of 
" course gives a more realistic description for the.,.variables of the model, 

which in turn enables the ana1yst to test the reliability of a cycle with 
, . 

'j ~ ''p ; 

a higher 'degree of ac~uraçy. This problem is extens'ively discussed in 

chapter two for each vâriabl.~ individually. 

20 

Once the distributions are obtained, the'Jsample means and variances 
, -' 

\ ~ ; 

~, are retained since with the knowledge of these, the theol1etical distr .. ibution 

, 
1 

( 

(lognormal or normal) may be reconstructed. What 1s left tô'-find is 'a 
~-

, 
distribution~for the station de1ay variable. For many reasonS which àre ~L _ 

discussed in the next chapter, an empiri-.ca1-pr-obabil ity distribution is 

used for th"is variate. Jhe problem'of categorizing into more "typical ll 

'"'" 
di~t-ribUti-on-salsocomes' intolJtay~,-- ~ --~--~ ____ ' ___ '---_. 

, .-
~ ~,.... ... , '" ~ .. 

At this point it is possible to constructi Wi~·h>O,!r. di;t~ib~~ns, 
'IIi.. " 

the set-up represenfed by mode l q .. -6). ,In ca 1 culati ng convo l uti ons however'-
, 

o~e"is façed with tre problem of obtâining a distribution of the sum of three 

variables having, theoretical disbribu1;jons. The maximum of this distribution 

ar,d the s ta ti on de 1 ay ( Di) mus t theh be determi ned. Al so, fo 11 o~i ng the 

evaluation of the departure time distribution for each 1e9 of the cycle, a 

type of truncation is required and the random variable associated with, this 
<::J ,-

modified distribution must;be convoluted to ott.l~yi variables. Because of both of 
-. 

. 
" 
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:......... .,ese aspects and of other pr9blems whféh are~ discussed in chapter three, the 

( ~i stribut ions· of the conti nuous variables are di screti zed and the numeri ca,l 

" : . 

. '. 
convolution of the variables to be sU/TIlled ;s, performed. 

~ 

~ 

The analysis of the principal variables now fol1ows in the next 

_ _ chapter. 

1\ 

" 

1 

r. 

l 

. , 
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CHAPTER 2 

PARAMETRIC ANALYSIS-

FindirÎ; the ~istribution of T .. requires t~e 
, lJ 

knowledge of the 
, 

distributions of B .. ,:TS .. , TN
i 

and D .. (i=1, 2, ... , k; j = 1,2, ... , n
1
.). 

lJ 1 lJ lJ 

T~ëse variabl~s pér-tain to Çl leg within'a flight of a given fixed cycle 

on a specified aircraft type. The cycle is scheduled for given days at 

specifie departure (Kij ) and arrival (KAij ) times. Due to changing 

schedules from period to period, historical data on such speeifieally 

o 

defined random variables are not always available. For instanGe, if an 
r 

aircraft" (DC8 say) routed Montreal - Toronto - Vancouver in summer has a 

transit scheduled at Toronto at 8:35 a.m., then obtaining such specifie 

transit time data from historical records may result in very small samples 
" 

if any exist at all. Theref,~re all the TSij's are classifi,ed in a way that 

for any g;ven TS .. pertaining to a parti-e111ar flight-leg, we may say that 
lJ 

it belongs to a pre-defined category. The same logic appl ies for Bij , 

TN .. and D ... In our example, we may seek the distribution of transits in 
~ lJ lJ 

... 

Toronto on DC8's that have come from and are going to domestic stations in 
Q 

, v 

the sUll111er months. This class'ification proeedure enables one to generalize 

and, thus adds to the fl ex i bi li ty of the model. 

A large part o! this ehapter's di~cussion ;s eentered on the 

problem of finding -adequate eategorization ,for each of our variables. O,nce 

this is established we then attempt to fit some known distribution functions 

to the continuous random variables BÜ" JS ij and TN i ;n their respective 

classes. Fitting su~~~~~etical distributions tO,empirical data ;s a 



·, 

) 
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\. 

standard type of problem in statistics for testing the goodness of fit. 

Initially, one must have an idea of what type of distribution may be 
f 

appropriate for the data. Franke finds that his data on the Bij variable 

23 

are best approxirrtatfld by a 1ognormal distribution and second best by the fJ 

beta distribution~ For the ground times (transits and turns ~n our case) 

the Ilognormal fitted best to the data but due ta the srnal1 amount of 
; 

skewness" he found that these could also be approximated by a normal' 

dlstribution. 

In Section 2.1 a discussion on fitting a lognonnal distri-but-ion 

15 given along with sorne properties of interest relating to thaf distribution. 

This is followed by..t;he analyses of ea~h var1able B .. , TS .. and TN. in 
f1J 1J 1 

Sections 2.3,2.4 and 2.5 respe:tively. 
• 1 

Finally S~ction 2.6 gives a brief 
i 

di scussion on the ~tation delay var:able Dij' \ 

2.1 On the lognonnal distribution 
1 

Considering the nature of B .. , T5 .. , TN. (i = 1,2, ... , k; 
1J lJ l 1 

J =.1,2, ''', ni) it ;s apparent that these variab es are all non-negative 

alld that each i s composed of a l argé'number of srnal er events occuri n9 

slrnultaneously. Another property froln the practicatviewpoint is that their 

dlstribution is positively skewed. for instance, the block time from 
-

r~ontreal to Toronto has a most 1 ikely value of one hélur but the aircraft will 

more often be late than edrly because of such factors as wind or weather 

conditions, traffic conge;tion, or even an aircraft malfunction during th#! 

tr.avel. Intuitively then. the llç,ck time distribution is skewed ,to'the' right. 

Sill111ar considerations hold for transit and turn tirnes. 

1) 
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• 

-Because of the above practical aspects of the distribution, we 

Bre tempted ta fit a theoretical distribution having the above properties 

of positive skewness and non-negativity. There are several distribut10ns 

that exhibit these properties. Among-these, the lognormal distribution 

has been tested by Franke who found that it showed a good fit for all the 

variables, while'the beta was a close second for 8'J' and the nonnal fO.r 
_ l,~ 

24 

thè graund variable .. (TSij or TN;). As stated, our variables are composed of 

a large number oT--~nmultaneously occuring smaller events. According ta a 

genesis of the lognormal distribution [Aitchison and Brown (1957)]: 

IIWe may suppose that at any point of time the' existing 
distribution of the variate arises from a large number 
of causes which operate simultaneously.1I 

This gives further intuitive support in f;tti~g the lognormal distribution 

to our data. 

The choice of the family of distributions is an open problem 
4 

, 
for the data analyst. One may proceed on the basis of intuitive considerations, 

histograms, moment properties, or,other characterizations in arder to 
<, 

discover the most suitable family of distributions. In our case the success­

ful use of the lognormal distribution by Franke and the positive results 

obtained in the goodness of fit tests provide enough support for the 

utilization of this distribution. 

A lognormal variable 'is basically one whose logarithm is normally 

distribu~ed. Let X be a random variable such,that 
/-

1) 0 < X < 00 

2) Y =-log X""" N(JJ,a2 ) 

then, X " A (~,a2) 
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That is, X is a lognonnal variate. The density function for X is of 

the form: 

f(x) = 
l exp [- 1 ' (log X -\1 )2J 

xa'2~' ~ 
x > 0 

o elsewhere 

"The mode, median and moments about the origil') of X are as described below: 
2. 

wo ( ) singl~ mode at x = e 2.1 

medi an at x = e~ (2.2) 

jth moment about the origin is 

The mean Cl and variance 13 2 are then obtained from (2.3) as: 

(2.4) 

'(2.5) 

Now, let ~ = ~ be the coefficient of variation of X. Then by (2.4) 
Cl 

and (2.5) we have: 

n
2 

': eo2 
- 1 ( 2.6) 

In other words the coefficiènt of variation of X depends only on the 

variance a 2
• 

" Also, let Y1 and'Y2 be the coefficients of ske~ness and kurtosis 

respectiyely. Then by (2.3), (2.4) and (2.5) we have: 

(2.7) 

(.2.8 ) 

/ 

j 

1 
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Because n depen~s solely on a2[by (?6)] it'follows that YI and y~ are 

always positive and the degree of skewness of the distribution is an 

increasing function of the variance a2 • 
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As we know in the normal case the sum of two independent nonnal 

random variables is also a normal random variable with a mean equal to the 

sum of means and variance equal to the sum of variances. Let Xl and X2 be 
" 

two independent lognonnal variables with parameters (~l,cri) and (~2,a~) 

respecti vely. 

closed forme 

In general the distribution of Xl + X cannot be obtained iQ 
. • 2 

However, the distribution of the product XI X2 is lognormal 

with parameters (~1+'~2' aI+a~). This is true because 
../ 

y = 'lôg XI X2 = ·log Xl + log X
2 

is a sum of two independent normal variables with means ~l' ~2 and variances 

ai and cr~ respectively. 

2.2 Goodness of fit test. 

In testing the good~ess of fit of certain distribution functions 

to fur data, a modification of the Kolmogorov-Smirnov test is used. 

Essentially, the statistic Dn used for this test is the maximum absQlute 

deviation between the specified continuous hypothetical cumul ttve 

distribution Fo(X) and the fâmple ~mpirical) distribution Sn{ ): 

Dn = s~p \Sn(X) - Fo(x) \ 

When comparing this test to the Chi-Square test (based on the comparison of 

·observed frequencies to the e~pected freque~cies on specified classes of 

data) two observation~,may be made [M. G. Kendall and A: Stuart, (1973)]: ~ 

1} liOn i s a very much more sens i ti ve test for the fi t of a conti nuous 
distribution. Il t" 

., 

1 
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2) The Kolmogorov-Smirnov test requires smaller sample sizes 
than for the Chi -Square -test ta achi eve the same effi ci ency: 

"On asymptotically requires~sample sizes to be of arder n4/ 5 
compared to n for the x2 test and i s asymptoti ca lly very 
much more efficient. In fact the relative efficiency of x2 

wi 11 tend to a as n i ne reases . Il 

Because of the above reasons of conti nuit y of the distribution 

! and the efficiency using's~ller sample sizés: it was thought best to 

use the Kolmogorav:Smirnav test. .' 
As may be 9bserved from the praperties of the lognormal 

dis~ribution, the goodness of fit test in this easeJis equivalent ta 

testing the ,logarithms of the data in the sample for nonnality. We are 

thus testing ta find out'whethcr the parent distribution is normal. 

27 

Sinee the two parameters ~ an~ a2 are estimated fram ~e sample by y,s~, 

respectively, the critical values of On" use9 ar~ tp6se given by Lilliefors 

(1967). These values are tabulated for (l = .01,. '.05, .10, .15 q,od .20 
/ 

and for sample sizes of n = 1, 2, ... , 20, 25, 30, whereas for larger 

values ·ôf n an approximation is given. 
, ' 

To test for lognonnality, the natural logarithms of the sample 

data are caleulated. From these, sorne outliers are deleted, that is, 

values lying on either sidé of three standard devia~i,ons away fram the 

mean. This is done sa as to attempt ta eliminate misleading values arising 

from such irregular events as strikes. Since these data are abtained fram 

histarical records we do nat have an experimentally contralled situation. 

Abnarmalities are thus expeeted, and evident outliers are rejeeted . 

... ( 
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. The sample par,lmeters are then adjusted sa as not ta include 

the outlier values.; The resulting sample values are tested for nonnality 

through the Kolmogorov-Smirnov test with Lil1iefors' critical values as 

desc:ribed above. 

The Dn statistic is first comp~red to the critical value Dn* 

for Cl = .20. If Dn < Dn* the hypothesi sis not rejected and one does not 

nèt d ta go further. Otherwise the comparisan is made fe r other levels of 

Cl = .15, .10, .05 and .01 in that order and if On > Dn* for C4 = .01 

28 
,. 

the hypothesls is " rejected" for our purpose. A sample output showing the 

results Qf this procedure is given in the discussion of the block time 

an::l1ysis. 

Tb do these tests, subroutines were written in Fort\'an IV for 
, . 

an IBM 360 model 50 computer. They were written in 1 generallZed ~onn 

ta serve for the analyse~ 0' all three variables. These subrvutires arl 

called by a major one that computes the means and standard deviations of 

the raw data as well as the logged data. Th~}ther SUb"outi~es del.te 

the outliers, and perform the Kolmogorov-Smirnov test. The Kolmogorov-
-J " 

Smlrnov routine accepts as input the values corresponding to Sn(x) as 
,1. 

well as the matrix (Z) of critic,tl values. The output (ons;sts a the nn 

va ue and the Dn* value dssociaü'd with the highest a vr,lue Jor.. w ich 

On -:; Dn*. If such a Dn* does not ~Xlst in the table, the word "REJEC"f" 

appears. 

2. B 1 ock t i me. 

The block time data wereaccessed directly fron eXlsting tapes 
• l-

. ) 
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containing flight-type information on the Air Canada flight legs. These 

legs correspond to a large var;ety of city pairs on various aircraft 

types at all times of the year while~under many different conditions such 

as wind factors, differences in traffic conditions and so on.1 In order -

to sample the block time data, the legs had to be sorted initially into 

categories which would contain data with similar~baraèteristics or data 

that belong ta typical populations. 

-) 

29 

As it was mentioned earlier (Section 1.5), the mos~ logical first 

breakdown is by cjty-pair, that is, by departure and arrival stations. 

The Montreal to Toronto block times for instance, are certainly different 

in nature and in magnitude than the Montreal to Paris ones. Due to ' 

prevail~ng winds and the; routes taken, the direction is also an impGrtant 

factor. Thus the order of city pair is ta ken into account. 

The difference in performance of various aircraft types is quite 

significant as far as block t1mes are concerned especially for long-haul 

legs. Toronto to ~ondon, England has an average block time of 401 minutes 

on a 747 and 428 minutes on a DC8l. Both these averages were calculated 
, 

from data obtained from the same slmmer months of Jury and August and both 

aircraft were scheduled to leave at identical departure times (~:OO p.m.). 

The aircraft type distinction is therefore necessary. 

Another important factor was the seasonal behavior of the data 

and thé wi nter and summer seasons were treated separate 1y. These Il seasons" 

were defined to be of six manth~ each, the summer ranging fram May to 

October inclusive and November ta April is defined as the winter season. 
" -

/1 

--

-, 
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,One extra refirlement was m~d~';"" It was observed, especially when 

either the departure or arrival stations were major airports,such as Toronto, 
1 -

Montreal, New York or Chicago, the block times were different for departure 

times in diffërent ~ections of the day. This may be explained by the possibility 

of having heavy traffic congestion at specifie times of the day when the 

incoming and outgoin~ rush occurs. Such situations would aff~t the taxi 

time since thè aircraft would be waiting for a runway for departure. Upon 

arrival, if it happens to bs-a peak period at the station, the aircraft may 

be forced ta circle above the airport until permission is given to land. 

Thus, the holding time which is part of the block time is affected. 

The sections of the day were selected according ta the suggestions 

made by the Schedulers in Air Canad~. These sections typify the peaks and 

valleys in the incomin9' and outgoing traffic· f airports in general. 

THe ranges of hours were 0:00 - 5:59 hrs, 6:00 8:59 hrs, 9:00 - Il:59 hrs,'~ 

12:00 - 14:59 hrs, 15:DO - 19:59 hrs, and 20:00 - 23:59 hrs which were 
~ • t 

labelled by a section of day indicator ranging from 1 to 6 in the order 

shown above. 

It is worth mentioning that most of Air Canada's statistical 

summa~ies on block times are classified in the way sa far described. That 

is, by departure and arrival city pairs in their respective order~ by aircraft 

type, season and section of day for the departure. This consistency offered 

further support for adopting this categorization. 

The data (on tape) are t~en sorted accor<:Jing to the above groups 

of data sa th,at collecting the data for each category became a simple matter . 
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The program first co11ects a11 observed b10çk tfmes within a specific group 

then tests the sample for 10gnorma1ity as well as for normality in sorne cases. 

The resu1ts are the following: 

1. Grouped by city-pair, aircraft type and season: 

72% of samp1es did not reject lognormality • 
..9' 

2. Grouped by city pair, aircraft type, season and time of day: 

a) Summer: g5% of samp1es did not reject 10gnorma1ity 

82% of samples did not reject norma1ity 
J 

Ib)- Wi nter: 90% of samp1es did not reject 10gnorma1ity. 

i 

The summer data alone consisted of a total of 743 samp1es of which 

631 did not reject lognormality. Th~ number of samples tested in the overal1 

bei ng approxima te 1y 1, 500 resulted in very J arge pri ntouts .. Consequent1y 

these are not inc1uded in this thes;s but they may be obtained from the 

author. 

The program that co11ected, grouped and tested the block data 

made use of an existing sorfing system as well as of a Fortran IV main 

program a1so on an IBM 360 ~10del 50 written for the analysis. IJ"his program 

collects the block data for one category at a time then calls the .series 

of subroutinei which test the samp1e (as discussed in section 2.2). A 

sample output is shawn on the next page where each sample of data i~ titled 

by the city pair, aircraft type, flight number and scheduled time of 

departure. (The flight number is given but corresponds to a specific 

departure time.) The maximum deviation as described in the Kolmogorov-, 

Smirnov procedure is shown as D-MAX a10ng with the associated critical 

• .value. On the extreme right shows at what"level of confidence a, the test 

/-
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was not rejeeted (1, 5, 10, 15, or 20.%). If the D-MAX value was greater •• 
than the cri ti ca l value a t the 1% l eve l, theri the word "REJECT" appeared, 

lnstead of the a-level. The 'total number of no~-rejects ~ver the total 

number of samples tested gave US the ratio of the samples that dîd~not 

rej'eet. -

2.4 Transit Times. 
i 

The data collection for transit times was a more diffi cul t task, 

than for black times. Ground times are not exp 1 i eitly recorded on tapes. ':tu 

Enough information was collected for'each leg sa as to reeonstruct the flights 

and extract the transits times calculated as the difference between the actual 

time of departure of one leg and the actual time of arrival of the previous 

leg. 

The transit time, for our purpose, is basically the time required 

for the performance of a minimal number of actlvities ta enable the aireraft 

to be prepared for the nex~ leg. This will be referred to as the minimal , 
trans i t time. 

In breaking down the transit time variable into classificatory 

categories we may examin~ the types of servicing required in various 

situations. The work categories for servicing in a ground· stop (transit or 
9 , \ 

turn) may be divided into two types. The external servicing includes aircraft 

handling and preparation as well as loading and unloading of baggage, freight 

and other oojects. These functions are quite essential and are done no 
"-

matter the amount of avai"ab le ground time. The second type of functi ons 
.... 
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that vary largely with available time and resources is internal or cabin 

servicing. These include such cabin functions as: , 

1) Removing litter and used literature (Cabins, galleys~ washrooms, 

fl i ght deck) 

34 

2) 

3) 

Removing and replaeing used equipment (Cabins, galleys, & washrooms) 
\ 

Cleaning (Cabins, galleys, washrooms and flight deck). 

The time required for such servicing \'JjJ l oJ co.urse"depend 

greatly on the aireraft size and therefore on the a1reraft type. Also the 

equÏi*flQ{lt and resources available wiM:de~end D'Il the volume of traffie and 

on the size of the partieular station. The most necessary initial breakdown 
o 

is thus by aircraft type and by station of transit. 

A transit, being a stop between two consecutive legs of one flight, ~ , 

may vary in time aecording to the station the aircraft cornes from and the 

station it is 90ing to. Consider the following transJts: 

Fl i ght Aircraft From Transit To 
No. Type Station (. )Sehed. time Stati on 

790 DC8 Los Angeles Toronto - Mon"r CQ 1 
(60 mi ns . ) 

792 l·'}Oll Los Angeles Toronto" Montrea 1 
(70 mins.) 

148 L-1011 Vancouver Toronto r ~10nfrea 1 
(35 mins.) 

In Flights 790 and 792, the aircraft are scheduled to undergo precisely the 

same routing but a difference of 10 minutes appears in the scheduled transit 

time;in Toronto. This is due to the differenee in aireraft types. Flights 

f 
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148 and 792, however, are bath on an L-I011 aircraft. The two flights are 

similar in that Los Angeles - Toronto and Vancouver - Toronto are approximately 

of the same distance and the scheduled destination following Toronto is 

Montreal in both cases. A difference of 35 minutes appears in the transit 

times scheduled for Toronto which is purposely planned ta allow passengers 

to pass through customs when arriving from Los Angeles, being a Transborder 

s,tat~Jnt __ :e ___ s~_Ohepdul ers take into consideration the "service'~ ty~e prjor tQ __ gJJd __ 

~ /1 )1. fn-aT16ling- a fransTt-ifme. -The serv,ices èonsidered are: 
!. 

1 = Domesti c 

2 = Atlantic (European) 

3 = South (South bound destinations as defined in Air Canada) 

4:; Transborder (U.S.A.) 

Each such pair [(1,1) and(l, 2) are each considered as a pair] is treated 

If separately since the passeflger and baggage handl ing procedures __ ~~!:.~so~ewha_~ __ 
- --------------,d-Hf-rferen r: 

Domestic legs, being city-pairs within-Canada, range from short 

Montreal - Ottawa (94 miles) tri~s to long-haul legs such as Montrepl -

Vancouver (2,287 miles). _lhus QO dome&tic routes-the distances-GoV-er'-ed---

prior ta and after the transit may have an impact on the transit time since 
, 

more ai rcraft preparati on or more cabi n acti vi ti es may have to be performed. 

The distribution of TS .. is thus determined with the same' classific",: 
• l J ' 

ation as B'5j except t'br the time of day. Moreovêr, Bij is associated with a 
; 

city pair which corresponds to the city triple,t associated with T5 ij . Here, 
~ 

rather than considering the precise triplet, we consider the city of transi~ 

and we classify the two stdtlOns before and after the stop in classes oft 

\ 
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of "s imilar" legs - that is, differentiated according to the service type 

and distance category (0 - 500, 501 - 1000 an9 > 1000 miles)for Domestic leg~. 

The distribution sought for our tS .. variable is one that wOlild 
lJ 

typify the minimum transit time variable, that is, the minimal time required 

on the ground when the available time is small. Being under time pressure;,~ 

~e grOU~d~~~_it_ie_s_d_o_ne __ ar_e_t_h_e~m~o~s~t~n~~e~s~sa~r~y~o~n~es~.~~~~~~~~~~~~ 

When the available tim'e (scheduled time of departure - actual time 

of arrfval of previous leg) is large the actual transit time is approximately 

(~ual to the time at hand. Even if a11 activities are completed, the 

aircraft cannot leave prior to its scheduled departure time (as stated in 
" r 

tre practical assumptions in section 1.2.1). Thus the measured transit tlme 

(actual time of departure - actual time of arrival of previous legL!llay be 
-------- ---

~ 

greater than ~the- actual transit, and is thus misleading. Moreover, when much 

time is available the variable internal servicing may be done completely. 

Consequently in considering a11 transits we risk obtàining a misleading 

distribution characterized by two different events or distributions . 

. ~~ ___ ~_A_._T_h_e distribution..of transit times when the ava++a-b-le-t-i-me----+s---tay"ge" 

• 

which ;s approximatelylthe same as the distribution of available 

times. This is of no interest in the model. 

B. The minimum transit time distribution. 
( 

When transits with any size of available time (A. and B. above) a~e tested 

for lognormality, about 78% of the samples do not reject the test.~ The 

same type of results hold true when testing for normality. 

If an aircraft arrives late (after the scheduled time of arrival of 

the preceding leg), it does not have much ground time at hand, This increases 
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the likelihood of incurr;ng a delay. In such cases the ground activities 

perfonned 'in reality are kept ta a minimum. Therefore, considering the 

minimal transit time variable makes the model more realistic and sensitive 
• 

in,the instances of most interest,when a significant delay is likely to occur. 

Much ~rimentation was- done fot-defln{ng-and th~s accessing -_----

these miliimum-transit tlmes from historical data. Initially, sorne minimum 

standards for transit times, obtained from Air Canada documentation were 

used to define the upper allowable limit of the available times. For 

available times greater than that limit, it could be said that the aircraft 
~ ~ 

had· much time at hand in whi ch case a di stri buti on of type A above woul d be 

obtained for the TS;jo These standards were classified ma~_~y ai!c!,an~ _______ --
- - ~--~--------- -- -

type: ---------

20 minutes: Dc9, D95, Viscount 

30 mi nutes: DeS, D8S 

40 mi nu tes: L-IOll 

45 minutes: 747 
-~~-

_ Using the a9eve---5i-arrdards-; an adual transit times within one category 
1 

fôr. which the available time was less than or equal t'Ü the minimum standard 

were collected and tested for lognormality and normality. The results were 

not very encouraging. ' For sorne transit ~ïa;si'tjcations, no such data were 

found in the 'sample wbile for other groups the S~PlêS were tao large. 1t 

was thought that sorne of these large samples did not really typify the 

minimum transit t"hne variable. This, together with the fact that sorne 

classifications were not sampled from at a11 led to the conclusion that this 

straightforward way of defining the available time limit was not adequate~ 

- br • 
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It was apparent that these limits must be calculated according to the 

individual sample, rather than treating all samples in a likewise manner. 

Thi s concept i s di scussed by Franke who proposes the impl emeot- ___ ---
- -- ~--

~ - --~----- ----
. __ atioll pf one of three methOds depend-ing on '-tne particula~· s~mple. The 

- ----- ------~-- ------ J 

- method emQ.l~~rute j-s-~a~~d~fi-ea-tion uf-oneônhëse three. . For our 
-_.---~ 

analysis lt was finally decided to use another of the three, in a modified 
~ 

form. For each transit category we compute the limit for available time 

of the sample of n observations as follows: 

1. AVLi = available time of observation i, ::; 1, 2, ... , n 

= 
.1 

(scheduled time of departure' - actual time of arriYaLof­
previous leg) 

ts· = i th observed transit time in sample, i = 1, 2, n. l ... , 
1 ., 

( A V L j .,- A V L ) 2 n AVL' n 
2. AVL l 2 l = _1 . 

sAVL = , 
n - 1 i =1 n ;=1 

---- -
~..-----~-

L imitAVL = "{AVL - s AVL) . (2.9) 

3. If (AVL; ~ Limit
AVL

) and (tsi ~ AV~i) then select 
1 

observation tSi' 

In step 3 all transits for which the -actuàltime !ts i ls~1east as large 

as the available time AVI i and this one is smallér than or equal to the 

1 innt, are taken in the new .sample of mlnimal transit tirtles. Th;, situ'ltion 

depl cts a trans it when i t i s truly under hme pressure. 

In perf()rming -'the above steps, it was noticed that the limits 

calculatcd by (2.9) were sometimes negative and thus very small s-amples 
.. 

were obtained. -The following check was thus made: 

- r 
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.4. If Limit
AVL 

< 5 mins., th en UmitAVL = max (AVL, 5 mins.) 

In thls--fa-sAlGn-,--the-avairabte-tlme llmit -was never allowed to be 
---~~----, , 

less than 5 minutes. This ensures that all classes of data are repre- ~ 
:llL. _______ ~ _______ --

- ----sented' -i n- t-he-sômp l-es-tested (nd -th-a-t tnese-are- hot -fOO-smaTl-:- . 

The above precedure led to the following re~ults: 

• 
Hypothetical Tota l No. ( f No. of Samples ~~ of Samp les 
Dl s tri buti on Samples Rejected Not Rejected 

_ c 

---

lognonna 1-- ~ - 146 - -
22 84.93% 

Normal 146 31 78.77% 4 

The level of significaoce for these tests was the same as in the case of 

block times, that is, a = .01 . 

" 2.5 Turn Times 
, . 

In the cas.e of the turn ti fi es the same prob 1 em occured for the 

data collection as ln the transit times. The aircraft cycLes had ta be 

reconstructed from the leg-datél.and to achieve this all time mea;-urements 

__________ , ___ ~er~ converted" ta a standanL-É_MT-L_so as to oVJ;~r..cQ.~iffer.eJJ.Cfs-"ue tO ______ ---II . ~ 

the many time zones. Followfn j the aircraft through'the cyc1e mad~ it 

possible to calculate turn times as the difference between the actual 

departure time of the ~fi rs t l eg of one fl ight 'and ,the actua l arr; va l time " 

of the last leg~of the preceding flight. 

- -

- In selecting the appropriate classification for grouping the 

turn tl/Iles in classes ai similar types, the same type of reasoning used 

111 the tranSlt discussion was applied. Although the type of servicing ln a 
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• .,. turn is more of a II major" or lIintennediate li one compared 0 the-- lImino-r!-'----

---_._-

Aga..in, the distributions OP the minimal turn times were sought. 

Since the turn and transit analyses were performed simult~~~ously, the same 

sequence of experiments were performed with similar (but~mor~-_~~ti~!~~i~)_ 

~- ----~ --- ----.~ results. The standards for- minimum turn times were classifj~d differently 

-----------

• 

than the transit standards. They were classified by aircraft type as well 

as by type of station which explains the more optimistic results. 

,1 

Mlnimum Standards for Turns 
U1i nutes) , 

----
---~:S:---

--- -- -~-- f---
-Aircraft , ...-Domestic -- --International 

-

- Iype---- Station Sta ti on Station 

----~-~~--- -~ 

\ 

747 90 90 90 

L-.111 90 90 90 

D8S 60 
. 75 90 

Dca 45 60 ~ 90 
-- - - - - - - - -. - - -

D9S 45 45 75 

DC9 45 45 75 

1 -----~-

The prj)cedure u-sed was--taenTica ~- the transit procedure and gave 

very favorable results. However, .5 rather than one standard deviation was 

subtracted from the average available time in order to obtain the limit, 50 

as to increase the sample sizes which are considerably smaller than transits.' 

Moreover, when negative or small limits occured, the minimum allowable limit 
• 
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-- --- - ~----- - -- ---

, 
of 5 minutes was increased to 15 minutes since turns are much longe~ than 

transits. Also a turn of less than 15.minutes rarely occurs. Out of a 
f'~ 

total of 114 samples tested only 10 rejected lognonmality. Thus 91.2% of 

samples did not reject the lognormal distribution (a = .01). 

2.6 Station Delays. 
1 

Station delays play an important role in 9è~~~iDjD9-the o~~time 
" 

--performance of a cycle since these are mainly station-dependent. Becausé~ 

of the differences of equipment, crew, mean volume of traffic in each 
·f~ , 

1 ~J,~~ " 

station, this type of delay may be more likely to occur in sorne stations 

than in others. Examples of such delays are the mechanical, sales or 

passenger delays occuring at a given station. 
~----------- --- -

:_- --~-~----------- / 
Station delays (defined in section 1.4),Dij ,are measured inj 

. \ minutes rounded ta thé lfeare-st-m1nute. If no such delay occurs, then 
, , 1 

D .. = 0 for that particular leg. Empirical observations have shawn that lJ 
these delays vary anywhere between 0 and up ta about 180 minutes (3 hours). 

, Franke attempts ta fit hypothetical distribution functions, but due ta the 

difficulties encountered, an empirical distribution was used. Adopting the 

• __ h ___ ~_. _______ e.mpirical sample distrib~tion cfo'es not allow the generalization obtained in 
- --~~--- --------~ --- ---~-~--...... ~------II 

, 

• 

having a parametric distribution which could be updated with the use of new 

_ C!a ~~. _ Howe\ie r. wh eILnO-.~od a pp rox-ima-ti-on-i s f ound---tttrough-a - the'O retîca 1 --

distribution, it is best to use the one at hand - the empirical one. Table 

2.2 gives frequency counts of station delay minutes for selected stations. 

The most logical breakdown which was agreed upon ;s by aircraft type, departure 

station and time of day within a g;ven season. In our exampl_e the observ-

able frequencies for three stations YXE, YWG, and YVR (Saskatoon, Winnipeg 
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TABLE 2.2 SELECTEO DISTRIBUTIONS OF STATION OELAYS 42 

~---------- i 

• YXE: D, 3, ~;,-;l*-

----- -----~ - ~ 

• 

, 
MINS. FREQ. 

1 

;
'6. 
7. 

13. 
~O. 

YWG: 
~ 

D, 1, 31, 3 YVR: B, 6, 36, 0 

MINS. _ FR,EQ. MINS. FREQ. 

1 5. 3 2. 
2 4. 5 1. 
3 3. 7 1. 
4 1. 8 2. 

1 
2 
3 
4 

-5 
6 
7 
9 

> -8. __ -__ _ ___ _ 
2. 

5 ______ - _L ___ ~_~10::__ __ 73=-... ___ _ 
6 . 2. 11 1. 

YXE: 

10 
14 
15 
18 
19 
31 
35 
92 

1 3. 
3. ---
1. 
2. 
1. 
1. 
1. 
1. 
1. 
l. 

D, 5, 93, 23 

MINS. FREQ. 

1 17. 
2 16. 
3 9. 
4 8. 
5 5. 
6 4. 

--. '-'8 -4.---- -12 _ ---L 
10 1. 13 2. 
11 1. 15 1. 
12 1. ,17 2. 

114 1. 1 19 1. 
1 22 1. 20 3. 

1 23 1. 22 1. 
47 1. 25 1. 

28 1. 
29 1. 
30 1. 

- --31- 1. 
33 2. 
35 1. 
50 1. 
59 1. 
80 1. 

140 2. 

YWG: D, 2, 124, 65 YVR: D, 2, 31, Il 
" MINS. FREQ. MINS. FREQ. 

1 12. 3 2. 
,. 2 18. 4 3. 

3 9. , 5 2. 
4 3. 1 

0 8 2. 
5 2'1 11 2. 1 

6 3. ~ 13 l. --=r--- ---- 2, -.- __ -1 ____ 3_,: 14 , ~f-8 2. __ 8. 1. 15 ~ '\ - . 
9 . -2~ - 9 2. 17 1 " 

10 1. 10 
',- :} 2. 19 

11 l. 11 1. 96 
14 1. 30 1. 120 1., 
1S 1. ~, 76 1. 150 1. \ 
29 1. \ u ..... '1 

~:;;.,tf~-- ;, 

* YXE = Station code, _0 = aircraft type code, 

3 = Section of day index, 92 = Total number of delays, 

31 = Total number of zero de 1 ay~ 
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, 
.J 

• 

~nd Vancouver} are given on specified aircraft types and sections of day 

~ for a surrrner month. The examp le ti t~ ed "YVR B 6 36 0" represents depart­

ures from the Vancouver Airport on an airc~aft of type B (085) during the 

6th period of the day (20:00' - 24:00 hrs). The sample size is n = 36 
" - -----

43 

Beneath the title are two columns, 

_th~ __ ~Jef:t~enoti~enumber of delay minutes and in the right are the 

corresponding frequencies. 
\ 

The sections of day used are consistent with 
~ ~ 

the breakdown given in Section 2.3 .. 

. The empiricaJ distributions used ~!ere calculated by CGIllf}'UUl;:tll-l·A<Hgl---­

the aetual probabîritie-s·of occurence for each size of delay minutes in 

,ncrements,;of one minute from 0 ta 149 and any delay of 150 minutes or 

more are treated in the 150th interval. This limit is more than sufficient 

since greater delays are very rare. 

-~_~Empjrlc.aLdistri bl!:tiotl.LQLJ_hjs tYQe_~~re constructed for each 

category of data. The classification is consistent with the ones for black 

time and transit times, that is by aircraft type, season,station of depart-

ure and time of day. 

\ 
\ 

.. 

" .-
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DISCUSSION OF MODEL 

3.1 Formulation a~d practical logic 

As previously explained, the mathematical' models of Section 

1.2.2 are applicable to individualcycles. The entire airline séhedule 

is considered to consist of m cycles. Therefore, the.procedura and 

analysis to be adopted for a single cycle will have to be repeated m 
F' -

times if one is interested in the performance of the entire schedule. 

44 

-------- -------

• 

-

Consider one particular aircraft cycle having k flights and 

let ni be the number' of legs in each flight. The scheduled information 

relating to that cycle pertains ta a particular season and a specified 

aircraft type. The information consists of the following: 

Fi = ith flight serial number, 

._~~city o(.departtJr~ pertaining to the jth leg of flight i, 
, 

CTYk,n~+l city of arrlval of the last leg of the cyclé, 

K.. = scheduled departure time of jth leg of ith flight, 
1J 

KA .. = scheduled arrival time of jth leg of ith flight. 
l J 'l~ 1 ~t"'"- _ ., ~ 

From the above infosmatioD some_simplÇ! calculations of the scheduled­

___________ bl oc_~ !_im~~a_~.~ _~_~~ __ ~c:~_ed~~~9_ ~r_~u~? _(_tr~~ i t o~_~.~~~ _:_~m:_s L may 
_ k _~_~~ ____ ~_ ~ "N" _ _""- ____ ~ ... ~ ___ _ 

be performed: 

$cheduled block time (i, j) : KAij - K
ij

, 

Scheduled transit time (i, j) = K. '+1 - KA .. 
l ,J l J' 

$cheduled turn time (i) =, K'~l 1 - KA. .' 1.- l,n, 

.... ù 

l "-t, 



• 
l' 

-
For a fixed KU' Kij may be also calculated from the scheduled black, 

transit and turn times as follows: 

K •. == ,J 

Scheduled black (i, j-l) + scheduled transit (i, j_-l) + K .. 1~ .. , ,J-
; ? 1, 2, .. ,-, -k; j = 2, 3 , ..., ni 

~cheduled--.b.lfrc~ (i-~, n'_l) + Scheduled turn (i-1) + K. 1 " 
2 3 k• J - 1 1- ,n,'_l , = , , 000" ". 

- ------------.------ -- -------- -------

As it was mentioned in Section 1.2.2 we seek the distribution 

of T.~ as given by equation (1.6). In view of this equation, the 
'J 

-;-
___ ~ ___ distt">i~~tion of, Ti; ~epends on tire distl"ibutions---ef~j and either 

T. oJ; l,--B· , 1 and TS .. 1 or T.*l ) ~ B. 1 and TN. 1 as is , ,J- , ,J- 4 1,J- 1- ,n,' 1'- 1- ,n. 1 1-
-' 1- . 

explained in Section 1.2.2. In chapter two, it was found that the 

variables B.. TS,. and m. fit the lognormaf distribution fOr every 
1J, 1J, " 

i, j. Moreover, instead of testi,ng the goodness of fit of each B .. , 
~ lJ 
" TS., and TN,. separately, a classification procedure was adapted. Thus, 

lJ -

all Bij that belong ta the same class are sa id ta berg to the same 

populat;(}ft;--T-he parameters.-es-timated (ac:c.o.rcLing to _t~ce_d.urgSj~ 

Chapter 2) for each cla.ss of the black, transit and turn variables have 
of 

been stored in a' computerized file system. In this manner, if we seek 

the distribution of a particular TN;, say, we must first determine the 

class to which that TN. 'belongso This lN, is associated with a given 
- l 1 

station,--~specific aircraft type and;s scheduled for a,given season. 

'- -------- --AiS1rLtœ--i-~prior- to iHla. f&1-1-ow~-Rg-th.e-tur-n~ belong ta def; ned serv(ce 

• 
types. This is identified by the pair (i, j), i, j = 1, .• 0' 4 as 

.) 

it was explained 1n Section 2.4. This information completely specifies 

the class to which TN; belongs and,in turn, permits the retrieval of the 

• 

45 
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estimated p'arame.ters pertaining to that class from the file system (see 

the schema ti c repre;i,ntati on in rab 1 e 3.1). The sa~e procedure app1 i es 

to the transit and black variables: 

TN
i 

= f '(season, aircraft,., type, station, service type of 

previ ous 1 eg, servi c~ type of fa 11 owi ng l eg) , , 
, 

TS .. = f (season, aircraft type, station, service type and 
lJ 

distance of prë'"ious 1eg, service type and distance of 
-' \ \ 

following leg), 

46 
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, , 

B.. = f (seas-D1l,âtrera ft- type-,--s-ta-t-i 00 of d epa~st-a-t-1H' eHln~~---­
lJ 

of arri va 1, secti on of day for departure), 

where f indicates that the corresp~n~in~ variable has been classified 
. "\ 

according ta the attributes listed as arguments of f. On the basis of , 
~ 

this classification system, TN., TS .. c and B .. , i = 1, 
, ,. l lJ lJ 

can be cl assifi ed :~~ nto one and on ly one cl ass. 
1""-

Ji. 

... , k; j ~ ~-l ~ / ... , n. 
l 

The file system containing the estimated parameters for the 
" 

---'~---l...c1as.ses of the variables is constructed in such a way as to allow quick 
---~---"---,--~~.--- --

----~--

• 

retrieval of the required parameters. ~-~-~- -~-~ ~~ -------j 

.J, 

Basically, the system consists of separate files for tlock " 

transit and turn parameters. Each file is first divided ;nto two ,season 

secti ons and then subdi v; ded by a; rcraft type. Si nce schedul es are 

presently prepared according to these criteria, 'this allows quick reference 

,to thë'estimates of interest. These files will be revised yearly so··.that 

the lag between the time when the estimates are obtained from historical 
r , 

data and the time when the model ;5 implemented does not exceed one year . 

-. 

'1 

, . 

1 
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..... -' 

SEASON 
(1 OR 2) 

.. 
" , 

AI RCRAFT 
TYPE 1 

AIRCRAFT ' 

TYPE 2 

~ ... ~-.... 

. : .. 
1 • 

• 

Table 3.1 47 

o 

STATION 1 ~--

STATION 2 

• 
• 
• 

ST A TI ON !Ttl 

~ 

~.-'~----------------------~ 
PAIR OF SERVICE TYpES (1,1): 

PAIR OF SERVICE TYPES (1,2): 

• • • 
. PAIR OF SERVICE TYPES'-(4,4): 

{ 

• 

• 
.., 

• 
" " '-. 

• 
.. 

u,a 

----_ ._it=S=TA;;;;;.;T;..;;;;I..;.,ON:.;..,:.l....L_ . - ~ 

AI'RCRAFT 

TYPE i 
STATION 2 

e •. 

• 

PAJR OF SERVICE" TYPES (1,1): il,a 

PAIR OF SERVICE TYPES (l~21: .0. __ â . 

• • • 
PAIR OF SERVICE TYPES (4,4): il,O 

.,~ - ..... _ r ~_ 

• 
• 

STATION mi t-t~--- • 
) 



., 

e' 

l' 

1 

The estimates may thus follow the tren~ of changing conditions, such as the 

implementation of new routes, new' or improved aircraft types, and changes 
--~ 

in service requirements. The distribution te~ts should be repeated to 

ensure that the distributions of the possibJy changed variables still 
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" 
fit the log normal distdbutjan. These revisions dre qUi,te simple With""-----..." 

the dvallability of the programs discussed in Chapter 2 which perform all 

the necessa rY' steps atone tlme . 

• 
For each variable B"J" TS ' and TN:,·,we naw fll.lVe its scheduled 

l J , 

\} tirne as wiJ..} as the di st ri bution of each actua l time /s obtai ned from 

historlcal data: 

s~heduled black (i, J) +-t Bi
l 

,-... 

\~scheduled tran~ (i,'\j)~TS~j 
A (OB (J ) , 

ij' B .. 1 

(

A A 'J ) 
A llTS GTS ,,' i j , l J 

sehedul ed turn (i) ~ A(0TNi ,âTN . ). 
l 

The only additional variable which is nat scheduled is the station delay 

• variable, for WhlCh the use ofr.the emp'irical distribution funetion is 
, ( 

recornmended 1c.f. Section 2.6). Aga1Q, the -distributions of the classified 
,/ 

, . , 
statlon deldYs are stored in a eomput';rized file according to the follow'rtlg 

b 

subdivlslons: 

D. = f(season, aircraft type, station, section of d"lyl 
l J 

Agaln'there lS a unique classificat,on for each D ... 
, l J 

Now that the dlstributions of the variables in 'equation (1.6) have been ',\ . 

, Identified, we may proceed with the logie in the model. Since equation (1.6) { 

15 a recurSlve relation, the reliabillty of the cycle has to be evaluatea 

sequentlally stàrting from the first leg. The.steps below follow an aircraft 

. \ 
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.r 

• 

through"its planned cycle. The rationale ;s similar to that of a flow 
/II 

diagram: 

A. First departure: set i = 1, j = 1, 

T .. = K .. + 
1J 1J 

B. Probability 
leg i, j): 

late A minutes or less> (due ta single 

p[o .. 'A], 
• l J 

A ~- 0 • 

C. Time of arriv.al 

i) Assuming punctual departure at Kij (due ta lag) :: 

ii} Actual departure (due to cycle) = T.* + B ... 
1 J 1J 

B .. + K ..• 
1J 1J 

The empirical distribution ofD;jisinfact the distribution of a departure 
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delay for the jth leg of fl ight i, independent of previous cycle activities. 
, 1> 

Thus the on-time performance of any leg as caused by.the leg in question 

may be calculated by step B which in fact gives the cumulative probability 

di stributi on of D ... 
- 1J 

Step C above examines the time of arrival. Although the study was ! 
'. q. 

centered around the problem of evaluating the punctuality of departures, 

the same may be done for-arnvals. If the scheduled time of arrival 

is KA .. , then the arrival reliabilitymay be obtained irrdetermining the 
1J 

distribution of (T.~ + B .. - KA .. ) in the same way'as for departures. The 
1J 1J 1J 

only difference arises from the fact that the arrival distribution is not 

"eut-off Il at the scheduled time as in the case of departures which are -

assumed not to occur prior to Ki J' the pl anned time of depart4re. Thus 
, 

continuing wi~h,the above logir. we have: ' \ 
) b 

D. Probability that the arriva l is late A minutes or l ess: 
r 

" -\, \ 
" 

,~ / 

1 
~L - - \ 
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• 

i ) 
n 

to l eg = P [ (K. . + B.. - KA. .) , A J A :;. 0, due 
1J " 1J lJ 

i i} due to cyc l e = P [( T t + B.. - KA .. ) ~ A ] , A ;. O. 1J 1J 1J _ 

If thé next leg i s the start of a new flight, the next event 1s a turn 

and we proceed to step f. Otherwise the next event is a transit as in E: 

. E. Comp l ete l eg j: E = T. ~ + B. . + TS. , 
1J lJ lJ 

El = B.. + TS. . + K .. , 
. 1J 1J lJ 

start next leg: J -+ j f 1, proceed ta G. 

F. Comr1ege leg j: E = T. * + B. + TN., 
l J 1 l 

E 1 = B + T; + K. , 
l ) 1 1 J 

start next leg: i+i-ll,j+l. 

G. 
/ 

New departurr: Tij = rrax [E, D;i]; 

Ti j = (. [r i J Ki j l 
Pr~babi1 ity that the departur(~ i s la te A mi nutes or l ess: H. 

(i) duetoleg::: P[Dij~A],:- A~O, 

(ii) due to cycle = P [(T.~ - 1: .. ), AJ, A:a. 0, 
1J 1 J 

(ili)due to previous leg = P [(E - K
ij

) ~ Al A ~ O. 

Whlle steps E and F complete the everlts of the particular leg, st(·p G 

<]ives the departure time variable of the following leg. In H, we calculate 

, the probabil i ti es of i ncurri ng Jp to an A mi nute de 1 ay dt departure as 

50 

caused by the leg ln questlOn, the entire cycle,or by the previous leg <.Ilone. 

At this p01nt we may return to step C and conti~ue the sequence until-the . 

lac,t leg in the cycle is reached, where the sequence is tern inated ·at step D, 
1 

th,· arnval of the last leg. 

As may be obsel ved from the above discussion, we may evaluate the on-time '::. 

performance o.r anyleg in a cycle accortling to more than one criterion.:'· This 



CJ 

further refinement is quite important since, in addition to evaluating the 

f 
punctualityof the leg, it alsa enables one to determine where the problem 

was inîtiated. In fact, the delay may be attributable mainly to the 1eg 

itself, the previous 1eg or ta the cycle. The model adopted in this.thesis 

gives the following prababilities for each leg within the cycle [except 

the first 1e9 which only has (3.1)and (3.4)J: 

1. On-time departure probabilities as caused by: 

(i ) 1 e'J i ts e lf , (as.sumi ng a punc tua l departure at K.. ): 
1J 

P(A) ::: P(O .. ~ A), 
1J 

A ~ O. (3.1) 
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(ii) previous,leg, (assuming a punctual departl re for previous 1eg ): 

j P[(K .. 1 +Jl, . 1 + TS. 1- K .. )~ A],i = 1,2, ... , k. 
1,J- 1,J- 1,J- 1J J' = 23 n 

P(A) , , ••• , i 

'> :- p r( K. 1 + B. 1 . + TN. 1 - K .. ) ~ A]' i = 2, 3, .. " k, L 1- ,ni-1 1- ,n'-1 1- lJ j = 1, 

A ~ 0 (1.2) 

( i i ;) cye le: 

P(A) = P (T.~ - K .. ) ~ A , 
1J 1J 

A ~ o. (3.3) 

l 2. On-time arriva1 probabilities as caused by 

leg' itself: 

P(A) = pf(K .. + B .. -L' lJ lJ 

~ 

KA .. ) ~ A]' A ~ O. (3.4) lJ 

As requested by the users of the model, the above probabilities are 

calculated for A ::= 0, 5, la, 15, 30 and 60 ninutes. 

, 

Most of the above probability evaluations are based on the distribution 

of sums of random var-iables which have been assumed to be statistically 

independent. Since we have the distributions of the component variables, 

we may perform a convolution to obta n the distribution of the sumo This 

problem is dis(ussed in the nex, sec ion in terms of the methodology used 

ft "_ 
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as we 11 as the accuracy to be expeç ted .• 

3.2 Determination of distributions ----
3.2.1 .DiscretizatiJns and Convolutions. There are various distriputions 

that .need to be determined when we are sequentially following the recurs-ive 

relation (1.6). In the previous section, a number of steps (A - H) 

were described which are ana1agous to the steps taken in (1.6). Here, 

the first step A eva1uates the sum of a constant and a random variable 

D ., which has an empirical distribution. Step Band simllarly steps 0 1J 

-'';' 

and H simply calculate the cumulative probabilities of distributions as 

obta i ned from prev i ou s s teps. 1 n s tep E and F however, we Aeed to 

calculate the distribution of the sum of three variables, one with a 

pre-ca1culated distribution (Ti!) and the others having a lognormal 

dlstribution with given estimated parameters. 

One is thus faced with the prob1em of determining the distribution of 

---------------a sum of i nde~~~!~tgnt_ random variable"S -whose-tndtvîâUarprQbabi li ty 

distributions are known. This;s a prob1em which frequent1y arises in 

statistics. One is first inclined ta seek a theoretical solution through 

the theory of characteristic or moment generating functions. The charac-

teristic function of a sum of independent random variables is known to be 

the product of the individuàl characteristic functions. "rn the present 

case, one could theoretit:ally proceed in this manner and then use the 

lilversion theorem to obt lin the probabi1ity distribu~io~:--i See for example, 

Rao (1965)]. 

The characteristic functibn for 'the lognormal distribution is flOt 
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available in closed fonn. Thus, the above tec~n;que ;s not 'appliçable un1ess .-<.:" . ' . . 
~ne wi shes to cons ider approx imation ~hni ques. Here, the u'se of the 

'1nvers;on formula is required which is quite complicated even when per­

forme~ numerically. Another problem with the above procedure is that we 

sometimes have variables in a sum which have an empirical distribution ~ 

or a modified distribution (Tfj) ~or ~hich t}e characteristic functions 

in closed form are not obtainable. The method proposed below 15 intuit 1 vely 

simple and is convenient since it may be applled to any situation. 

A way to find the distributlon of the sum of several independent random 

variables ~as discussed in section (1.5) where the idea of using the 

numeri ca 1 convJ~ uti on technique was i ntroduced. Each of the di stri buti.ons 

of the compon~ variables is discretized and then sorne convolutions of 

the variables are performed. Let X., i = 1. 2 be-two random variables and 
l 

let V = Xl + X2· If X. , i = 1, 2 âre discrete with probability .. _---- ~- ----------] 
l ------

dlst " 10n of V is given by [B. Harris (196G)] : 

Pv (v) = l PXI (z) oP<2 (v-Z), (3.5) 
z 

-. 
where the range of V depends on the _:.anges of Xl and X2. 

If Xl and X2 are continuous wlth probability distributions PX,1' PX2 

respectively, one way to discre-tize them is to chose nI and n2 equiélistant 

points with intervals betIJeen them of size 2::: respectively, as follows: 

a < a" + 2c < 
l l 

a. + 2e (n . -1 ) ,i = 1, 2. 
l l 

Then Xi is equivalent to l discrete random var,iable ovet the above points 

wlth the probabilities given by: 
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• 

PXi(X; ~ x + c), 

Px (x - c < X. ~ x + c), . l 
1. 

PX.(X; > X - C), 
1 

X = a. 
l 

X = a. + 2c·k, 
1 k=1,2, ..• ,n.-2 

1 

x = ai t 2c(n i -l) = 
, 

{3.6} 

b .. 
l 

In this case the distrib~tion of V may be approximated by formula (3.5). 

For specifie cases, one of course has to determine ai' ni and 2c. This 

depends on the particular distributions of Xl and X2. 

If -Xl and 'X l are 10gnorma'1 as in some instances in our study, one 

criterion to select a., b. i5 by equating them to the exponential s of 
l 1 

~. -3ô. and 0· + 3â. respectively, which, by normal theory accounts for 
1 1 1 l 

about 99% of the area under the normal density curve. The same- amount 

is accounted for under the lognormal density curve as well. 
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~h~_we_~o not_define _tbe-1Jmt-ts--ef--wr-rmgeâîstributian by X ± 3SX is 

because of the skewed nature of the lognormal distribution, which would thus \' 

lead to a bad approximatlOn. Other chaices of ai and bi may also be made. 

For instanc~ since the lagnormal distribution has a natural lower baund 

at.O, we may select a. = 0 and choose an apl2ropriat€! upper- bound 
, ,1 _ 

b. = exp (~. + 3Ô.), say. This choice would not improve the accuracy to 
l l 1 <0' 

a great extent since we have already covered over 99% of the distribution. 

In addition since numerical convolutions of variables have a cumulative 

effect on the resul'ting number of intervals, the latter choice of ai- may , 
cause ITl1ch uncontrollable expansions. Hence ai and bi are given by: 

a. = exp {~. 3â . ) 
l l l 

b. = exp (0. + 36.). 
1 l l 

(3.7) 

__ ~_. ________ .s __ ~sa. .... ~7F"""""''''''' 
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These values of a. and b. are rounded to whole minutes (a. and b. are 
1 - 1 l l 

rounded down and up respectively to ensure a range of at least ~i ± 3ô i ). 

Our step size is chosen to be 2c = 1 minute which thus generates 

integral values for the discretized versions of the Xi 's. Then, equation 

(3.6) becomes: 

p [ Yi 
A ln(x+c) - .; ] - )..1. x = a. l 

~ 
~. a. l 

1 l .1 

c) ~ 

Y. 
A ln(x+c) 

A 

+ k -)..1. - v· -v· x = a. 
l l l l 1 p 
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/ 
• 1 

1 
1 

[1 ni: ] ' < a. a. ~ a. k = 1, 2, . .. ,n i -2 
l 1 1 

f\- ~ 

ln(~-c) 
- "i ] 

)..1. x = b. l > , 
" l a. (J. 

l l 

p 

- -- - -0 elsewhere, 

where Y i = l n Xi' 
/(3.8) 

Lettingz. = Yi - ai, we have that Zi'is standard normal (0,1). Thus 
l â. 

1 

the di screte probabil iti es may be obtai ned from standard nonna l tables 

or with the aid of standard computer routines (usually functions). 

Now, if we have two independent random variables Xl and X2' \ihether"l 

discrete or continuous, we may proceed to evaluate the distribution of 

their sum V by (3.5). The fact that 2c = 1 greatly simplifies the t~chnical 
-

procedures required for- (3.5), in Fortran prograrrrning. For programming 

sim~licity, eguation (3.5) is rewritten in the following way: 

'\ . 
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,\ 

Let PX~ (j) = PX.(x) 
l 1 

J = x - ai +/ 1 ; 
l ' 

= 1, 2, and 
1 

PV* (y) = Pv ( v ) , Y = v - a +. 1 1 ,; a = al + a2• Then {3.5} 

becomes: 
K2 
IpX1(K) PX2 {y - K + 1}, 

K=Kl 

o 

y = 1, 2, ... , n 

elsewhere (3.10) 

where KI = max (l, y - n2 + 1), K2 = min (y, nI)' n = nI + n2. These 
1 

l imi ts are determi ned from the fo 11 owiing i nequa li ti es: 1 < K < n and 
i 
1 

1 < Y - K + 1 < n2, since PXl and PX2 ;are zero outside these ranges, 

res pee t ive 1y . 
1 

3.2.2 Accuracy in discretization and convol_ution. t4hen th~rangf!-­

and the. di stributi on of a conti nua-us -ra-ndom van àlHe-are--bruken up 
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into a number of disjoint intervals and diserete probabilities respectively, 

much information relating to the continuity of the variable is lost. 

It is obViou~ that the finer the partition is, i.e. the larger is the 
l, 

number of diSjoint inter:vals, the more aecurate is the appDroJ1xJillimacLtl..-'Ll·omn-.JoU-1f'------~~~-

the continuous distribution by its diserete eounterpart. The aceuracy 

also depends on the type of partition (i.e.,intervals of equal size or 

intervals of variable size, etc •... ) and on the range over which most 

of the probability mass of the continuous random variable ;s assumed ta 

be distributed. This in turn is connected with the skewness of the , 

distribution. In the present case where the distribution of our random 

variables is lognormal, we selected to use intervals of equal size 

2c = 1 minute and a range given by (3.7). 

-
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The above aspects become more critical when one seeks,to convolute 

two or more independent random variablies and follows "the discretization_ .---
approach. The major problem here ;s the propagation of errors wh en the 

individual discretized distributions are numerically convoluted. Ta 

obtain a measure of the discretization-convolution errors we study first 

the convolution of two independent normal variables and then apply the 

results to lognormal distributions. 

Let Y--N (~,cr2) and suppose that the discretization of Y is 

performed as indicated in (3.6) and is over the ;nterval (lJ -30, j.J +3cr ). 

57 

Then, since the discretization stepjs 2c, the number of intervals ;s n = _3_0+1 
c 

(r6unded-up). Thus the accuracy of discretization will imprave with a 

1 arge 0 and/or a 5ma 11 c. Let l = L.::..J!.' Then t. i s ~ standard narma 1 
cr 

variable and the standardized intervals of Y are (y - c - ~, y.+ C - j.J), 

o 0 

except- for -points- a and b for w~ich ~he inte-rvals are ( -co, a + ~ - )J) 

and (b - c - j.J, + oo)respectively. Cansidering only the points x for which , 
cr 

a < x < b, we have intervals between the consecutive points of equal 

length It. =~. Thus, the smaller the interval size It.' the larger the 
cr 

number of interva l s, and the better the accuracy we may expect. Hû'l/ever, 

if we wish ta vary Il by fixing, c ~ .5 and varying 0 depending on the 

population, the accuracy of discretization will then be dependent on the 

size of the variance and it will be better with a large cr . 

To obtain a measure of the possible sizes of the discretization and 

convolution errors,two independent variables fol1owing n0rmal distributions 

from populations with different means and variances were first individually 

-
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discretized and th en the distribution~f their sum was obtained through a 

numerical convolution. The results were then compared ta the discrete 

probabilities obtained from the normal random variable having a mean equal 

to the'sum of the two means and a variance composed of the sum of the two 

variances. 
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Let"r.",N ~~.,an, i = 1;2 and let f
1

(y) and f 2 (Y) be the Iprobability 
, l 1 

density functions of YI and Y2 respectively. Let also ~3 = YI +'Y2' 

Then Y3 r-- N(lll + )l2' 01 + .a~). Following the discretization approach 
, 

outlined above we obtain the discrete probability functlons ~i(t) as 

descri bed in (3_.6) ___ f9~ a_r~nge defined by ai = )li - 3tT

i and bl =- ~i + 30;, 

i ::: 1, 2, 3. Moreover, let P4{t), t :: a 3{2c)b3, be the probab-ilities of Y3 . -- , 

obtained from the numerical convolutià'n expression given by (3.10) . 

Ideally P4(t) and P3(t) shoul~ (o;ncide for all values of t. The, 
"- .. _~ 

closeness- -of these two Çl-rObability d!str-ibutJons. detent]ines the accurayt --'---

Th~, follow;ng sums of s~uares may se,\è ·~s a measure 

b 2 \ i, ,~ 

SSE(Ol' ode) = SSE(~l ' Il )'::: 13 
[P4(t) - P3(t)] ) 

of the convolution. 

of this closeness: 

1 2 t=a3 
--------,.Tkhe;:;-;s~y;;:;;fIIl1~e~t..:;r;-;-;y.---nof~t"'h-;;;;;e--=no"'r=m=a-11---ce=u"'r=v"e-a"'nVid~a' îlmi ted narner i caT tnv~e'-s tHjeng=-a+-t r..j 0""11.-------

indi~ated that the -abov'e ssfis--funcfiona-lTi-irïaepeùia-erît of ~i -aÏ1a~2:'- --',' -- ------

'Normal vadables with vary;ng standard devlations a!, a2 were used ~ 
and in each case the SUffiS ~f squares of errors as defined by SSE(a1, 02Ic) 

above ViaS recorded. On the follow;ng page iWO graphs are shown, the first 

demonstrates thè decrease in.)SSr with the Increase of O2 (I i2
) while havin~ 

tr 1 (IZ) fixed (al = 1 and 2) and the second relates SSE with simultaneous 
1 

._~ ~~--~------~ .. ------~--......... 
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incre"ases of 01 and °2(1 7 and 172 ), 
'L~ r::1 z:. 

for values of 01 and 02 below 2, the 

Q , 

From these graphs we may claim that 
\ 

SSE expands very s;gnificantly, while 

for values above two, the errar (SSE) rema;ns in a low range. Thus the 
;. 

interval size shoûld be .?f. = ~ = .5 at most, to ensure good accuracy. 
o ( 

That ;5, we want: 

I~ ~ .5 "Vt 
, " 
~ 

(3.11) 

In the lognormal case, the discrete steps of one minute are taken 9n 
" 

the variable X, and not on Y = ln X wl ich is normal. Thus we have th~ 

following situation: 

Y,--- A (~,O'2), 

a exp(~ - 3; ), 

b = exp(~ + 30 ), 

11+30 "-30"-range = el-" - el-" t--

:-

- "L ( 

n = No. of intervals ::"'[e~1 Jo_ elJ-3~ + 1 (rounded"up). 
2e 

As may be observed in this case, the accuraey of the discretization 

will not only be dependent on c and 0, but on ~ as well. The d1screte 

" probabilities are expressed by (3.8) and the interval s,ize about ~ is: 

., 
- ----"--; 

r- • .. 

60 -:-

"'-

Il 0 +{ln(X + ci - ln(x - c) ] 0 +- 1{~ ~ ~ J. (3.12) , __ < 

- -- - - --·----A-lthough the-,nterval-s--_are of-equa-l-s--ize--on----tne- va-F4able- X, the,1'-aœ_oL _______ _ 

variable length on t. which is N(O, 1). Let 1; = max 17' Suppose we,~ave 
C t z:. ~ • 

a normal random variable Y which is discretized wi~h intervals of equal 
) 

size, namely of size 1~ (on the st-andardized Y). Then, by (3.11) we require 

Il ~ .5 -t~ obtain ~ g~)Qd accuracy for convolutions. 
(§ 

o 
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This implies that the acc~racy of discretization and convolution of two 

lognormal variables su ch as X will be at least as good as the 4uracy , 
to be expected for Y, since the discrete steps associated with X are 

I~ <:1 I~~ .5. We may thus use the same criterion as in the oormal case, 

provided that we show that I~ r~ .5. Now', since c is a constant we havé: 

, l im 1 n° (x + c) ::!' 0 
x~ X - C 

o 

This implies that a large value of X and/or a large value of a will 
1 

cause a small value of I~.' In a given dist.ribution the maximum over 1. 
• .' j 

of 11. will Occur at x':::: al' the smallest possible value of X. The 

cri terion now becomes the foll owi ng: 0 

l~::lln (al + ~)(:.5 
a aL-

11-30' ~ , 
Replacing al = et" , the above implies that: 

e ~. ;:..e -,-_"";; ~ -3ü 5 ( .5a + 1) 
- 'e· 5a _ 1 

or equivalently, 

"~ln\[5(::::-::)J +30. 

If (3.13) holds true for our distributions we may be 

\ 

(3.13) 

reassured on the 
~J i r 

~esul ting accuracy of our .. convo 1 u tions. A graph was thu s plotted show; ng 
, • 1 

the equality r~lation of (3.13). If, in our distributions, 0 is above or 

on the plotted line for i~s corresponding ô , then (3.13) is satisfied . 

• ; j rj 

Since block, transit and turn times were analysed individually, w~ may 

examine each case separately. Also, since the worst cases are those wlien 

XCi-

61 

'" 

Il and/or a are small, we observe the instances when thEl'. smalle~t dt each occurs . 

, . 
/ 
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A. B10ck times 

Fortunate1y irt the prediction of the block parameters a negative 

corr.e1ation was found between the means and standard deviations of our 
/ 

samples of logged .data~ Thus a small standard deviation a which may 

cause error propagation in di screti zation and convolutions has a . 
corre;'pond'i ng'*! arge v which ha s an oppas i te effect of ; ncreas; n9 the 

" 
accuracy. Some 68 samples were selected from the analysis made in 

chapter two, and using the sample estimates of the logged data, a 

regression of the means on the standard deviations was perfonned •. 

= 

63 

1 

- ---
Normally, one could perform such a regression using not just the 

68 samples, but in fact, using one sample from each classification of 

block times. This procedure is too lengthy for our purpose since we 

have 2 seasons x 6 secti ons of the day x over 7 a; rcraft types and a 
1"~4 

l,arge number of Clty paiTs. The 68 samples were however carefully 

selected to ensure a good representation of the bulk of classifications. 

Let Yi be the mean of the ith sample of logged block times, s~l 

be ~e variance of the 

zn fi A N ("i' a~~} 
lth sample, and ni be the size of the sample i. 

A regression ;5 assumed between Y and sV; as follows: 

'" On performlng such a regression, the BMD02R program of the BMD Statistical f' ,II 

Package Wé\S used, and the results were the following: 

E(Vi ) = 5.9881 - 20.71715 sYi' 0 (3.14) 

w;th.."the correlation coefficient r = -.8117 and the F-ratio with 1 and 

66 degrees of fréedom, F1,6~ = 127.509 (see Appendix B for details of thE; " 

regress i on). --
" 

\ 
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As may be seen, a high negative correlation exists an? since t~~.F.-ratio 
, 

15 significant"at CL = .01, we ma' rely on the relation (3.14). This 

regression and its implications win be d'iscussed !TI.ore~ thoroughly in t.he 
, 

next chapter where the question of predicting the parameters is discussed. 

~t .~. ...._ ~ 

Among the 68 sampl es that were used in the above ana lys; s, the sampl e • 

with the smallest sYi as well as the sample with the smallest E(V
i
) were 

selected to see lf their respective Sy and V would satisfy (3.13): 

a) m1n s = .0237, ~:: 5.6127 

graph requ1res, Il ~ 4'97, which holds. 

b} minimum E(Vi ) = 3.27, s = .13 

graph requires fl ~ 3.11, which holds. 

/ 
1 

Thus, in both of the worst cases, we would still expect good accuracy . 

, 
B. Trans it times 

a) mi~;;;;, .131, 0 = 3.504 

b) 

1 -, 

grap/y requires p ~ 3.1 which holds. 
j 

small E(V.) = 2.86, S:: .265 
1 

graph requires jJ ~ 2.81. 

C. Turn time 

a) For a sample with a small standard deviarion 

s = . 06 , 0 = 4. 512 

requlred lJ ~ 3.67 lS satisfied. 

b) For a sample with a srnall C: 

ç, ;:: .19, C = 2.98 

requlres lJ ;. 2.92, which is satisfied. 

, n 
'. 
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• 3.2.3 Determination of the dis ibution of extreme values. We now 
. 

describe the procedures used in ,ev luati n9 the di stri bution of 

the maximum of the two variables E nd D.~ which is requ;red for step G lJ 
in SectlOn 3.1. In this case both E and Dij are discrete. In general, 

lf we seek the distribution of W = max (Xl' X2) where Xl and X2 are 

lndependent dlscrete random variables, we obtain the followlng: 

o 

(3.15) 

65 

r 

The application of standard theory is straight forward and no special'. 

problems arose ln the actual implementation of the model. 

'. 3. 3 I mp 1 eme n ta t ion 0 f mod e 1 

Thr computer program developed for the Inodel to evaluate the on-time 

performance of cye les wa's- written in Fortran IV and imp 1 emented on the 

Honeywell 6000 computer. Presently it runs on the time-sharing system in 

ar lnteraetive fashion, where the use'~ may manually input the schedule 



.' 

• 

~ 

r('lated data for one or more cycles. This allows quick manipulation and 

enables the user to get some answers to "what if ... 7" type of questions. 

Basically, there are two types of input required by the program. 

F1rst, there 15 the infonnation describing the necessary distributions 

of block, transit, turn and station delay variables which are automatically 

(lrlternally) retrieved from the computenzed file system, described in 

66 

Section 3.l. T~ second type of input is of course the scheduled information 

which 1ncludes the ident,ification of the season and ajrcraft ty~e, as 

well as data relating to each cycle to be tested. The éycle information 

corresponds to the descri ption given in Section 3.1. 

Once the input is obtained, the procedure is initiated within the 

program. A flow chart 1S shown on the next page where the principal 

computatlOns'made in the program for one cycle a-re followed sequent1ally. 

The fl ow cha rt as sumes tha t a 11 the requ i red da ta have been 1 npu t ted . 

the cycle lS initiated, the sequence of steps is followed for each 

For the following leg, the sequence continues at 101 until the 

leg of the cycle where the flow lS broken at 999. 

The main program calls a series of subroutines designed to evaluate 

convolutions (3.10), discretizations (3.8), the distributjd'r'i of the max'mum 
.. ~y. 

, ..... ' 

of two vanables (3.15), the trdnsformation of the depa~yure distribution 

G(:riJ' K1J ) as in (1.4rand (1.5) , and the cumulative prOb~~ities 

any of the calculated dist.ributions (steps B, D, H in sectf 3.1). 

for 
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Initiate cycle 
i (flight) = 1, Q. (leg) = ~ 
'LEG = l, Kl(time) = 0 

Find block parameters 

Probabllity of on-time departures 
due to leg: 

,PO(X - KLEG-l~ A), A ~ 0 

YES ------------< LEG = l? 

) 

NO 

Probability of on-time departures due to previous leg: 

Leg 2: Prob = P2 GX-(i(LEG ~ KLEG--()) .. A], A? a 

P2 = G Enax (Po' P2Ù 
Leg > ~:Prob = Pl rrX-(KLEG - KLEG- 1)) ~ ~, A ~ 0 

P2 = Convolution /P2' Pl) 

P 2 = G ~ax (~~~~~ 2D 
--~---------------------

probability of on-time departure~ due to cycle 

Prob = P2 [(X - KLEG ) ,,: A], A ~ 0 

1 

67 
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DiscretizeB'nf"" '\()..lS' n,02S' J . li{, l,i{, l,i{, 

P 4 (x), x = D 4' , • " 04 +n 4-1 

Probability of on time arrival due ta leg 

P4 jx -(KALEG - K
LEG

)) ,A , A ~ 0 

YES 

NO 

YES Find transit parameters set: 

mean = 0TSi ' SIG=ôTSi t 

Fi nd turn pa rameters set: 

mean = PTNi' . SI G, ~âTNi 

Turn or transit distribution, 

A (mean,. SIG) 

P3(x), x = D3, .. ·, 03+n3-1 

Leg distribution: convolute Block & Ground 
(transit or turn) 

P1(x) = cony (P3' PI')' x = 01, .. ,01+n1-1 

Calculate new leg: LEG,_= LEG + 1 
if -R, < n. + Q, =Q, + 1 

l 

otherwi se i::c· i+i, j :: 1 

) 

,'-
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\ 
In the convolution subroutine, since the number of intervals of the 

resulting discrete variable, is the sum of the number of intervals of the 

individual distributions, sorne care must be exercised to control the 

expanding sizes. In the first place,- th-e(ffStribution is truncated at 
, " 

.001 and .999 probability points. After this is done, if the number of 

interva1s exceeds 150 units which corresponds to 2:30 hrs., then the 

distr"'ibution is again truncated on either side at points of equal 

probability 50 as to include a maximum of 150 intervals (minutes). 

The subroutine which transforms the continuous lognormal distribution 

of a variable to discrete probabi1ities, DSCRLN (discrete - lognonnal) 

proceeds in a way an~gous ta (3.8). The range of the discretization is 

for ().l ± 3â) and thedfore covers about 99.84% of the ~rea under the 

1 ogno rma 1 cu rve. 
Af> 

All the cumulative probabilities required for steps B, 0, and H'in 

Section {3,.1} are evaluated using another sub~utine which also prints ~ 
.; 

out the output. On Table 3.2, an example of the output obtained from the ( , 

model is shawn. This is described below: 

In observing the table, we note thdt the aircraft type (09S) and 

the season (summer) are explicitly shown underneath the title. Following 
\ 

this heading is a legend describin(the abbrevlations used. At this point, 

the remainder of the prlntout takes the fom of a cycle heading defining 

,all the sequence of statlOns wlthin the, cycle, and then the on-time 

perfonnance probabilities for each leg are shown. The maximum delay 

minutes, of, course, refer/ to the constant A used in steps B, D, .,and H 

69 
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Table 3.2 

on TIME PEPFOPMANCE 
F'POPAB r LIT 1 E = 

••••••••••••••••••••• 
• D9: :UMMEP 197~ • .............. ~ ...... . 

-----~----~---------
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D li :::: fiEF'AF' HIPE APP r VAL DEL;:A;\')-;-' .----------------------
L :::: DUE TO LEG. 
PL = DUE TD PPEVIDU: LEG. 
,_ == DUE TD CïCLE • 

••••••••••••••••••••••••••••••••• MASIMUM DELAY MINUTE: •••••••••••••••• 
FLIGHT DI'E." 

riO. LEG Il A TO.. (1 ~ '5 .. 11) • 15 ., ::: 1) .. ~? .. 
-_._------------------------~-----------.---------------~-----------------

.. 

~:4t:, ','AM- 11:: Ii 
A 

~:4t=, ',",':-'ml,1 D 

D 
Il 
li 

,'0",- ,'UL fi 
ft 
fi 
fi 

22-:' ','lA, -', Cil:; [1 

Ii 
fi 
fi 

fi 
[1 

fi 

22;-' ','I.!G-.ïïC Ii 
Ii 
Ir 
A 

Ii 
fi 
fi 

L ... (1. t, (1 (1 • 1). -;- n (1 • o. ;-'r:, ~ • 1). :;::6 ~ • I).'~;:;i • 1. 1) 1) (1 .. 

L •• n.;::~:l .. I).:::::::~ .. 0.'~'?5. 1 .. 000.1.000" 1.0"'0" 
o 

L ... 1). :::':,4 .. o. -;-O'~ • 0.:3:::(.. 0 .:::':~q • O. ·~t;4 .. 1. fIC''-, • 
1=-'/.". ').4'-:?" ""-;-~,:::,, 0.'~'51 .. O.'~'~'5" 1.000" 1.ü("',,, 
,- .. • (t. 1 4 t .. ('."5 -l'S .. (1.;-' '~'5 • O. ::: ::: -:' • o. ':; -: 4 ... 1. U ,) 0 • 
L •• 0.942 • n.?S8 .. 1.000 • 1.060 • 1.000. 1 .uOO .. 

L •• n.~8~ .. o.~~q • 0.86; • 0.9JO • 0.~~2 .. 1 .Ouu .. 
PL". o.sa~ • O.8~5 .. 0.929 • O.96~ .. O.9 Q ? .. 1 .onn .. 
C .. .. "'. 1 :-' ~ • ('. -i 1 ~ • O. t,4:: ... 1).;-' ;-' '? .. CI. '? ë' -;' .. 1. (r 'J l', .. 
L .. .. (1. 1 ':: 1 .. ('.;-'...J. 1 .. (l'.'~ -:' ;-' • 1. ü 0 0 • 1. (J Ct 0 • 1. Ct (1 U • 

L 1o" n.?;~ .. 0.~52 .. 0.;-'59 .. 0.83~ .. 0.92':: .. O.~-:,q .. 
F' L 1o" O. '~j 0::.;' .. ,".'~ q ;-' • Ct.'~ '::< ':::; • 1. CI (1 (, .. 1. 1) 0 ,', • 1. CI 0" • 
C ... n.3'5~ • n.~...J.O • 0.;59 • 0.83; • n.922 .. O.?-;,q • 
L .. .. (1. '? 1 2 .. '.1. '?'~ '3 .. 1. u 1) 0 .. 1. n (1 (J .. 1. 1) 1) (1 " 1 • 1) (1 0 • 

\ 

L •• ','. >:t 4 .. fi. ::-: 1;: .. O. '? (1':, • O. '? >:: .. 1. Ct CI (J • 1. 'J J) 0 ... 
Ft... (1. t,51 ~ ('. ::=: 11 • O. q O:~: • (J. '~5'~ • (J. '~'~Q • 1. 1) (III • 

C .. .. (J. 14;-' • '" 4 ;- ':5 • (1. t, ::: ,:::; • 1).;-' 4 2 .. (1. ,:, ë 1;) .. p.(, (1 0 • 
L •• 0.69S • O.~20 • 0.988 .. 1.000 .. 1.000. 1.000 • 
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(Section 3.1), for A = 0, 5, 10, 15, 30 and 60. The flight number column 

gives the serial number associated with the flight. If there are more 

than one leg associated with a particular flight, then the serial number 

wfff-(ll~_o appear more thanonce as-m-tne case uf-fligtrrNo. -346. The 

71 

column falling under the title "LES" gives the alphabetic codes of the------__ _ 
j 

and arrival of the leg. stat\ons of departure 

~f we now examine the chart ~orizontally, we note·that the ~bbreviations 

defined in the legend are used to identify what typè"of probabilities are 

given. The probabilîties following the pair of abbreviations D-L 

are analogous to the set-up (3.1). Also D-PL, O-C and A-L correspond 

to (3.2), (3.1} and (3.4) respectively. 

""if. 
Since the first leg in a cycle does not have any previous history, 

the probabilities ·evaluated are only the D-L, and A-L, i.e. the leg­

dependent probabilities. All other legs in the cycle have the entire 

foursome D-L, D-PL, D-C and A-L. 

1 

As may be observed from the example, the first leg of Flight # 346 

ha~ a 70% chance of departing within 5 minutes of the scheduled time, 

and an 89% chance of arriving within 5 minutes of schedule. It may also 
-be seen that Flight 346 1 5 YOW-YUL leg has a 64% probability of departing 

, 
within 10 minutes of schedu'le. If we wish ta improve on this performance, , 

the probable initiation of the delay must first be determined. Looking 

down the 10 minute column, the latter leg has a D-L probability of 87% 

and aD-PL probability of 93%. This implies that the delay is cycle 
~ 

dependent. Consequently, a buffer may be added to the YOW scheduled 

transit time so as. to improve on the departure performance. When a 

f 
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5 minute buffer is added~ the probability of departing within HÎ""mi~utes 
/ 

of schedule in fact increases to 73%. 

The model output thus serves as a tool to enable the user ti identify 

-wnere-a,problém ;s likely to occur and ta consequently modify t~'e schedule 

- -so as ta improv.e.its on-t ime performance. \ -- - ------ - - --- -~-,-- - -

3.4 Reliability of model. " 

One must consider the actual intent,ion of the model before déte"rl'llining 

the type of rel iabil ity test to be u~ed. What questions do we expect' t~e 

model ta answer and how precise must these answers be? The model is 

intended to be used as a tool to a.ssist in the plan~in,g proCesses reql1~'red 

in the construction of multi-cycle schedules. nîè mdrlel results, together 
.;' 

~ J ~ 

with other criteria such as judgement based on persona 1 exp'eri ence ,could 

help in determining whether some cycles are too tight 'and thus are expected 

ta perform very badly. In 'such a case something may be done at this early 

stage to modify the schedule while acting within the limiting constraints. 

It is of-interest to compare the predictions of the on-time perfar-

mance of aircraft cycles as given by the model to what actually happens in 

reality. Thus we would like to know how well the model duplicated the 

actual process. The model will be reliable if its results are consistent 

with the actual performance and if it helps to determine whether the cycle 

is a potential problem cycle or not. To perform su ch tests we may select 
t. 

some aircraft cycles and compare the results to some actual statistical 

summaries reported for that particular period. ... .' 
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Two D9S cycles for July and August 197~ were selected. These 

examples are also used ta illustrate the overal1 process required for the 

functioning of the model. In the Appendix C the cycles are shown as cycles 

A and B where the scheduled times of departure and arrival are pre­

converted to a standard time (Toronto and Winnipeg times respectively). 

" 

The estimated parameters and the empirical distributi{)ns of the 

variables required for the model are gathered from the distribution files 

(Section 3.11. The classification associated with each variable is , ~~ 
1 

determined using the set-up described in Section 3.1, which permit 

the retrieval of the relevant data from the files. The retrieved estimated 

parameters for the necessary B .. , TS .. and TN. are summarized in 
1 J 1 J 1 

Appendix C (Tables 2, 3 and 4) along with Table 5 showing the station 

delay empir;cal distributions. 

Using the scheduled data together with the retrieved distribution 

data as in section 3.1, model (1.6) was applied. The results obtained 

are shawn in Appendix C (Tables 6 and 7). 

Below are the actual on-time performance sta~istics as reported for 

that period of time as compared to the model results: 

. ; 
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M = Madel results 

\ 
1 

(umulative probabilities of 

incurring up ta an A m';nute 

delay, A=5, 15, 30, 60. 
Model vs. Actua l resul ts. 

A = Actual statistics 

Cycle A. \ 
Mi nutes "'fA 1 

M/A Flt No. City Pair 5 15 30 \ 

M 346 YAM - YYZ .70 .87 .93 
A .68 .84 .90 

, 

M 346 YYl - YO\~ .55 .89 .96 
A .45 .78 .87 

M 346 YOW - YUL .42 .78 .93 , 
A .41 .67 .85 

"------
M 227 YUL - YQG , .64 .84 .92 , 

A .56 .81 .90 
. 

M 227 YQG - YWG .48 .74 .93 
A .55 .78 .94 

M 227 YWG - yye .\5 .91 .98 
A .71 .78 r .90 

M 227 YVC - YVR .32 .72 1.00 

A .52 .68 .87 

-

,,-
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60 

1.00 
.97 

1.00 
.94 

1.00 

.89 

.98 

.97 

1.00 

1.00 

1.00 

.97 

1.00 

1.00 
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Cyc le B. 

L -Ci ty' Pai r 
Minutes (A) 

M/A Fl t No. 5 15 30 60 
-

M < Z71 YWG - YQR ".89 .98 1.00 1.00 , 
, 

A - .. ., t" . 74 1.00 1.00 LOO 
• 0 

, "1 . 
'0 

M 271 VqR - yye .76 1.QO 1.00 1.00 

A • .71 1.00 1.00 1.00 

-H - 27L vve - YVR .43 .95 .99 1.00 . 
A .65 .90 1.00 1.00 

.. 
M 280 YVR - YQR .57 . 81 .91 1.00 . 
A .78 .87 .94 1.00 

~ 

. " 
M 280 

: 
YQR - YWG: .38 . 74 .90 

. 
1.00 

. 74 
. 

.84 .94 A .39 
• 

M 
0 

289 YWG - YQR .65 .84 .98 1.00 

A 
0 

.84 .87 .90 .94 

-

IL , 228 YQR - YWG .71 . la .92 1.00 

A .81 .94 .94 .97 

• 
M 228 YWG - YOW .51 .80 \91 .95 

A .of .61 .87 .90 .94 
~ ..... ~ 

fis fIIay be observed from the above tables the model results are consistent 

wlth the actual statistics in that deteriorations or propagation of delays 

or on the othe!' hand 1mprovements of the on-time performance are dep; cted " 

by the mode 1 wlten they occur in rea 11 ty. 

, 
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3.5 General comments on the approach . ... ~ 
Initifll y when one is attempting to solve a problem.~ one wishes ta 

satisfya set of objectives. Once the objectives a're 'well defined, one is 

faced with the problem of selecting one of the poss"ibly many approaches 

which are appropriaté for the situation. One may proceed in this selection 

by examining the literature on historical case studies or on other 

relevant material which may guide one to an appropriate approach. The 

success and failures of others are helpful in determini'ng the right 

di recti on. 

The objective in our case was tQ provide a tool which may be used in 

sCheduling to evaluate the on-time performance of fli9h~ sc~dules. 
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Moreover, upon examini n9 the many poss i b le alPproaches, we cons i dered our Ovin 

re~uirements and,benefitin~ from the successful use of one model by another 

airl ine, we made a choice of the approach and the ooael. A particular model 
)0 

may be sel ected in such a way, not neressarily because it i 5 the' "best" 

one. Alternatively, the model may be appealing because of its simplicity, 

low cost in running. or on the other hand because it achieves high accuracy 

and good rellability. The selection of the appropnate model greatly 

dependson the purpose lntended for its use. 

Below we shall examine other possible approaches, that could have been 

fol1owed to achieve our objectives. We shall also see how oth'er variations 

the model used in this thesis could have been designed. 

As stated in Section 1.3, the approach that was most often adopted in 

the past is the simulation technique. Here, one must ~egenerate or slnrulate ., 

' . 

• J 

" 
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the sequence orevents that actually happen according to some assumed 

probability distribution. Besides the block and ground time variables, 

connections must be simulated. The delay-causes are treated individually 
," 

as well, where each delay type has a certain frequency distribution., of 

occurance. Thus the scnedule may be simulated within the computerized 

procedure many times 50 as to obtain some, departure delay distributions. 

When' a complet~'schedule is simulated other variables may also enter ttfe 

picture. Starting with an assurned number of ava ilable aircraft per type 

- at each station ( ~ 0), aircraft reassignment may be performed. That is, 

if an aircraft arrives sa late that it may crea te a departure delay of more 
\ ' 
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than a specified limit, and if an a;rcraft of the type required is avail- \'f 
.,-( , 

able at that station then the available aircraft is used. This actually 

occurs in practi ce. Thus s imul at ion, when' it uses proper assumpti ons, 

gives a very realistic plcture of the problem. HO\'/ever, to run such a 

simu,lation, this requires very detailed and good data, and as mentioned in 

Section 1.3, this method requires long ~mputer turnaround time. 

/ 
/ 

Another ,.pos5ibil ity which 15 very similar to the above is to consider 
! 

cycle simulations instead of schedule slmulations. The former approach 
\ 

simplifies the problem. Since the complicated schedule network is reduced 
\ 

to simple alrcraft cycles, many variablès are dropped, such as the aircraft 
~ 

avai l abil ity Nari4ab 1 e and hence the prob 1 em becomes less compl ex. 

We may afso choose to pursue a univàriate model where the departure 

delay variabl e may be represented as a functio,n of the other factors such 
• . 

as: airport, a;rcraft type, number of legs priûr ta given leg, types of 

: 
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services prior to and following the leg; \d~istances covered prior to and 
) 

followlng the leg, season, tlnle of day and 50 on. Such a model would 
. ..... 

purely be based on historical observations. In such a case, much care 

must be taken in selecting a representative sample. of observations. 

AlternatlVely., an approach similar to ours may be adopted but basea' on 

78 

a dl fferent structure. Other vdri abl es .may be added, such as the lonnection 

tlille. Same spare aircraft distribution may also be appropriate for cer"tain 

. stdtions. Also, the block time variable Illay be s..plit into the fliqht and 

taxi t illle~. 

l~e have adopted one classlficatlOn procedure for each of our variable,s 
\ 

out\of a possible few. Also we have made some assumptions re9~rding the 

distributlOns of our variables - l ognorma l ity for B .. , TS. and IN.; 
1J 1J 1 

sOllle other distribution may have been appropriate as well. Moreover, we 

could have approximated the statlOn delél.y variables through some parametric 

lllstnbution rather th an using the empiri.cal one. 
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CHAPTER' 4 

PREDICTION OF THE PARA~lETERS 

In the case where a new T.. i s i ntroduced, that i s when a 
1J 

departure with a set of conditi ons occurs tha t has not happened in the ., 

past, the same mode~ is still applicable in testing the on-time .... ' 

perforrna nce. An example of a new T .. is when a new route or a new 
1J 

destination lS introduced. If sorne variables (B. , TS .. , TN., D. ) 
1J 1J 1 1J 

that are used in determining the distribution of T .. are historically 
1J 

available, one could use their-;pre-determined parameters (Chapter 2) 

and thus find thejr distributlOns. However if for one or more variables 

in the model we lack histarical data or if th~ avai1able ddta are few or 

bad for some reasons, then one has to resort to methods for pred i cti ng the 

parameter(s) of the distributlOn. 

The discussion below is restricted ta black time pararneters and 
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similar methodology may be applied in predlcting parameters for the transit 

or turn time variables. 

Hhen a new B .. is under consideration and no data are aVÇ),ilable, 
1 J - • 

one mu~t make certain assurnptions r:...egarding the d1stribution of Bij and 

its parameters, in drder to predict them as required by the model. Because 

of the evidence of lognonnality acqu1red in Chapter 2, it seems reasonable 

ta assume that any new B,. has a l~gnormal distribution as well. Twa 1J 

prediction r~lationships are ndw needed for ).J and 0'2 (or equivalently for 

Cl and ~2). Several possibihties are open ta consideration .. "'Naturally, 

-, . 
'/ 
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_ .it is much simpler ta predict the black time mean a than the variance 82 , 

-since one could relate CL to fixed factors such as distance, etc ... One 

couTd, also look for a relationship between méans and variances ~ and 0 2 

(or a a~). This problem has been discussed by P. Franke (1972) and 

reviewed b{ M. M. Etschmaier and M. Roshteim-(1974), where, indeed, a 

linear relationsh1p between ~ and cr was found. 

In Section 3.2.2, a regression of the means on the standard 

deviations falculated from 68 samples of logged block times WdS performed. 

Since each set of parameters "belong" ta a different population, we may 

expect a non-zero correlation coefficient between the sample means and 

80 

standard deviations. As may be observed from the discussion in Section 3.2.2,~ 

the correlàtion is -.8117 and the slope of the line (regression coefficient) 

is naturally negative. The F-ratio for testing a zero slope is highly 

significant which gives further evidence of the dependence of the means 

on their standard deviations. 

The high negative correlation could be explained in observing-" 

that much of the block variance lS due to the taxi time since this 1s , 

dependent m the traffic congestion upon departure or arrival. Moreover, 

the taxi time accounts for a large percent of the block time for short 

trips, while the inverse relation e~ists in the case of 

In addition, there is the possibility of making up for lost ti 

trips. Thus a larger variance is expected for the short block 

In Chapter two it was found that the block time fitted t e log­

normal distribution and that it was best classified by seison, air aft 
, 

type, city-pair and time of day: Intuitively, one would thus be motivated 
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to predH,t thp block time meall~ by equdUn!) these as a funetion of predsely 

these Stlille vdrldbles. However, since the city pairs are fiy(~d. th1s would 

lnhlbit the generalization applicable to city pairs f~r which no data 

eXlsts. It would seem more appealing ta translate this factor to a distance 

var)a.ble whil,e including an average headwind factor as well. A plausiple 

rnod~l is thus the followlng one: 

Block time = aa + Ctl • dlstance + Ct2 • Ume of day + Ct3 • season 

+ Ct4 • aircraft type + as . wind effect + error 

(4.1) 

The block time also depends 'on the geographic route and 

d1rection of the flight and this is accounted tor by the incl~sion of 

both the d1stance and "the average headwind factors. The time of day 

-
variable is split into one-hour interYâls from 7:00 a.m. to midniqht. 

The hours ln between are grouped into one additianal intervfrl. As for the 

a1rcraft type, numericaLcodes a're used as lndicators. The season 

varlable takes one of two values deplcting the summer or winter season 

(6 months each). 

Motivated by Franke~s discussion, model (4.1) could be further 

ref1 ned by tak 1 n9 i nto account the effect of the months of the year on the 

black tlrne. One way to do this lS ta treat the?eason lndependent variable 
1\ 
1 

as a llnear combination of trigonometrlc functions of tlme t, (t = l, 2, 

, 12). Then model (4.1) would becclme: 
.,' 

Black tlme Bo + BI . dlstance + B2 • t me of day + 63 

(21ft} . ~ ~ , 
+ 114, lOS -T S'). a1rcrift type + 8 f, • wlnd factor + error, i..,. 

4It (4.2) 
whcre T 12. 
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In Franke's prediction procedure, a somewhat different approach 

is pursued. The following model is assumed: 

Block time = JJF + Ils + JJ xo + llXA + JJH + error (4.3) 

where'JJF is the mean of flight time F, Ils is the mean of the seasonanal 

variance S of F, JJXD and JJXA are the mean taxi times at departure (X
D

) 

an~ arrival (X A) respectively and llH is the mean holding time (H) at 

arrival. To obtain the prediction equation of the above model, Franke 

considers independent regressions as fo llows: 

(1) II = F 01 + °2 . distance 

(2) Il = 01 + 02 sin 27ft + 03 cos 27ft S T T 

where 0i' i = 1, -2 and 0
J

, j = 1, 2, 3 are the corresponding regression 

coeffi ci ents, t i s -the month of the yea r index rang i ng from 1 to 12,' 
A A 

and T = 12. Let ai and 0
J 

be their. least squares estimates. 

The three other variables XO' XA, and H are each averaged 

from historlcal data, classlfied by individual station or by stations 

with similar conditions. These.averages serve as the estimates 0
X 

' 
'. 0 

0XA and 0H respectively. The prediction equation (4'.3') nOvl becomes: 

Mean block time = 81 + &1 + 02 sin 27ft + &3 cos U + 82 • (fistarlCe 
'T T 

(4.4) 

In perforTing independent estimations of the components of 

model (4.3), it is conceivable that any intercorrelat,ions between the 

'variables may be omitted. In addition to this, it_s.eems q~ite difficult 

82 
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(, 
to obtain a good measure of the fit for model (4.3) wbile for the more 

direct regression approach used in model (4.U, R2 together with the 

F-ratio may serve for this purpose. 

Returning ta our former discussion, we now have a procedure to ' 

predict the mean bl~k time (4.1). A relation between u and cr was also 

estimated in (3.15). To estimate the parameter ~ and 0 for a new B .. , 
o lJ 

we use both of,these results together with sorne lognormal theory-.as "l.. 

follows below. Let ~,and 0
2 be the mean and variance of the logged block 

time variable, respectively. Also, let a and 62 be the corresponding 

mean and variance of the block time. Since the block time data were found 

to be lognormal,equations (2.4) and (2.5) are applicable and give the 

h :-followin~ equat~on: 
\ 

2·1 n a = 0 2 + 2u ( (4.5) 

Model (4.1) permlts the prediction of a. Therefore we may 

use the calculated â and r~lace u in (4.5) by ~ as follows: 

2·1 n ~ = 0 2 + 2\1 (4.6) 
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Now, using the estimated linear relationship between)1 and cr [c.f. (3.14)],';' 

\1 = y l + Y 2° 

we obtain a system of two equations in two unknowns . 
• > 

,", 

Substituting (4.7) in (4.6) we obtain th~ following quadratic equation in ;: 

o 2 + 2r 20 + 2 ( Y 1 - l n ~) = a ) (4.8) 

Its solution is given by: 

o :: -12 ± (1 ~ - 2 ( YI - 1 n Cl 
A ))~ (4.9) 

,(,r' 

-
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Il 
In certain cases, (4.9) may 'give complex, negative or two positive roots. 

In the flrst two cases, the r60ts ar~ not acceptable, no prediction can 

be made and the analyst must either investigate the goodness of the 

pr2diction models or use other methods of prediction (for instance, 

o ~ ln l~ and Œ = ~ YI ).If (4.9) gives two positive roots one can 
~-...;:,. " 

in 'esti~ate, their and perhaps reJect a IIbad ll solution u,sing 

. eml 1 ri ca l cri teri a uch as 0 < cr < l . 

.. 
USlng the e-st1mated values of Y

l 
and Y2 with (4.9), no complex 

ront wa-s ob ta i ned for a range-of Ct from 20 to' ,600 mi nutes. Thi 5 range ~ 

V1ves the 1imits of black times for the present flight levs of the 

Alr Canada Schedule . 

Hence, uSlng our estimates Ct from the prediction model (4.1), 
c 

toqether with the estimated relatictn between Il and (] in (3.14) allows, 

uSlng lognormaJ, theory, the prediction of 0 and â for a nfW B ..• 
1J . , 

The estirnate 0 is obtained by -substituting â from (4.9) i l1to (4.7). 

Sorne data were recorded int'tln attempt to use model (4.1). 
\ ~ 

, , , 

rOt thls exercise, the data Coll('cteiw~'re fo~ one season only (sumner) 

.Mli thus the season lndependent \ariabJe in (4.1) was ,therefore equated 

ln l.ero. The second column oi the Table 4.1 below gives the average .. 
-

bloek tllllCS for the city pairs, rllrcraft types and time<) of the day shown 

on theother co1unms of the table. Th~se averages, calclJlated for tb~ 
o 

IIlonths of ,July and I\ugust 1973, served as the dependent van Ib1e id solvlng 

11111<1('1 (4.1), 
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Table 4.1 

Ci ty Pa i r Avg.Block Ai rcraft Time of Distance Wind 
time type gay Effect 

ANU -BOA 145.63 2 5 927 -2 

ANU -YUL 266 .. 22 1 6 1803 ' . -7 
-

ANU -YYZ 275.29 1 5 1833 . -8,' 

ANU -YYZ 273.95 2 6 1B33 'Il 1 

BOA -ANU 150.38 2 11 927 1 

BOA -YUL 148.64 1 4 892 -15 

BOA -VYZ 160.'72 1 . 8 978 -19 

BOA -YYZ 161. 75 2 9 978 -19 

BGI - YUL 305.17 2 11 
~~ 

2075 -5 , 
\ , 

BGI -YYZ 310.38 2 9 .. 2088 ':.~7 
,-

BRU -YUL 454.33 l 7 . 2997 -.32 , 

, 
The time of day represents the hourly ; nterva 1 s: 1 for 7: 00 - 7: 59 hrs, 

2 for 8:00 - 8:59 hrs, ... , 17 for 23:00 - 23:59 hrs, and 18 for 0:00-

6:59 hrs. The distance (in great circle miles) and the ~'Jir.d effect \Icre 

both obtained from the vlor1d Enroute Winds tables, published by the 

Boeing Company. The t~"o alrcraft types 1 and 2 represent the DC8 and D8S 

aircraft respectively. 

-
USing the above data, model (4.1) was applied and gave the 

following results: 

Mean block = 12.2665 + 2.0667 x Aircraft type - .0392.~ time of day 

1 + .139639 x distance - .584665 x wind ef1ect. 

(4.ià) 

The F-ratio obtained for the above regression has 4.and 6 degrees of 

freedom, :is F4,6 = 1760.7 which is highly significant. The, R2 
= .99915 
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which is of course very high and supports the goodness of fit of the line. 

As we might expect the block time varies positively with the distance as 

is indicated by the estimated regression coefficient. Also as expected, 

the distance and the wind factor account for most of the variance. The 
l 
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t-values for these are 77.9 and -3.9 respectively which are bath significant 
" 

at a = .01. When regressing the block time variable with the latter two 
\-

independent variables, a gaod regression is also obtained: 

MeaÀ black = 15.7979 + .1396267 x distance - .5251184 x 'wind effect. 

(4.11) 

Here, the R2 is .99908 It is believed that the aircraft type and time of 

?ay influences would be greater in (4.10) with a larger sample of observations. 

When the regression (4.1) and thé relation (3.14) are ~erformed on 

a complete, representative set of data, the corresponding estimated 

regression coe~ficients may then be used to estimate 0 and ~ as in (4.6). 

Table 4.2 below gives the values calculated by (4.10) and compares them with their 

corresp~nding observed value~ As may be observed the percent relative 
, 

errors tabulated below are quite small. 

! Using this set-up" for pre~icting ~ and cr, we are makirig sorne 
l 

undarlying ~ssumptions. First, the space of the lognormal parameters is . 
..... 

-being restricted to a line which is estimated by (3.14). Also, a, the mean 
: 

'" . , 
block time is assumed ta be a linear f~nction of sorne independent variab\es~< , 

~,; In both cases we hav5= obtained large R2 and F-ratio's w~ich support the 

goodness of fit of thé "lines. Therefore, it is felt that these assumptions 

are somewhat justified. 

------ -

, . , , 
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JABLE 4.2 

Observed Ca1cu1ated % error 
B .. B .. ((Ca1c.-Obs. ) lJ lJ 

(minutes) (minutes) ';'Obs.) x 100 

145.63 146.82 .816% 
266.22 269.96 1.405 
275.29 274.77 -.188 
273.95 271. 54 -.880 
150.38 1'44.83 -3.691 
148.64 147.50 -.716 
160 .. 72 161.70 .607 
161.75 163.72 1.220 

~ 

305.17 308.64 1.138 
310.38 311.71 .427 
454.33 451.27 -.674 

Altermftive1y, it may have been possfble ta pursue the prediction 

of ~ and ~ by other approaches. For instance, we may elett to relate a and 

82 to other independent variables in a way similar to the prediction model 

for a in (4.1). When such estimates ~ and 62 are obtained, we may solve for 

~ and ~ with the aid of the theoretica1 relation~ (2.4) and (2.5). We may 

a1so attempt to reldte ~ and 0 2 to sorne independent variables. No matter 

which prediction approach is selected, some assumptions on the Bij , other 
. , "-
than that of lognorrnality must be made. Thus, in any case, the prob1em 

becomes one of testing the validity of the assumptions, as we have done 

above . 

.. 

1 



• 

\ 
J 

..... , 

• 

• 
APPENDIX A 

RETRIEVED DATA FROM MONTH-LESS-CREW TAPE 

(Per flight-leg) 
\ 

A. Scheduled data. 

t 1. Scneduled originating date , 

- - year -, . 
- month 
- day 

" . 
2. Scheduled day of year (1-365 ) 

3. Day of week (1-7) 
\. 

4. Flight serial number 

5. Leg sequence number 

,6. Scheduled times c 

- scheduled departure time and 'departure time zone 
- scheduled arrival time and arrival time zone 

7. Stations 
- ~parture station 
- a rival station 

8. Service Type 

9. Scheduled leg-miles 

10. Scheduled b 1 ock mi nutes 

11. Scheduled departure and arrival dates 
- year 
- month 
- day 

0 

12. Scheduled departure time for Originati~ion 

13. Scheduled origination/termination ~ode 

B. Actual data. 

1. Attual departure date 
- year 
- month 
- day 

o 

.. 

of fl i ght , 

.. 
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2. Actual times 
time out 
time off 
time on . ~ 
time in 

3. Station delay minutes 

4. Actual aircraft €ode 

6. Aircraft serial number 

6. Actual flight min~tes 

7. Actual blocklminules 

8. Actl:lal leg miles 

9. Irregularities' 
'- leg type 
- dupe code 
- irregular reason code 

l' 

. \ 
" ' . .' 

1 . , , 
l , " ' 

'. 
;; 

" 

\ 

" 

/ 
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• -- AIR CANADA FILE DESCRIPTION 

OF MONTH-LESS-CREYJ TAPES 

1. Fl i 9 ht Code. . , 

Identifies type of flight; codes'are: 

SPACE - Scheduled Fli~ht 
o "'" - Revenue Extra Sectio.n.· - _. -" 
1 
2 
3 
4 
5 
6 

( 7 
~ 8 
'~-9 

- Charter 
- Excess on Schedulêd & Extra Section 
- Operational 'Extra Sectio-ns 
- Ferry 
- Test 
- Courtesy and Pub li city 
- Familiarilation Fli,9,hts 
- Training Flights 
- Competency Fl ights 

~ 2. Scheduled Originating' Date - Year, month; day . 
• 

Date on which flight is scheduled to depart from originating station . 

3. Flight Number. . \ 
Flight desiynator aSS19-11ed to a specifie flight. 

4. Scheduled Numeric Day of Year. 
'. 

Numeric day of year on which flight is scheduled,tb depart from 
origi'nating station. 

5. Numeri ~ Day of ~leek· 
, )-". 

Numeric day of week on whieh flight is scheduled to depart from 
station, based on ?cheduled Departure Dat.?~ ].cir1day =.day 1. 

6. Leg Sequence Number· 
/ 

Numbering of flight legs in operating sequence'within flight,number . 
• 

. 7 .. Departure Statio'h· 
-

~f" From Station alpnabetic designator. 
() 

8. Scheduled Departure Time.- . 
i 

.~ Schedtil ed time out of stêltion in mi nutes. 
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9. Departure Station Time Zone. 

Numeric Time Zone code of departure station. 

10. Arrival Station. 

To station alphabetic designator. 

Il: Scheduled Arrival Time. 
L '-

Scheduled time i nto stati on in mi nutes. 

12. Arrival Stat10n Time Zone. 

Numeric time zone code of arrival station. 

13. Service Type Code. 

Numeric service code. N. Amer.içan = 1 Atlantic = 2 and Sauthern = 3. 

14. Service Transfer Code. 

... 
15. 
\ 

16. 

17. . , 

Numeric service transfer code. Codes are: 

1 = A 11 dames .. i c N. Ameri can f.l i ghts 
2 = International N. Amedcan f1.ights 
3 = Atlantic fl4ghts 
4 = -?outhern f.lights 

NOTE: Unlike ~ervice code which identifies the service ta whfch 
-- each f1ight leg is applicable, the service transfer code . 

indicates the Service to which the entire flight (all f1ight 
..,. legs) is chargeable. 

.'Ie 

Strata. 
, 

Strata Rumber to which a flight 

Route Number. 

Route number ta which a fl ight 

Di recti on Code . 

Direction in which a fl ight leg 

1 = East/South 
2 = West/North 

l 
leg a~l ies. 

/ 
leg applies. 

... 
i's operating. 

18. Log Number. Î \~. <.~ ~--

Numeric cade,assigned ta a flight leg regardless of direction. 
l 

9J 
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19. Scheduled Leg Miles. 

Flight leg mileage scheduled. .. 
20. Scheduled Block Minutes. 

\' 

Scheduled Elapsed time from scheduled time out to scheduled time in. 

21. Schedu'led Aircraft Code. 

Alpha-numeric code of aircraft type schedl,lled ta operate flight leg . . 
22: Installed Seats - First Class. 

Number of first class seats installed on aircraft scheduled ta operate 
the flight leg. 

\ , 

23. Installed Seats - Economy. 

Number of economy seats i nsta 11 ed on ai rcraft- schedu l ed ta opera te 
the flight leg. 1\ 

-
24. From Station Region COGe. 

New Customer Servj ce Regi on Codes. CQdes are: 
" 

Code Region 

3 U.S. 
4 . Southern 
5 Western 
6 Centra 1 
7 

ri 
Eastern 

8 European ;; .... 

25. TD StâtiônRegion Code. ~ . 
--. { ~-----

.Same as item 24 only pertains ta arrival station. 

26. Flight Movement Load Flight Code. 

V 

D 

Indicates FTight Code shawn on Flight Routing File which could be 
changed (when writing out a new record) as a result of the Dup~ • 
code indicated on the Fl ight Routing File. ., 

27. Fl i ght Movement Load Dupe Code . 
• 

1 

Dupe c'ode'indicated on Flight Routing File. Codes are: 

cl 

", 
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Code 

1 & 2" 

3 
4 

• 5 

Exp 1 ana t.i on , 

'Used wheo a change of equ; pment occurs at an 
unschedul ed poi nt. 
Indicates a diversion. (ExGess flying). r' 

Indicates a' Charter flight. 
Indicates that an Extra Section flight leg 
is non":revenue . 

28. Scheduled Departure Date - Year, ·month, day. 
v 

Date on which flight leg ;5 scheduled ta depart from dep?rture station. 

29. Scheduled Arrival Year month da . 
'\ 

Date on which flight ~I---T"""scheduled ta arrive at arrival station. 

30. Day Code. 

Code Explanation 

SPACE No Irregular;ty. 
1 Irregularity - Shows flight leg as it actually operated. 
3 Irregularity - Shows flight leg·as it should have operated. 

34. Dupe Code. 

Refer to item 27. 

35. Irregular Reason Code. 
J 

Reason for Irregularity into or out of station. Codes are: 
~ 
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36. 

37. 

38. 

Code 

IX 
2X 
3X 
5X 
6X 
7X 

ScheduYed 

Scheduled 

Schedul ed 

Scheduled 

pel2arture 

. -

Reason '---- " 

Canee 11 ed. 
No stop _. . . 

\ landed (Unscheduled stop). 
. Originating (Unsched.uled origination). 
Te"minat~g (Unsche,luled termination). 
Return~d (attempt). ' 

pri9ination. 

Originating station of Flight, i nd i ca ted 'by a 1. 

TerminatlOn. 
. r 

terminating statjon of Flight, i nd i ca ted by a 1. 
'f 

belai: Reason. -.. t 

Reason Code for Delay out of Oeparture Station. This code will appear 
only when a station delay has' occurred. 

39. Ueparture Oélay Minutes. 

Number of minutes flight was delayed out of departure ~.tati(n, 
based on comparison ~of actuiI:l time b Jt ta scheduled time Oui. 

40. ~rrival Delay Reason. 

-Not u5ed,. 

41. Arrival Delay Minutes. 

Number of minutes flight wasrlate ar, lVlng at station, based on 
'l.omparisun of actual time in to Sche(luled time in. 

42. ,)_tati~n Delay Minutes. 

L 

lIelay minutes char~wab-le to Departure Statlon. Arrived at lIy sutJtract, ng 
lhe Arrival Oelay minutes from the D,~parture Delay minutes. If the Art 1 val 
I)elay minutes are' 'greater than 'zero ~he Depar'ture Delay mint tes then 
!lecome the Station Delay minutes. "j 

, . 
Number of minutes flight leg was deldyed i ~ flight. ,\rrived at by , 
subtractlng the Departure Delay MinuLes frJm the Arrival Delay mlnutes 
at the next scheduled downline statirJn. .t 

44. (~r~i~Lnnt_inlL.Q_eQartur:e ,Code. 

Denotes cl downline (rigination of a fl1ght Slynified by a 1. 

- -

\ 
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45. Actual Oeparture Date - Year, month,"day. 
'( ., 

Date on which flight actually departed from Departure Station. . . 

46. Actual Leg Times. 

Actual times out of ramp, off ground,~un ground, and in-ramp, indicated 
in minutes. 

47. Actual Aircraft Code. 
\ 

Alpha-numeric cqde of aircraft type actually opêrating flïght 1eg. 

48. Actual Aircraft Number. . . 
Air Canada number of Aircraft ad:ually operatil1g f1ight 1eg. 
'\ 

49. Actual Flight Minutes. 
o • 

Actu,al elapsed time from time off ta time on.-
1 

50. Actual Block Minutes . 
.-

Actual -ela~sed time from time out to time in. 

51. Scheduled Block Minutes Actual Aircraft.' , , 

Sd)edul ed el apsed time from schedul ed time out ta ~chedul ed time in. 

52. Actual Le9 Miles. ~ 

Fligtft 1eg 'miTeage actU'â.lly flown. 

53. From Statio~ Collator. 

Air Canada numeric sta:tion identifier of the Departure station . . 
54. S ace Available~' '. 

S ce available for Revenue Payload indicated in .p,ounds. 

55 Fuel Boarded. 

" Quantity of Fuel boarded indicated in either gallons or li"tres. 

, 56. Mail Boarded. 

Total pounds of Mail boarded. 

57. Express Boa~ 

Total pounds.ofkxpress boarded. 
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Total f Express carried. 

62. Fr . 

Total p Frei ght ca rri ed . 

63 .. Cornat Carr; ed. 

Total pounds of Cornat ca~ied. 

64. Seats Available-First Class. 

First Class seats available for sale. 

65. Seats Available-Econorn,y Class,-

Economy Class seats available for sale. 

66. Total Passengers Carried. 

Total passengers carried, First and Economy, i ne l ud i n.g CON 15 and 
pas as indicated on the Flight Load Mes sage. 

\ 

67. €cmtingent Pass~ngers . 

Contingent Passengers c~rried. 
\ 

68. Passengers Boarded-First Class. 

Total First Class passengers boarded, includes Revenue and pas (NOG/AOG). 

69. Passengers Boarded-Econorny Class. . 

Total Econorny Cl ass passengers boarded, i ncl udes Revenue and POS (NOC/AOG) • .. 

• 70. Passengers Carried-Reservec First Class . 

Total First Class passengers carried, includes Revenue and pas (NOC/AOG). 
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71. Pass~ngers Ca~ried-Reservec Economy Class. 
\ 

1 , , 

Total Economy Class passengers carried, include~ Revenue and POS (NOC/AOG). 

1 72 . Passengers Carried-First Clas~. 

First Class Revenue p~ssengers carried, includes adjustments. 
, 

73. Pa~senger~~arri ed-Economy C]ass.-
1 

Economy Class Revenue passengers carried, includes adjustments. 

74. NOC/AOG Passengers Carried-First Class. 

First Class NOC/AOG (POS)'passengers carried. 
'\ 

75. NOC/AOG Passengers Carried-Economx Class. , 
Ec'onomy Class. NO.C/AOG ~OS) passengers carried. 

l'. 

• 

, 

. , 

\ 

\ 

'-1 
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• "APPENDIX B. 

6 

This Appendix gives the results obtained fram the BMD . 
statistical packag~' (program BMD02R) which performs a simple l inear 

The tablecf residuals is also given. 
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• APPENDIX C 

" , 

Appli~ation of the mOdel Yàp two cycl~es extracted from the 

summer 1973 Ai r Canada Sche~ul e (D9S· Aircraft). 

TABLE 1 
.-. 

~~-')-

Cycle A: 
,. 

/J>'" • , 
" . • 

" 
1 FLIGHT 346 

1 
YAM YYZ YOW YUL 

07:00 07:55-08;25 09: 15- 09 : 35 .,,' 1(1:05-

G . 

1 fL"U GHT 227 -------------." 

YUL YQG YWG 'i!' YVC YVR 

-11 :25 --12.:55-13 :25 --" 15:40-16:20--18:15-18:35--- 20:25 . , 

Cycle 'S: 

f r--------""-_-<.-:-'" FLIGHT 27~ =============:::;-, --------1 
'" YWG YQR . yye YVR 

~ 

'\ 

06:00--- 07,:00-07:20--- 08:30-08:50 ---- 10:05-

FLIGHT 280 r FLIGHl 289 
,.., 

" /' 1 1 
(J . VVR YQR VWG VQR \ 

\ 
" '-

, 
~11 :25 " 13:15-13::15 14:30-15:~0 16.;3r 

\ v, 

1 
FLIGHT 228 1 .')l VQR ' '" YWG YOW 

--17:15 18 : 10-18: 35 20: 55 

#' 
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TABLE 2 

Est imates of b l o~ time parameters 

C~, Pair 
Section " 
of day *** II 

~\ . 
_,VAM - YVZ 2 4.03362 . 

VOW - YUL 3 3.47600 

VQG - YWG 4 4.88817 

VQR - YHG " 4 3.99912 

VQR - YVC 2, 4.24126 

VUL - YQG 3 4.44474 . 

V~R - YQR 3 4.70895 

. YWG - YOW 5 4;90770 

YWG - YQR 2 4.10333, 

VWG - YQR 5 4.07327 

VYC - YVR 2 4.31898 

VYC - YVR 5 4.29096 

VYZ ..; ~OW 2 '3.84623 
. 

TABlE 3 

" .. 

"-
l:r 

0.057130 
, 0.100610 

0.040620 

0.062467 
0 

0.053950 

0.044830 
, 

(}.051l06 

0.045269 
~ 

0.066746 
.~ 

O. bS5489 

0.0679'68 

0.055610 

p.075578 

Estimates of transit time parameters (all serviçes Domestic) 

Di st'ance A A 

Station indices* ,)1 cr 
-

-

-

YOW 6 - 6 2:96083 0.356370 
, 

YQG 1 .: 1 3.44872 0.257650 

YQR 6 - 6 2.96594 0.184573 
, 

YVR 6 - 1 3.56371 0.187682 

YWG 1 - 1 3.19808 0.265860 

j 
-

0.201312 YWG 6 ;- 1 3.18499 

~YC 1 - 6 3.12048 0.21036 

YYC 6 - 6 3.0?369 0.208036 
1 

YYZ 6 - 6 3.40492 0.126960 . 
-". 
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• TABLE 4 

~ : 
Estim~tes 9f turn time parameters (al1 services Domestic). ' 

... 
v 

,. ,. 
Station II cr 

~ 

YQR 3.04112 " 0.25120 .- -
YUL ,3.63962 0.29239 

YVR 3.69887 0.25943 

YWG 3.62386 0.-29128 

. . 
. -

TABLE 5 . 
Station'Delay frequency distribution 

YOW (3) ., YUL (3) YVR (3) YYZ (2) 

MINS. FREQ. MINS. FR.EQ. MINS.- FREQ. MINS. FREQ. 

0 55 a 53 ~-~-- -0,. 32 ~ 0 40 
1 10 1 3 1 3 1 7 
2 8 2 Il --2 11 \\ 2 8 
3 9 3 10 3 9 3 8 
4 7 4 8 4 7 

" 4 7 
5 11 5 7 5 ,10 " 1 5 8 
6 9 6 2 6 5 6 1 
7 5 7 4 7 4 7 4 
8 4 \ 8 3 8 5 8 4 

0 9 2 9 6 10 3 9 2 
la 4 Il 4 Il 3 10 3 
11 2 13 2 12 4 Il . 1 

- - --- --12-- 3 15 5 13 2 12 3 ----
13 1 18---- 3' 14- - 3 - 13 1 
14 1 22 3 16 ~L 3~ 15 1 
15 2 24 2 19 2 18 1 
17 '2 29 4 21 3 20 2 
20 l' 32 2 28 2 22 1 
23 1 33 l 30' 2 24 2 
24 1 35 2 31 1 29 2 
2& 1 40 , 2 32 2 30 1 • 40 .. 2 "b.., '60 2 35 2 40 1 
45 2 63 2 38 1 60 1 

40 2 68 1 .\ 
43 1 75 1 ,_ 

50 tt ,... 
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TABLE 5 (Conti nued) 

• 
YWG (2) VWG (5) vve (5) vve (2) 

MINS. FREQ. MINS. FREQ., MINS. FREQ. MINS. FREQ: 

0 33 0 26 0 32 O~ 36 
1 6 1 6 1 ~ 1 4 
2 9 2 2 . 2 9 ~ 2 4 
3 5 3 6 3 9 3 8 
4 1 ( 4 3 4 8 4 6 
5 1 5 6 5 9 5 8 
6 2 6 1 6 6 6 4 
7 2 8 1 7 3 '7 5 
8 1 10 2 8 1 8 5 

10 1 12 2 9 1 9 1 
20 1 13 1 11 1 10 1 

14 1 13 1 Il 2 
, 18 1 -14 1 15 2 
23 1 16 1 16 1 
30 2 19 1 20 1 

. 35 1 25 1 22 1 ' 
~20 1 
48 1 

. 
VAM (2)*** , VQG (4) YQR (2) YQR (4) 

MINS. FREQ •. MiNS. FREQ. MINS\, FREQ. . MINS. FREQ . 

0 18 o . 11 0 
..., 

31 0 20 
5 3 1 1 1 3 1 4 
6 1 2 6 2 6 2 4 
8 1 4 3 3 8 3 6 

12 2 5 5 4 5 4 9 
13 1 7 1 5 4 5 9 
15 1 9 1 ·6 2 6 2 
19 1" 10 1 8 2 7 1 
28 l. 11 1 9 2 9 1 

" 43 .1 25 1 10 2 
48 1 30 1 Il 2 
) 28 1 

/ 40 1 / 
~ 

* Di stance indi ces: 6 = () - 500 mil es 
1 = 500 - 1000 mil es 

" 
,. 

** Sect; on of day: 1 = 0 - 5: 59 hrs, 2 = 6: 00 - 8: 59 hrs, 

\ 

3 = 9:00 - 11:59 hrs, 4 = 12:00 - 14:59 hrs, 
5 = 15:00 - 19:59 hrs, 6 = 20:00 - 24:00 hrs. 

*** (.) Der.1Otes the sect; on of day. 
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D A 
L" 
PL 

.' 

Table 6: Cycle A 

ON TI~E PEPFOPMAHCE 
F'POf:HE: 1 LI TI E = 

••••••••••••••••••••• 
• D9: :UMMEP 19?3 • . 
••••••••••••••••••••• 

= DE PAF' TUF E r; A~'P 1 VAL DELAY. 
= LIUE TD LEG. r 
= DUE TD PPEVI~U~ LEG. 

C = DUE TO C ','C LE • 

) 

','AM - ')")':-',' 0 1.1- 'lU L -' (CIf;- 'r' 1"6- 'l' ') 'c -' r'~,ir;'- 'y'E G - y'ftlG-

106 

........................ i .......... · ..... 1'18:< IMUM IIELA')' ~1 ItiUTE:: .................... 
FU ';HT TIUE." 

1 

WJ,;: LEG Il Fi ID.. (1 • "'; • 1 1) • 15 • • ~,O • 
-------------------------------~---------------------------~------------

• 

:::46 ','At1-y",';::: Ir 
Fi 

~Ht. ',",':-','01,) Il 
Tt 
Il 
Fi 

~:4t. ','0101- ,'UJi' Ii 
Ii 
Il 
A 

22~ ','UL-','C"; fi 
fi 
fi 

L •• 0.600 • O.~I)O • 0.;'6~ • (I.:::":,~ • O.'~=:=: • 1.000 • 
L •• 0.381 • n.88;' • 0.995 • 1.000 • 1.000 • 1.000. 

L • • (I.~: t, 4 • -O. ~ (l'~ • O. :::: ::: t=, • O. :::: ':4 1 • o. ':' t::. 4 • 1. fi (1 U • 

PL •• 0.402 .. n.~t::.8 • 0.9"';1 .,n. Q 95 • 1.000 • 1.00n • 
C •• 0.14":, .. u.S-l5 • O.;"~5 • O.:::::::;' .. ü.'~":,4 • ,1.0':,(1 ~ 

L •• (1. :=: 4 ,:' .. Il. ,:;. ::;' !::: • 1. 0 (1 (1 • 1. 0 0 0 .. 1. 0 (1 0 • 1. n Ü 0 .. 

L •• 0.320::; • n.SQQ • (I.86~ • 0.930 .. 0.9~2 .. 1.000 • 
PL •• O.t,t:~ .. /.1.:::45. '-'.':<2'::'. O.'::.t=.'::. .. O.'~'~'~. 1.0(":'" 
( •• O. l '54 .. Ct. 4 l '5 • 1). 6 .. E; .. (1. ~;-"~ .. (I.'~ 2 ~ • 1. (J ,) ,) .. 

L • • (1. 1 ::: 1 .. (1.;' 4 1 • O. '?< ~ 7" .. 1. 1) fi (1 .. 1. 1) ':' 0 • L. (1 0 (i • 

lJ> 

L •• (1.376 • (I.~52 • 0.;'59 • 0.93~ • 0.922 • (I.9;-'~ • 
PL •• 0.993 • n.99~ • 0.999 • 1.000 .. 1.000 • 1.00'-' • 
( •• O.?S;-' • 0.640 • 0.;'59 • (I.8~7" • (1.922 • n.~~~ • 

AL. • (1. ,~ 1 2 • (I.'~ '~ '5 • 1. (1 (1 (! • 1. (, 1) (1 .. 1. (1 Ct (1 ,. i. (1 1) (t • 

22~ ','(1(;-','1.1(.; fi 

Il 
fi 
A 

, 
22;' ','hl(;-'r",'( Ii 

Ii 

L • • I).~: 4 4 • n. '::: 1 ::: '. O. ':;. (1 t, • O.'~ :::;::: • 1. (1 0 1) • 1." 'rr 0 • 
PL •• O.t,51 • 0.:::11·~-. O.'~I~I'::. 0.'~5·~. I).'~'~'~. 1.(10(1. 
C •• 0.147" • (1.4;''5 • O. t::, :::'~ • O. ;-:'42 • 1). '~2t::· • 1. (i (1 0 • 
L •• 0.6 Q 6 • 0.920 • 0.988 • 1.0DO • 1.000 • 1.000. 

, 
L •• 0.419 .'n.790 • 0.8'55 • 0.919 • 0.9S4 • 1.000 • 
PL •• 0.9S8 • O.QS9 • 0.997" • 1.000. 1.000 • 1.0uO • 

Ir C •• O.:::O~ • ('.':.48. 0.;';'3. O".'~05. u.'~:=:4 • l.JjJ~"'. 
AL •• 0.5 Q 3 • 0.849 • 0.964 • 0.994 • 1.000 • 1.000. 

~ 

L •• 0.;:44. (',:::1;". O.'~~,5. n.'?!,;.:::. 1.001"1.1.00('. 
PL •• O,:::~,;-' • fi":"::' 1 • 0.;::22 • (t.'~:::5 • 1.00(1 • t.'I!)') • 
C •• O.(J~,'~. ,-,.:::};'. 0.S4~~. (1.;-'':::0'' 1.(I(lf, .. 1.I.I(,I!'" 

L • • 0.;-"25 • (I.'~ "=' (1 • (I.'~ .~ ::: • 1. 0 1) fi • 1. 0 0 1) • 1. fJ 'J (,;;. '" 
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Table 7: Cycle B 

ON TIME PEPFDPMANCE 
PPOE:FtI: 1 LIT 1 E-:; 

• •••••••••••••••••••• 
• D9: :UMMEP lQ~3 • , 
••••••••••••••••••••• 
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D A = DEPAPTUPE A~prVAL DELAY. 
L = DUE TD LEG. '. 

Pl = DUE TD PPEVIDU:'LEG. 
C = DUE TO C','( LE. 

<:) 

(','CLE '(1.113-' ('(lP- ')''y'C- ','\ 'p- 'l'C'P- '1"1.1(;- Y(:)F'- 'T'I,I(;- 'y'OI,I- ' 

••••••••••••••••••••••••••••••••• MA~>: 1 MUM DELA'y' MINUTE: 
FLIGHT DUE •• 

tm. LEt; Il A TD.. CI • 5 • 1 (1 • 15 • ~: Cr • ':,0 • 
------------------------------------------------------------------------, , 

, 
2-;-' 1, '(1.),:;-', OP fi L •• '~'.5::':' • Ct.::::::;::;' • !).'~:::4 • O.'~:34 • 1.0')1) • ,1.000'. 

L •• 0.4'~t, .. 1.1.:::::::1 • O.'~::::-::< • 1.000 .. 1.000 .. 1.000 • fi 

" L •• 0.5(1('" O.cq'~. 1.000.1."000.1.000.1.01.10. 
D PL •• 0.523 • 0.a2~ • O.9~2 • 0.~~6 • 1.0no • 1.000 .. 
D C:.4;> O • .='t;:,1" O.~t=,O. 1.000.1.000.1.000-.1.00'-'. 
FI L. • Cl. 5 (fil • Ct. '? '-' 1 • (I.'~ '? 4 .. 1. 1) 0 (r • 1. (1 0 1) .. 1. 1) CI fi • 

Ir 
Ir 
Ir 
A 

Il 
Il 
Ir 
Ft 

D 
Ir 
Ft 

L .. .. n.~: .;;, .:' .. 1). -;-' 2 '5 .. 1).';;' 0 1 .. O.'~ 4 '5 ... o.'~ :::: '~ .. 1. (1 (1 (r • 

PL. • 1). "L"" (1 .' ,) • ~ ~ '5 • (1. '? ~: 5 • 1). '~~.; ... 1. r) (1 (1 .. 1. (1 (1 (1 .. 

r: • • O. 1 (l'~ .. (r. 4 :: 1) • (1. :::: ·ll • O.'~ 4 ~, .. O.'~ ::: '3 .. 1. (1 (1 (1 • 

L •• 0.-+52" O.;-,q::::~. 0.':"'5::::. 0.~':;'5" 1.000. i.elno .. 

L •• ('.2'5-::: .. ~f.<=;'::1 .- O.~1:;:: • O.:::15l:r"?11 • 1.QOO • 
F' L .... r). '? '~ t, .. Cr. ':"~ q .. 1. 0 (l') • 1. (1 CI 0 .. 1. (1 0 0 • 1. (1 (1 (1 • 

r: • • (r. ë' '::; è' ... (1. '5;::: +-. -1) . ;' 1~: • fi. ::::: 1 2 .. (I.'~ 1 1 • 1. 0 Cr 0 • 
L •• n.~6~ • u.~8'5 • 0.9-4~ • 0.992 .. 1 .000. 1.000. 

~ •• 0.323 • ~.q39 • 0.935 • n.~68 • 0.9S4 • 1 .noo • 
PL •• O~~9~ • 0.~61 • 0.~21 • 0.982 .. 1.000. 1 .00d • 
r •• fI.O~? .. O.3~'5 • 0.591 • O.~36 • O.89~ • 1.000 • 
L •• O. 6 O'~ • Cr. '~51 • (1. '?'?::; .- 1.1) 1) 1) • 1. (1 Ü (1 .. 1. 1) 1) 1) .. 

L •• n.41~ • (I.~9n • 0.255 • 0.919 • 0.984 • 1.000 • 
Il F' L •• Cr. '? 4 '? • 'L q ~ 2 • 1). '~'3 t. • 1). '~~::: • 1. (1 (1 0 • 1. (, 1) ,) • 
fi C. • (I.~: 1 -4 .. 0.':,4'':, • (1.;-' 4 ~, • ,.,. :3 ~::: .. 1). '? :: 4 • 1. r) on. 
AL. • (r. ~ (12 .. (1. '::.;-' '5 • l. (i Cr 0 • 1. (1 1) Ü .. 1. 0 (1 0 .. 1. 1) (1 1) .. 

22::: 'r'C'P- ï!.JI:; Il 
rr 
Ir 
FI 

22:3 ','1.,,;-','0101 Ir 
Ir 

L •• n.5:::2 .. 0.742 • O.:::3'~ • 0,.903 .. O.'::q'~ • l.c,on .. 
PL." 1.000. l.noo. 1.00(1 .. 1.000.1.000'.1.01.10. 
C .. • '-'. -4 ':;. 2 .. ". ~ 1 2 • (1. f 24 • (r. ::' '? ::: .. (1. '? 1'~ .. 1" '-".! (1 .. 

L ... '"". 4 '~4 .. (i. ':.. l '3 • (1. ~":"6 • 1. IJ (r fi • 1. i) (1 1) • 1. (r '-' (i • 

L • • fI.4 1 ':::.. .. O. ~ q (r • 1). ::: 5 '5 • fi. '? 1'~ .. u. ';:' ':.4 -C' 1. (1 (1 (1 • 

PL" • Ij. ':.d':, • C'. ':::,:,::: • (1. ':..:;,'; • (r. '? '? ,:. .. 1. 1)" 0 of> j. u (J r) • 

Il C" • ,.,. 1 -;-' ~~ • ('. c:; fi ~ • (1. t, ;-' -4 • fI.:-' ':<"( • cr. '':;' 1) ':' • 1). '? 4.~ • 
Ft L. • O. ~ '? ~:' .. (r. '?I-4 5 .. 1). ';. ~ 1 • 1. Cr 1) 0 • 1. 1) (1 U .. 1 _"'" Il"'' • 
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APPENOIX 0 

This appendix contains the listings of sorne ~ubroutines 

required by model ('1.6). 

The first of these, OSCRLN performs the discretization of a 

lognormal variable X ~ A ( Il , ( 2 ). Here, Il and cr are given by 

OMU and SOEV respectively. The resulting discrete variable hai~a 

dHscrete distribution p(tL t = DT, DT + 1, .... DT +,N - 1. 

To compute the numerical convolution of two discrete random 

variables, Xl and X2, the subroutine CONV requires the corresponding 

discrete distribut,ions Pl(t), t = Dl, Dl + 1, ... , Dl + NI - 1 and P2(t), 
,. " 

t = 01,02 + 1, ..• , 02 + N2 - 1. The distribution of the resulting 

variable is P3(t), t = 03 1 03 + 1, ... ,03 + N3 - 1. 

The VMAX.routine computes the distribution of the max~mum of 

two variables. The r:otation is ?imilar te. that o"f the'CONV routine . 

108 



• 

• 

" . 

200 :UB~OUTrNE D:CPLN~DMU,:DEV,P.DT.N) 
220 DIME/'i: ION Pi 1 ' 

~ 241) pIf, ;>; ,= . 5+EPPF ( • ;- 07" 10;-.;><' ) 
260 DT=~MU-3 •• :DEV 
280 UT=DMU+3 •• ~DEV 
~:OO DTL=E>'P' DT, • 
~:21) UTL=E:<:F'fuT 1 

340 ID=DTL 
:::60 IU=UTL+.5 
:::::: 1) DT=FLOAT ( 1 D ' 
400 T1=IIT-1. ' 

, ' 

~"O'N=IU-ID • 
44'0 ;-:>:= \ AL DG, Tl + 1 .5 ,-DMU' ~ [lEV 
460 P' 1 '=F'B' :<:x: ' 
480 DO 1 1 =2 • N 
c:-nn \""<')'='>"v' _1 w... " , " 1 

520 >:: :=, ALDG\ Tl + 1+.5 '-DMij' . :DEV 
540 PI l 'c=f'p" :~:'< ,-PB' :v;'(' , 

) 560 rF(:">~.;"=:'r'.LT .0. ,p, I·'=.5+P' l' 
5:::0 1 conT ItlUE 
':.00 N=N+l 
t,20 >::":=, ALOG( T1 +N-.5 '-DNU' :::IIE\o' 
641) p, t~ ,= • 5-PB ( ;. ::.1 , 
t,t,1) PETUFN 
6:::1) END 

- r' 

---_ .. ~ 

\ 
\ . , 
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1. 

, 
! 

1 

2200 =UBRDtITINE Cml\l,Pl.Dl.Nl ,P2.D2.N2.P';:.,D:::.r-f3' 
22':;0 DIMEN:: ION Pl (1' .P2' 200' ~P3' 200 \ 
2240 Ii3=D1+D2 
22r.;; (J tD=f"i 1 +N2, 
22:::0 :UM=O. 
2~:O(l PTDT=Q. 
2:::20 )=(1 1 
2'::40 DO 2 Ict=l.N? 
2':::':.(1 "l=MA·'-:l' 1 .~- /< -r~2+1 ' 

~ 2=r1 l N 1 1 ~ ~ • r~ 1 ' 
-.Î 1=11 --;-< .. 

rIo lJ="\,/<2 
2 ;:::: (1 

2400 
2420 
244(1 
2'46 (1 
24::;:: (1 

2500 
2 '5,:: (1 

1 :U=:U+F;l'" ·.P2("" -~ +1 ' 
:UM=:UM+:-U 
IF~:UM.LT •• 001·r';D TD 2 
IF' : UM • Gr ... ~.~.? ,GO Ta 4 
-'=)+1 

254 (1 P 3' -' .::= : '-' 
2'560 PTQT=PTDt+~U 
25.-:;:(1 IF(J.GT.l'J30 To 2 
2t:.OO D>n:::+r ~-1 
2t.2 (1 2 CON T HiUE 
264 Ct 4 1'1 :::=-' 
2660 : U= O'. 
2680 NN3=N3-1 1 

2;-'Ou DO r::; L=l.r*t-eJ 
2;-'20 P 3' L .::=F':;::' L' PToT' 
2740 
27"60 

\ 2;--':::0 
=: ::: 1) (1 

2:::20 
2:34 J) 

'5 : u-=:: u+P:::r L ' 
P ? ~ ~E: • =A~lA:v' 1 ( 1) •• ' 1 • -: u 1 1 

1 F' l'n . L T • 1 '5 CI ,':;0 Tb "':. 
CF:LL FI::~I-=' F'3.r,;:.r/~h:.1'50' 
t;. F'E:Tt''::j, 

END / 

J) 2 (1 Il Hl Et C 1 m4 F' 1 1 1 ' • F' 2' 2 (J (: , 

J) .::: 1) r HI l F = N 1 - l'iF l :v: 
04n IF''''WIF.L~.O ,,::;0 TO 1 
0'50 "Ll=f'lFCO' flIrIF :::.1' 
0"':.(1 A=Pl' L1 • 
1);-'0 :'-'=0. 
0:::: (1 L2=N 1-L 1 
(182 r:=1 
(l'? 1) DO 2 l =L 1 .t'Il 
o·~.::· IF ( Pl' l • . L T • Fi • GO TD 4 
U'~4 IF(I:.GT.rWI::+5'I::;O TO 4 
100 :U=:U+Pl'I' 
1 05 1':= 1 -L 1 + 1 
1 ~(J 2 F'2' 1= ·=F'li l ' 
120 4 1:=1:-1 
122 :U1=(I. 
1 ':::d) DO ::: 1= 1 • 1: 
140 Pl' l '=P2'!' -::U 
145 .::: : U 1 = : U 1 +P l' l • 
1 5 1) ri 1 = 1 : + 1 
1 cC" 

_, _1 :'-'=:'-'1 
1 t. Ct P 1 d~ 1 '=HI'II1>-' l' • 1 • - = U 1 • (1. ' 

1 ;-' J) ~I 1 = Ii 1 + L 1 - 1 
1 :::: (1 1 F'E"TUP"'~ 

l'~O ENn 

" 
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t1o, .. '" 

\ 

, 

-142 Ü 
-1-1 ::;: (1 

-i-l·l (1 

4·1C::; (1 
.1-ft:.O 
·1·17 CI 
·14:::0 
-1 Ll'~~ (i 
·1".) (II) 
·15~ 1) 

4".:.2 Ct 
4':.2'":. 
'4:,:: (1 

·1 :;·1 (1 

-1".:.:' 0 
-l".:.t~.(t 

·1':.7 CI 
-1':.::: (1 

-lr::,'~~ CI 
4(, (1 (1 

~1"~1 ! CI 
4(.20 
4,(,:: ü 

:UI:PDU-:-':t<[ ',..tH"j·:' r': ,D: ,ri: ,p,::: ,D'::' ,ti.::..r:: .D:. ,te' 
Il: t 1Et i: : OH f':' : ' ,r' 2' 20 (1 , ,f:,' .::. CI (1 , 

Il ::::fH1n: : : ' fi: ,II'::' ' 
t1::::r-:::'D: 1 

t12:: : r :: : 1 D2 1 

n::t1:tw, ,t1:--t~: ' " t12--n.::. ' .-­
tl::t1f< Ci' t1: 1 t1"::' ' 
n::H-· t1··: 
t1DEV : ::tl--t1: 
t1D[',,.' 2::t1--tl.: 
: u : :: (1 • 

: r, ri. L; .: 01::':;0 -:-0 : 1) 

L : ::t mE '.,,' : 
L':::::t1D[',,.'.:::·- : 
: r, L : • L -:- .: 'CiO -:-0 ' 
DO .::: :::: ,L: 
.::: :u.: ==:u:-·r': ' • 
: :1.1':-.::0. 
DO:: ::::' L':: 
:: : U'::'::: u,:::·,r·,::' . 
f' > : 0:: r' : ' L : .. : , •• ~ u.: _. f''::: 1 L':' ... : u : 
DO ·1 J::'::', ti 

-kA 0 'L':::::L'::-· : 
-k,r::;ü 
-k,t~, ü 
-k,70 
-1(,::. (1 

'"~~.:=:2 
-k.':::: 
-1(,:>1 
-1(':>~. 

·1 "~I::: ~ 
-l(.'~j CI 
·170 (1 

-170":. 
1~' _ , A (1 

-172 (1 

·17:: 1) 

·17·1 (1 

·17".:. CI 
47(.(1 
~~ ~7 1) 

.. 1';-':::0 
-1 7'~j}) 
·1:::0 (1 
1'-' • . '-' ... 1) 

PEnD',' 

: U::: : U :-rf': ~ L: ' 
: U2:: ~ u.:::-·r·;~, L': " 
·1 r':;' J '·:r : . L : --: ,..: t:.::. --f .::. ' L'::: ) • ...: u : 
fi::ti-· ~ 
1::';0 70 ~! 

! (1 ri::! 
:r, t1I'["/':::.L -:- .! '1::';0 -;0 r::; 
':::;0 -;0 :.::: 
:: (mt-:- :t~UE 

: r, , t i --r j: ' oC) -:- • CI q::'; 0 -:- 0 S 
:r"tl-·tl'::-_'.C;-:'-.O'I::;O 70 '-j 

!2 cOtC:t1UE 
DO t~, : ::ti ,fi: 
t~, r,':;. : '::r':, : ' 
tJ - J. t', • 1.'-- 1 A 

1::;0 -:-0 7' 

::: ri =:. : 1:: r 2. ( : ' 
ri ::=:t12 
GO -:-0 7' 
,~. tl ::==n 
7 fr7ur f1 
Dm 

, 

/ 
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