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ABSTRACT

In many cities, bus routes sometimes share common sections.
When several bus routes share a common section between two points A and
B, the passenger willing to go from A to B is faced by the problem of
choosing which bus line(s) to take. Because some routes might have a
verv long travel time between A and B, he may disregard them. We assume
that the passenger will choose an optimal strategy: he/she will select
a subset among the set of all routes nassing through A and B so as to
minimize his total expected travel time (expected waiting time + expected
in-vehicle travel time). Once this subset is selected, the passenger
will take the first vehicle serving one of the routes in this subset,
arriving at A.

The purpose of this thesis is to study the problem of the
passenger route-choice decision in a probabilistic framework: on each
bus line, the headway has a certain known distribution and the passenger
arrives at a random time at the bus stop, so that the time for the first
bus of each line to arrive at A is also a random variable. Because we
show that only the expected value of in-vehicle travel time between A
and B for each line matters, in-vehicle travel times are considered
deterministic,

First, we review the problem of choosing a subset and show that
the shortest travel time route is always included in the optimal strategy
both for the case of the passenger who has just arrived and for the case
of the passenger who has already waited for a while, We review the Chriqui
and Robillard heuristic solution for the optimal strategy, find conditions
under which it fails and provide counterexamples., The failure of this
heuristic in the general case prompts the performance of an extensive
investigation of the case of three bus lines. We demonstrate that manv
properties which we might expect to be true are indeed valid in the cases
of negative exponential and deterministic headways. But they appear to be
false in the most general case; there is at least one class of distributions
for which these properties fail to hold. There seem to be very few general
statements that can be made regarding optimal strategies unless the waiting
time distributions are further constrained. The case of four bus lines also
show how much more complicated the problem becomes as the number of routes
increases.



The problem of the "clever" passenger, who has already waited
for a certain time, and takes this time into account in making his route-
choice decision is described subsequently. We discover that it is possible
to find some distributions for which the remaining waiting time actually
increases with the time the passenger has already waited.

Thesis Supervisor: Dr. Amedeo R. Odoni

Title: Professor of Aeronautics and Astronautics
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Chapter 1

The Problem and Some Observations

1.1 Introduction

In large cities operating an extensive mass transit network, pass-
engers are often faced with the problem of "common bus lines". Some
routes share common route segments and passengers must select the buses
and bus lines they will ride on.

Claude Chriqui and Pierre Robillard [1] have formulated this pro-
blem as an optimization problem, within a probabilistic context, which
gives the optimal subset of routes "to be selected", based on "perceived"
travel time.

As an example, suppose that several routes share a common section

between points A and B:

~ A
® 4
- Y

A passenger wishing to travel from A to B has the choice of using
just one of the bus lines connecting A and B or all bus lines, or more
generally a subset of these bus lines. The purpose of this thesis is
to study this problem within a probabilistic framework, taking into
account the frequencies and the speeds of each competing line, in a
fashion similar to the work of Chriqui and Robillard.

The central idea is that a passenger wishing to travel from A to B
will not necessarily use just any one of the routes connecting A and B,
but may disregard some of them which might have a very long travel time

between A and B.



We assume that the passenger will make his decision regarding the
choice of routes to use based on total travel time., His problem is to
select a subset among the set of all routes passing‘through A and B so
as to minimize his total travel time, made up of hig expected waiting
time and his expected in-vehicle travel time.

Once this subset is selected, the passenger will take the first
vehicle serving one of the routes in this subset to arrive at A.

Three basic assumptions are used to solve this problem:

i) The routes are statistically independent.

ii) The passenger arrives at the bus stop in A at a random time
and independently of the route schedules.

iii) However, the passenger knows the frequency (i.e. the distribu-
tion of the headway) and the in-vehicle travel time between A
and B for all routes, so that he can make "intelligent" decisions
regarding the choice of routes to use.

In this thesis, a heuristic solution of the problem, proposed by
Chriqui and Robillard will be discussed and contradicted. Then, in the
search for a general solution to the problem, the different strategies
available will be compared, first in particular cases of waiting times
distributions and then in the general case.

An extension of the problem is then developed, involving the case
of the '"clever" passenger. The '"clever" passenger, looking at the time
he/she has already waited at the bus-stop in A, will make his/her deci-
sion depending on this time and may change his/her choice as this time
increases. Thus the optimal strategy of the clever passenger may change
with the passage of time. The Chriqui and Robillard problem is, in fact,
a special case of this new one: it is the case where the passenger has

just arrived at the bus stop in A (the time he/she has already waited is

zero).



1.2 Notatiomns

Routes are numbered according to the in-vehicle travel time between
A and B, in the order of increasing in-vehicle travel time. If there
are n routes passing through A and B, route number 1 is the one with the
shortest in-vehicle time, route number n is the one‘with the longest.

Strategies are represented by choice~vectors of length n (number of
routes) filled with O0's and 1's. A 1 in the ith position means that
route i is included and used in the strategy, a 0 means that route i

is not selected.

Example:

(1,1, . . .,1): all routes are chosen

(1,0, « . .,0): the passenger will only take a route number 1 bus.

Functions and Parameters:

t e in-vehicle travel time on route r (assumed deterministic);
t1<t2<ooo<t

n

fr(t): probability density function of the headway on route r at A.
Fr(t): cumulative distribution of this headway.

pr(t): probability density function of the waiting time for the
first bus of route r to arrive at A.

Pr(t): cumulative distribution of this waiting time,

Pr(t) =1 - Pr(t).

X=(. e « « o« ): a choice-vector (strategy)

pX(t): probability density function of the waiting time for the first
bus from the subset of routes represented by X, to arrive at
A,

Px(t): cumulative distribution of this waiting time,

X X

w_: waiting time for the first bus of route r to arrive at A
(random variable).
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WS waiting time for the first bus from the subset of routes
represented by %, to arrive at A, (random variable).

Hr(x): probability that among the subset of routes represented by
x, a bus of route r will arrive first,

t s in-vehicle time with the strategy represented by x.

EC ): expectation of the random variable used in argument,
(discrete random variable),

T Expected total time with the strategy represented by x.

The optimal stategy is represented by the choice vector x minimizing
TX over all possible strategies.

>3 arrow used in logical relationships. (P) - (Q) means
"P implies Q", i.e. proposition Q is right whenever propo-
sition P is right. The -+ symbol is transitive: it is
legitimate to write (P) - (Q) -~ (R) + + «

> logical equivalence. (P) <« (Q) means that we have both

(P) ~ (Q) and (Q) ~ (P)

1.3 Derivation of the Expected Total Travel Time

Since the passenger is supposed to arrive at the bus stop at A, at
a random time, we have a random incidence process and we can apply a
formula derived by R.C. Larson and A.R. Odoni [2]. The probability den-
sity function for the waiting time for the first bus of route r to arrive

is given as a function of the headway of route r by:

1 - Fr(t)

p.(t) =
E(headway)

where F (t) is the cumulative dlstrlbutlon of the headway. The expected

value of the headway is given by f f (u)du which after integrating by

o«

parts equals f (1 - Fr(u))du. Therefore, the formula for pr(t) is
o
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1.1)

This is the expression given by Chriqui and Robillard in their paper.
According to this equation, since Fr(t) is obviously an increasing
function of t,'pr(t) must be a decreasing function of t.

. . . + .
Furthermore, any decreasing function defined on TR and, integra-

ting to 1 can be expressed in the form (l.1) with Fr(t) an increasing
14

function such that Fr(o) =0 and 3%} Fr(t) = 1, and therefore can

be the probability density function of a waiting time, Since P, is

decreasing, Pr is concave-shaped and 5; is convex-shaped. (Pr(t) = j'

_ o)
pr(u)du: p, is the derivative of Pr; Pr(t) =1 - Pr(t))'

The defivation of the probability density functions of the waiting
times for all routes constitutes an initial step of the derivation of
the expected total travel time for a strategy defined by a choice-vector
X. Chriqui and Robillard carried out this derivation in their paper and
it is summarized here,

‘The expected waiting time for a bus of route r is

S EVALE (1.2)

(=2}
1This expression is obtained by integrating ] tpr(t)dt by parts.
0
The waiting time for a bus from the subset of routes defined by

X is

Uu’:m(nuf
X= ex (1.3)
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The probability that v is greater than t is therefore the probability

that all wr's are greater than t which is

Py =TT Pele) (1.4
cex
Since the routes are statistically independent (i.e. W and wr' are
independent random variables for r # r').

Thus, the expected waiting time for a bus included in X is
20 — o =
Elux)= [ Axterde = [CT bk (1.5)

The probability that among the subset of routes represented by X, a

bus route r will arrive first is given by

N -.
H(b(,: (oro\a&w;: N;(}: .L QAH :g;( Pitbdt (1.6)
T#C

Then, the expected in-vehicle time for a bus from the subset of routes

defined by X is

- y . [ ey TT Pi4d
EL&X}’%XE(HM "jo Z, o }_‘Ix HaE (1.7)
LEC

Hence, the expected total travel time for the passenger choosing stra-

tegy X is given by

Tx= Bloslr Bted = [T [T W92, et Folae (g g
i#r
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1.4 A Simple Property

An interesting property, useful and intuitively understandable
follows immediately from this expression of the expected total travel
time. The passenger always includes route number 1, the route with the
shortest in-vehicle travel time between A and B, in his/her selected
routes; route number 1 must necessarily be on element of the subset of
routes associated with the optimal strategy.

Furthermore, as we will see in the "clever" passenger study, this
property remains true, no matter how long the passenger has already
waited.

1

Let X be a strategy not including route number 1 and X = X +

(1, 0....0) i.e. the strategy including the same routes as X plus

route number 1. .
We can prove that Wer SV (1.9)
and E(tx,) < E(tx) (1.10)
Proof:

® In-vehicle time

From equation (1.6), we can write

. [® P
Hex= JSpen T Pitoide (1.11)
[F1g
H,cx’rzj:%?,u—) P& 1TETX Pi (k) dt for 21 (1.12)
#C

M1 [ 1T Fitende = [Pl Rte de (1.13)
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Using (1.7), we deduce

oo -
= = 3 Le)dE 14
Eod= 2 b= JoZ ) T P (1.14)
LEr
El&x)= &, Hy ()U)-f—rzexb( He O) :j:hf?» ER L) A\:.\-j:br?,(b) AT }IXFLL&) it (1.15)
LEr
We have
f:»p,(f) P;Lt)ébz /:a.p,‘(t)(?;te)&t (integrating by parts)
] - -
= )72 90T PR L 116
(#r

because px(t) is the derivative of —5%(t) and ﬁg(t) =1 Fr(t) according
rex
to (1.14).

Then, since t] < t, for all r # 1, the following inequality holds:

PR ICLACEE I Z b 'f,-(t');gx XOAGE f%xt,¢, ce)gx& ©9,0d  (1.17)
LEC r

Hence, we get

et E b IS e Mgﬁm e +[°Z W&W;} ACEE
[t -g (¥ 1ot

e 3 b
= [7Z bt (B )T Rl

l£r

ﬁ -
=/ %_xtr &) T Pile) dt (1.18)
L#C
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Because of expressions (l1.14) and (1.15), this means that inequality

(1.10) holds.

Eltyr) < E(&x ) (1.10)

e Waiting time

Using (1.3), we have

Wy = min Wi

cex (1.19)
and w7, = Wy
7 cex! ¢

= o -
reX
and €21

: win Wi u
m\n[(ex (o 4]

N

”mn [vfx,\k\:‘J (1.20)
This shows that inequality (1.9) holds too.

e Total time
From those two inequalities (1.9) and (1.10), we get

TX‘;‘ E(\)rxﬁ)'f' E(tKIJ < TX = E(W—K)'PE&)() (l. 21)
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Strategy X', including route number 1 is better for the passenger
than strategy X. This shows that for any strategy not including the
quickest route, it is always possible to find a strategy which includes
this route and which produces a shorter expected total travel time.
Therefore, the optimal strategy includes the quickest route (route
number 1) necessarily. (End of proof.)

Because of this property, all further work will deal only with

(1, . . .) strategies.

1.5 Non-deterministic In-vehicle Travel Times

In-vehicle travel times have been assumed to be deterministic., If
they are probabilistic, it can be shown that in fact we would only be
interested in their expected values and that furthermore the expressions
already derived are still valid after we replace the in-vehicle travel
times by their expected values.

For that reason, the assumption of deterministic in-vehicle travel
times is not at all restrictive, but is used only to simplify the ter-—

minology.

Proof:
tr’ in-vehicle time on route r, is here a random variable.

E(tr) is its expected value,

Hr(X), the probability that a bus of line r arrives first among the
subset of routes represented by X does not depend on the in-vehicle times.

Therefore,

Elbx)= 2 Hr X) E() (1.22)
ceX
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We take the expectation of the total travel times and the average over
the routes available in the strategy,

Then, the expected in-vehicle time is, using equation (1.6),

0 o
Elbd=[7Z, et 2,0 IT Rk (1.23)
{0

and the expected total travel time is, adding the expected waiting time

given by (1.5)

= [*° 5 5.
T T[T Pet+ Z El) p,\l‘)sg;( HUNES (1.24)
(£C

The E(tr)'s simply replace the tr's in the previous formulae.
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Chapter 2

C., Chriqui's and P. Robillard's Heuristic Solution

2.1 Algorithm

C. Chriqui and P. Robillard [1] proposed the following heuristic
algorithm to solve the problem of the minimization of the expected total

travel time Tx.

1. Let x = (1,0,....0)

X (1,1,0,.00-,0)
2. Compare waith T; .

If TX > T; (strategy X better than strategy x), the heuristic

solution is x.

Otherwise, let x = (1,1,0...0)

]

x = (1,1,1,0,.0) and compare T; with TX
3. Continue this way until Tx > T;, in which case, the heuristic
solution is‘;; or x = (1,1,1,...,1) is attained and it is the

heuristic solution,

The motivation for the heuristic is the following: it is logical for
a passenger to let a bus of a given route go by and wait for a bus with
longer in~vehicle time.

However, this statement is misleading. Let r;, rp be two routes such
that tr < t_ . If the passenger wishes to use a third route, ro, with

1 r2
a shorter in-vehicle time (tr < tr < trz)’ it is possible to have a
1
o)
strategy which includes routes r, and ry but does not include route rj,
be better than another strategy which includes all three routes. The

reason essentially is that in letting a bus of route r; go by, it may be

possible to catch a bus of route ro, which has a shorter in-vehicle time.
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If, however, the first bus to arrive in A, after the disregarded one,
is a bus of route r,, it may be worth taking it, at that time, rather
than waiting for the following buses of routes r, and r; that may take
a long time to reach A.

For example, in the case of three routes, strategy (1,0,1) can be
better than stfategy (1,1,1). The following case, with negative expon-
entially distributed waiting times is an illustration of this. w;, wp,

w3, are negative exponentially distributed.

p1(t) =ae®"  a>0 (2.1)
py(t) = be OF b >0 (2.2)
p3(t) = ceCt c>0 (2.3)

a,b,c are the respective arrival rates for each route.

This leads to

*
A+ arbc 44k arbho-blate)

T = = + t

(1,91} o+ c o+ 17

g .

T - Arbarhbale - 1+ @ + 3c-t,_'(axc)+ e

(h,1) a+b+cC a4 byc b

Subtracting,
- = | !

Tu'o'” Tu.',v) = [‘1+(t4-l—,_}o.+(tg-t,_)c][ac—mﬂ] (2.4)

*Note: 1if the waiting times are negative exponentially distributed
for all routes in the subset represented by x, we have:

1+Z t .a
r

a EXr T - -a t
TX = when pr(t) ae r [1]

rex v
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This difference will be negative, and the strategy (1,0,1) better than

‘the strategy (1,1,1) for

- = 1. - Y% e
=35 8z b= L% & (2.5)

Furthermore, it can be easily shown that (1,0,0) is the optimal strategy
if the conditions given by (2.5) hold.

But, cases where, surprisingly, (1,0,1) is in fact the optimal
strategy, will be produced too.

C. Chriqui and P. Robillard experimented with this heuristic solution
for different examples in which their algorithm worked out well and gave
the optimal solution. They report being unable to find any counterexamples.
They found it easy to prove that whenever the arrival times are identically
distributed or the travel times are equal, or when the arrival times are
negative exponentially distributed, the heuristic solution is the optimal
one. They conjectured that the heuristic always produces the optimal solu=-
tion,

In fact, this heuristic does not always produce the optimal solution

and counterexamples can be found.

2.2 Search for a Counterexample of the Algorithm

In the 3-route case, the algorithm says that if the (1,0,0) strategy
is better than the (1,1,0) strategy, (1,0,0) should be the optimal strategy
and thus (1,0,0) should be better than (1,0,1).

While trying to prove this result mathematically in the general case,
it slowly became evident that this statement may not always be true. Finally,
it was possible to show that this result is not necessarily true even in

the case of uniformly distributed waiting times.
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Let A = (1,0,0)
B = (1,1,0)
c = (1,0,1)

(1,0,0) better than (1,1,0) is written TB - TA >0

(1,0,0) better than (1,0,1) is written TC - TA >0

The logical relationship to be studied is
I,-T, >0 > T, ~-T, >0 (4)

We have according to the general formula (1.8)

']'A :j:ocau:).yk:'o&lt)] ik =/:° P, 9 dt +&, (2.6)
To= [T[R ORI 36,7, 0P+ 4,6) P 0] dE 2.7
Tczj:"[:ﬁ:(l'}f’;("lﬂ;ﬂu‘/E(")H';?,“)E(H]d" (2.8)

Subtracting (2.6) from (2.7) and from (2.8),
Ta-Ta=Jo (-0 6= b p,le) B(E) + &, 0 B (6 ] dE (2.9)

Te-Taz o [~ P (HIRtE) - € p (B + & 30 P (] dt (2.10)



Then

Ta-Ta = JS [FBORE +(6:6) o0 B E)- b 0B 0+ 2, B db (2.11)

Te-Ta= jf[ BHRB1 &) p 0P (6 4 (bt ) ACRPAC AT X E(H} dt (2.12)

Certain parts of both expressions can be integrated directly.

To-To= S5 (k) o H-BH] B HdE + &[5 RG] (2.13)

Te-Ta= j:"[[&,e, )2, 60-P 8] B0+ (g PRCI LH]de 6 [ PRy m}j (2.14)

This reduces to

Ta-Ta= Jo[(e-ts) ,(6)-B,L6)] pilE) dE (2.15)
Te-Ta= 15 [l b Jp 0 B L) Py (046 + (G) [ 1008 (61 (2.16)
It is interesting to have the expression of TB - TA and TC - TA

in this form. With t3 - ty being a positive real number which can be
arbitrarily small, relationship (A) can only be true if the following

relationship holds too.
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JPe® B d 0 =5 L @b BB 3650 (B)

for  lbl= k p,lb - Pk) (2.17)

where k = tp -~ t; is given positive real number and P1 2@ given decreasing
probability density function. (See page 11)

When the problem is expressed this way, we get a strong indication
that relationships (A) and (B) may be false, since 9,P», and P3 are com—
pletely independent. Relationship (B) states that a certain property
which is true with a particular function P, should be true with any function
P3.

The heuristic will not give an optimal result if we can find

(k=tp-t1;P1), Py and P3 such that

JO @mWa >0 and  [Ze) B Ak <o (2.18)

and then we simply have to choose

~ JT &) et dt

k-, £
A F LAV PY™

(2.19)

to get TB - TA > 0 and TC - TA < 0 which will constitute the counter-—

example,

o0

A situation for which {tf(t).Pz(t) dt > € and rtf(t).Pg(t)dt <0

i
can be obtained graphically: © ©
A

1 "'}g """"""""""
P
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t rt
Pr(t) = ( p2(u)du and P3(t) = p3(u)du are continuous, increasing,
concave (pz and p3 are decreasing; functions of t with limit 1 as t
approaches infinity,
- t

@t)= kop,(H-Pilt) = kp,(E)-14 PulE) = k74tt-)-4+/° £,0w) dux
is a function with limit O as t approaches infinity, which can have
positive and/or negative values depending on the values of k (a positive
real number) and the function pj.

If p; is a negative exponential probability density function, T
will have a constant sign and cannot have a shape as that represented

on the graph. We have seen that indeed the algorithm works in the nega-

tive exponential case,
Lt):qe-°b gives &) = (ka-1) et (2.20)
P A4
@)>0  if ka>|

@0 if  ka<l

But, if p; is a uniform distribution, it is possible to obtain

for a shape éuch as the one shown on the graph.
1 .
p (t) = 3 if t < a
(2.22)
p (£) = 0if t > a
Then,
) = £+ B2y ¢,
a a (2.23)
w(t) = 0 if t > a

and with k < a, we have a function p(t) with negative values for t small,

and then positive wvalues,



- ke C)= X
go)e <o ge)=X 50 (2.24)
N
k.
) /|
‘ > b
Q

ks
(o W)

Thus, it seems very likely that we can get a counterexample

( f:cgu.—) P(e)dk >0  whereas /:'ngu-) R dk <o ) with

waiting times uniformly distributed.

2.3 Counterexample With Uniformly Distributed Waiting Times

Let w;, wp, w3 be uniformly distributed the following way

=L bca
2= © tSou (2.25)
which gives Pb= & k<o (2.26)
P&)= 1 E>a
- £ ka k<a
and @b = kp, ()~ By LE, { o (2.27)
o t>a
where k = tp - tq,
A= 1 k<b (2.28)

’?tkH =0 €>b
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PLUT) = % &< b

which gives (2.29)
PLbi= 1 E>b
=1 S
A=< <¢ (2.30)
‘PBKH:' © E>¢
which gives Pyle)= % ke (2.31)
"P3U.'): 1 E>c

This corresponds to a case in which the headways are deterministic and of
value a, b, and c respectively. Deterministic headways and uniform
waiting times are equivalent concepts.

Counterexample of the heuristic:

T= JZ b - P dk >0 (2.32)

J= [T <) BlRdE <0 (2.33)

We can substitute the expressions of a, Py and P3 given by (2.23), (2.26),

(2.28) in I and J.

b 2
1f ach  T= [ (E+kP]Edt o Ykacd (2.34)

o
1f oash  T=f0(grke)Eded [ (ke

-

—bZa 3ab kb s tka ~3al

-

6a,

(2.35)

I
L
X
glo
SN
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where F is a function defined by

Flw= -+ 34-A) w +6A-3

(2.36)

with  X= % (2.37)
Similarly,

ifa<c J= }k:;“z' (2.38)

ifa>c J= F(§)-¥% (2.39)

Now we can compare the signs of I and J.

If a <band a < c, I and J have the same sign. No counterexample
is possible,

In all other cases, the function F(u) defined by (2.36) will play
an important role, therefore, it is useful to study its sign, for u > 0.

Considering F(u) as a second-order polynomial function, we obtain that
if 0 <¢\<T;_ Flw) <O (2.40)

if sael Ful20 i % gusy, (2.41)

Flu)<©o \‘&' O<ucw, or w>u, (2.42)

if X

\\"4
U

Fw)>0 {g’ O<ue U.Z‘ (2.43)

Flwl€o 1§ Wy (2.44)
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where u; and up are given by

W, = 30-0) = Vana) (A1) (2.45)
2

o 3N+ \ 3Ga-0(h41) (2.46)
L 2

uj and up very as functions of XA in the following way:

A 1/3 1/2 1 4o

1
uj T 0

ur /7

Therefore using this study and the expression for I and J given by
(2.34), (2.35), (2.38), and (2.39), we obtain the following results for

each case.

- If c< a< b
I>0and J<0 for 1/3 <A <1/2 and 0 < —ac-<ul (2.47)
-Ifb<ac<ec

if J < 0, necessarily I < O too. No counterexample.
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- If a>b, a>c

I >0 and J < 0 for

wi>

<A<4E and  u,< E< 1 (2.48)

and 0<S <Yy
a

Therefore, using (2.37) and (2.45) we will get I > 0 and J < O

under the following conditions

& 2.49
E <oy < ( )

30-0-V3@x) (3

2

with W

bl

where A= 2% (2.50)
le¥)

Now taking into account the term depending on t3 - t,, we have

according to equations (2.15), (2.16), and (2.17)

Ta-Ta=I >0 and

Te-Ta= T+ Ueg-k,) [F g 16) Pt = T+ (l—s-tb)‘L“—pzu—)(4~a((-))alt< o

when the above conditions are satisfied and by using the expresions of

p3, P} and J given by (2.30), (2.26), and (2.39)/(2.36) we have moreover,

®-3ac 33(k,-k, e~ 3 (tz't,,)‘l"’?""L (2.51)
ba-3c

by, <
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The three conditions (2.49), (2.50), and (2.51) are sufficient and
necessary to obtain a counterexample of the heuristic. in the case of
three routes with deterministic headways.

This result can be checked with an example verifying these conditioms.
These conditions are not "easy' to meet: t has to be relatively close
to t3, while, on the other hand, b has to be relatively large with respect
to c.

The counterexample is obtained with routes 1,2,3 such that the
frequency 1/b (reverse of the headway) is quite low on route 2 whereas
the frequency l/c on a route 3 is much higher while the in-vehicle time
between A and B is not much more penalizing (not much greater) than the

one for route 2,

Let tl = 8 a=>5
t, = 10 b = 10
t3 = 10‘2 c = l

(values verifying conditions (2.49), (2.50), (2.51))

we obtain TA = 10.5
TB = 10,58
TC = 10,45

In that case, strategy (1,0,0) is better than strategy (1,1,0) but
strategy (1,0,1) is better than strategy (1,0,0);this constitutes therefore
a violation of the heuristic algorithm,

However, from a practical point of view, the three strategies are not
much different with respect to expected total travel time.

Interestingly, it can be checked that in this particular case, the

optimal solution is (1,1,1) with an expected total travel time T = 10,43



(still not very different).

~31-
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Chapter 3

Comprehensive Study of the 3-Route Case,

Extension to the 4-Route Case

3.1 Introduction to the 3-Route Case

Since the proposed algorithm does not work, it is interesting to try
to discover possible properties of the expected total travel times of
the various strategies offered to the passenger and, more exactly, pro-
perties of the differences between these expected total travel times,
in order to compare the strategies.

Such properties, in the form of Zogical relationships between
differences in expected total travel times could lead to discovery of a
new approach to finding the optimal solution, a new way of solving the
problem.

A study of the general case (n routes) requires extremely complica-
ted mathematical expressions. The 3-route case is the first non-trivial
case and its study could give fairly good ideas on the way the general
case works., For the 3-route case, general formulae for TX - Ty will be
derived and used in the cases of negative exponential (for route no. 1)
and uniform distributions for waiting times. The results obtained in
these particular cases are then studies in the case of general distribu-

tions,

3.2 General Formulae

This part is devoted to the derivation of TY, expected total travel
time of strategy x and to Tx - Ty difference between strategies x and vy,

for all strategies x and y.
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Let A = (1,0,0)
B = (1,1,0)
c = (1,0,1)
D = (1,1,1)

These are all possible strategies that include route number one.

T, T,, T., T, - T, , and T - TA have already been expressed or

A’ C> "B A C
calculated previously in equations (2.6), (2.7), (2.8), (2.15), and

B’

(2.16).
Ta=f3 [Rle) s 2,0 ok = 2P e) dt ot (2.6)
Tg=Jo LAl Bl + 42, ERE) sbp ) By )] dt (2.7)
Te= Jo [RGB+t b Blk) 158 OB ot (2.8)
To-Ta =2 [kt ) g () - & ] 2,lE) dt (2.15)
Te-Taz [ (1 Bl bR WTRW) dE 50 g1 DAL (2.16)

subtracting (2.16) from (2.15), we get

Te-Ta= [l 6) 4, 0-F e ](B)-Bb)dt + (b &) Lpt0 Bibde (3.1)
= J2 [ G lb-F e T (REFRE)E + (k) [P0 By (G)de GO

T is obtained from the general formula (1.8).
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To=Jo (R B+ & g0 RUORE) + ACEITAU N (811 BJAE (3.3)

Then, we can derive TD - TC similarly to TB ~T and T, - T, in

A C A
chapter 2. Subtracting (2.8) from (3.2) we get,

To-Te=/S R B pk)-tp ®h, (BB AP BiE) +£ 46 BEBE) At (3.4)

Then

ToTe= [ £ WAL + -t 40 RORE- (5.5) A& R A (3.5)
+ bEabRERE - pGRHRL g HREE] 4

Certain parts of both expressions can be integrated directly.

- - - o0
Ty Te=So [C-tp, - Bl Jp W RBAE - let) j‘;"ﬁ\u PACTAI2URS 5[&&)@((—)(3(9]0 (3.6)

This reduces to

oe) - — —
To-Te=J3 [t Eha e B Tp, (R4~ (b5 b )[R0 B 680 db (3.7)

Adding (3.6) and (3,1) gives the expression of TD - TB
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TyTa= J2 [t tlp 0B ETJCRBREH BE)-Pio)de «(st) S50 BH a-ple (3.8)

tee. Ty-Ta= )7 (ot dp - B0 ] BLeipqte) db +(bt) 20 BB (WR IDdE (3.9)

Adding (3.9) and (2.15) gives the expression of TD - TA

To-Ta= /7 -6, - R (B (RO BB +BO)NE +b) [TRH PR (3.10)

i.e. TpTas= j:"[(t,—h)p,w)— ] 0- B @RWw)dt + (48 g IR (3.11)

Expressions (2.15), (2.16), (3.1) or (3.2), (3.4), (3.9) and
(3.11) show the dependency on t; - t; and ty - tz:ofo - Ty for any
two strategies X and Y, among A, B, C, D. Not surprisingly, only the

relative values of the in-vehicle times t;, ty, t3, (their differences)

matter,
Ty = TA increases with t, - tj.
TC - TA, TD - TB and TD - TA increase with t; - tjand t3 - t,.
TD - TC increases with tp; - t; and decreases with t3 - tj.
TC - TB increasés with t3 - t3 , but there is no general rule with

respect to t3 - ty,.

These variations as a function of t; - t; and t3 - t, coincide with

our intuition,
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Furthermore, the way these differences Tx - Ty’ for any two strategies
x and y, is expressed is advantageous. Using general functions ¢(f) and

Y(f) of which the argument is a generic function of time f(t), and defined

by
3= 22 (tg-t) 2,6 =P, ] 30y b (3.12)
and Y= Leh) [ 8 Pe) 40 ak (3.13)

all formulae can be re-written in the shorter forms.

Te-Ta= BB (3.14)
Te-Ta= DRI +y(1) (3.15)
Tp-Te= (AR -y R) (3.16)
To-Te = Q@R ) +y(®) (3.17)
To-Ta= BU-Ff)+v (B) (3.18)
Te-Ta= (r-p vl = & (B-F,) +y14) (3.19;

Another advantage of this notation is that ¢ is linear and that ¥
is proportional to t3 - t, which is a real positive number than can be
made arbitrarily small, and that ¢ is linear and increasing (i.e. ¥(g) >
V(f) when g(t) > f(t) for any t) and positive if f(t) is positive for any
t, as well, Therefore, if for any four strategies X, Y, Z, U, among

A, B, C, D, the following logical relationship,
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Strategy Y better than strategy X - Strategy U better than strategy Z
i.e, Tx ~-T >0 »T, - Tu >0 A (see notation for usage of symbol -)
with Tx - 'I'y = @(fxy) + w(gxy) and T, = Tu = @(fzu) + w(gzu), is true,
the logical relationship (consisting of the same expressions, dropping the
terms in ¢), @(fxy) > 0 - @(fzu) > 0 must be true too.

Conversely, if the relationship @(fxy) >0 ~» @(fzu) > 0 is false,
the relationship Tx - Ty >0 - TZ - Tu > 0 is equally false. This
property will be used extensively below with the uniform distribution
and the general cases, with the propositions involving only terms in ¢
being tested first.

3.2 Case of Three Routes With a Negative Exponentially Distributed
Waiting Time w)

In this section, we examine the case of three routes, for which only
the waiting time for a bus of route number one (w;) is restricted to be
negative—exponentially distributed. This is explained by the following
reasoning: the interesting results about logical relationships concerning
differences of expected total travel times, that we can obtain with all
three waiting times negative exponentially distributed are still valid

when we drop the assumptions of w; and wy being negative exponential.

w,; 1s negative-exponentially distributed:

pi = ae™® (3.20)

which gives

CEAPSU R AC Y (CUREORY (3.21)
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Thus the expression (t? - ty) pi(t) -§l(t)\has a constant sign as time
varies, positive if tp; - t;, > l/a, negative if t, - t; < 1l/a. Therefore,
the general function ¢(f) defined by (3.12) will be positive (resp. nega-
tive) when its argument function £(t) is always positive (resp. negative),
if t, - t; > 1/a, and will be negative (resp. positive) when its argument
is always positive( resp. negative), if t, - t; < l/a., Also, ¥(f) will
be an increasing function (i.e. ®(f) > ®(g) when £(t) > g(t) for any time
t) if tp - t; > 1/a and a decreasing function (i.e. ®(f) < 6(g) when
£(t) > g(t) for any time t). This is part of the explanation why the
assumption of w; alone being negative-exponentially distributed is so
powerful,

Because of these properties and because Y(f) is always positive and

using equations (3.14) to (3.18), we always have

.22
TB.TR ITC:TQ ) TD—TB and TD_TR >o when kz—k,' > ;._, (3 )
and
TB'TA and TD‘Tc. < QO when k‘z_- b,,(ﬂal (3.23)

Furthermore, because of the complete identity between the signs of
(t, - t1) - 1/a and TB - TA, the following relationship holds

To-Te?® = Tp-Tg >0 = Ty-Ta, Te-Ta, Tp-Ta>© (4)

Moreover, we also have
Tp-Ta >0 = Tc-Ta >0 (B)
and

Tp-Ta>0 D T,-Tg >° (C)
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After (3.22), if t, - t; > 1/a , we have TD-TA > 0 and TC—TA >0

anyway. If to - t; < 1/a, we have TD—TC < 0 according to (3.23). Hence

which implies relationship (B).
Similarly, after (3.22) if t» - t; > 1/a, we have TD-TA> 0 and

TD-TB > 0 anyway. If t, - t;< 1/a, we have TB-TA < 0 according to (3.23).

Hence,

To-Te = (b-Ta )= (Te-Ta)>Tp-Ta (3.25)

which implies relationship (C).
Combining relationships (A), (B), (C) and using the transitivity

of symbol - , we obtain relationship (E).

To-Te >0 = Tp-Tq 20 =D To-Ta>0 D T -T2, Ty >0 (E)

which means

(1,0,1) better than (1,1,1) - (1,0,0) better than (1,1,0)
+ (1,0,0) better than (1,1,1) (F)
-+ (1,0,0) better than (1,0,1)
and (1,1,0) better than (1,1,1)

which is remarkable.
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Interestingly, we can see from this logical relationship that
(1,0,1) cannot be the optimal strategy in this case, because if
(1,0,1) is better than (1,1,1), this proves that, in fact, (1,0,0) will
be the optimal strategy.

The second important result is that, in the case studied in this
section, which is more general than the all negative-exponential case,
Chriqui's and Robillard's heuristic algorithm is still valid.

A last remarkis that relationship (E) is composed entirely of logi-

cal equivalencies (+>) if we have

TB-TC >O (3.26)

Then TB-Tﬂ = LT{,‘TQ )‘}'(TB"TC) > TC'TA (3.27)

which implies

Te-Ta >0 = Tg-Ta >0 (G)

and combining with (E)

T-Ta>0 = Ta-Ta >0 = H-Ta>0 =D T-Ta, H-Tp>9 (H)

Similarly, because of (3.26),

To-Te = (ToTg | +(Ta-Te) > To-Tg (3.28)

which implies
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Tp-Ta¥Q =5 Tp-Te >O (1)

and combining with (E).

TD-T‘37° =) .TD'TC Y0 = TB' ﬁ)O =’DTD 'TA 50 = TC.'TA /TD’TB >0 (J)

Finally, a combination of (H) and (J) can be written

Ta-Te >0 T Tp20 & Ty-Ta ?9&) Te-Ta >0 T - 9 (K)

This means that if strategy (1,0,1) is better than strategy (1,1,0),

then

(1,0,1) better than (1,1,1) <> (1,0,0) better than (1,1,0)
< (1,0,0) better than (1,1,1) ¢H)
<> (1,0,0) better than (1,0,1)
< (1,1,0) better than (1,1,1)
The practical consequence of (L) is that as soon as any one of the
propositions above is true and if strategy (1,0,1) is better than

strategy (1,1,0), (1,0,0) is the optimal strategy.

3.3 Case of Three Routes with Uniformly Distributed Waiting Times

In this section, we examine now the case of three routes for which
the respective headways are deterministic with values a,b,c, i.e. the
probability density functions and the cumulative distributions of the
waiting times wj, wp, w3 are respectively, (as seen in equations (2.25)

to (2.31)),
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2.25

- )= o tya ( )

B =L k<a (2.26)
IAGER E>a

- 5Z-kk;9 k
with Gl = kplt)- P = { -V < (2.27)
o t>a
where K=bt-t,

P b (2.28)

P E O Sh
_t

Pz £ E<b (2.29)
le\r)z 1 Esh

AL <o (2.30)
PyLk) z0 Es>c
b= £ bxc

i < (2.31)
Pitw=1  E>c

A systematic study has been performed with a programmable calculator
to test the signs of the terms in ¢ in the expressions (3.14) to (3.19)
of the difference of the expected total travel times between any two
strategies X and Y, for all types of values of the numbers k, a, b, and
c. From this systematic study, results in the form of logical relation-
ships like in the previous section, are conjectured with a very high
level of confidence, after these calculations.

For each of the following cases, ®(P,), $(P3), and ®(P,P3)

&)= ek P dt (3.29)
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Bby) = [ o). Palt) de (3.30)

B(PR) = [ E) Pk Polt) At (3.31)
are derived in a similar way as I and J in expressions (2.34) to (2.39),
after equations (2.27) to (2.31). Then &(P,P3), ®&(P,P3), &(1-P,P3),

and @(55433) are computed in the programs, using the following formulae,

true because of the linear property of the general function ¢(f).

PP = 2 \R-Pt) = 3= E (PoPy) (3.32)
3 (APy)= B (Prrma®) = B(h)- T (RPa) (3.33)
B (1-FP5)= 2(Pr+B3-PaP3) = B 0) +2 )~ T (P,P3) (3.34)
EWB)= TW-R) = DA)-DW) (3.35)

- Ifa<b<ec

X
& ®) = Ska-a 3.36
b (3.36)

T
§ 7). Ske-o (3.37)
6c

2_3
B (9, 7y) = YK (3.38)
13be

We conjecture, with near certainty, that we have the following logical

relationship.



4l

B (1203170 =) DRF7)>0 D BU-7R)>0 = BB >0 FP)>0 ey EE5)r0

-Ifa< ¢ <b
The same formulae as for the first case hold here. But it is now

conjectured that

B(P,P3)>0 = J(F;7) 70 D PU-P)>0 5 3R, h0E) T (B)>0e= TB-R)>0

-If b<ac<e

~bi+3ab -3k b +6ka-3a2
6a

§£P7.) =

2
é (R) = Jka ~ &
6¢

~b3-2kid + 6 oli 2a3+ G kat

2ac

PR =

We conjecture that

B )>0 = T 7150 2D BB-P, Do > BU-EK)>0 =5 B, >0 S(Py)> 0

- If b<ec<a

24 3ab ~3kb +6ka -3a?
6a.

&)=

()

()

(3.39)

(3.40)

(3.41)

(0)

(3.42)
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-t +3ac ke +oka -3t

br) =
= \13 60..

53_7_k\,1+6ab"— 2c3. bkt rbact. Gole +12koc

d ®,P)= —
2P T

The same logical relationship, (0), is conjectured here.

- If c<ac<hb

kA
@ ") = Aka-a
6b

—F3ac-3ke +6ka 3ol
ba,

§ (P3) =

3 +2ack Lad+ 6kal

2ER)- (Zab

We conjecture that

2 3F-R)OYy

S 505 2 F@®Hro = &®>o
B (1-P,73)>0

B(RP1>0 = BAM)>0

- If c<b < a

—t2+3ab -3kb +6 ke _3aT
6a,

=

%430 - dke+ bka ~3al

dw)=

6a,

(3.43) -

(3.44)

(3.45)

(3.46)

(3.47)

(®)

(3.48)

(3.49)
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_B 2k @+ 2ot =25 _ CkbEH Gobl-6aZb +12 kab
2ab (3.50)

i) (&P3) =
We conjecture, similarly, that

_ 2 E(P,-%1)>0 R
<§(PJ:’< TR BU-%B)0 D 2B)>0 = B(R)>0 (Q
N & (F,h)50 Z

Thus, taking the common part of relationships (M), (N), (0), (P),

and (Q), the following logical relationship will hold in all cases.

DE )0 2 D) >0
B U-PP3)>0 N (R)
&(p,F) >0 D Bwy) >0

Nevertheless, because of the terms in ¢ which are proportional to
ty3 - tp, in the expressions of Tx - Ty’ (3.14) to (3.19), for any two
strategies X and Y, certain relationships included in (R) do not remain

valid just for any value of t3 = tj,

However, some of them do. The following relationships hold.
BRI YRI>0 DT U-FF)+ URI>O =5 R )+y(1) >0 )

& (BP)-y(R)>0 = F(B) >0 (T)

Y(f) is positive whenever f(t) is positive for any t.
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Thus,
B(P,T3) -y(P ) < S (7,P) (3.51)
and ‘
I A-FR)+yR ) > F (1-7F) (3.52)
Therefore, since
Eh)50 = & (1-pR)>0 )
is true according to (R), relationship (V) is true too.
BB -y%) >0 => F(A-7A )4y ) >0 (V)
(3.53)

We have dB+y) > (k)

- if ®(1-P,P3)>0: &(P3)>0 because of (R), and then ®(1-P,P3) + y(P2)>0

using (3.52), and ¢(P3) + ¥(1)>0 wusing (3.53).

- if (l;ﬁéﬁg)<0 : ®(P,P3)<0 because of (R) and then ®(P,P3)-¥(P3)<0

using (3.51). Thus, using also the linear properties of ¢ and Y

T+t s DR 48RP |-D(B-P Py ) +y (R )+ (R )

& (A-Pfy - B Py )+ y(R )+ yw(R)

LAUBR) + w@ )] - [Py )-v(hI]

DU-RB)+ YRy (3.54)

nooan

v
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Therefore, the following relationship will hold in both cases

$(1-P,P3)>0 and @(1-P,P3)<0,

Combining (V) and (W) proves that relationship (S) is true.

Similarly, using (3.51) and knowing that
R0 = 319170 (X)

is true according to (R), we have the proof that (T) is true too.

All other relationships that we could infer from (R) are violated
for high values of t3 - to.

Finally, expressing (S) and (T) in terms of Tx-Ty, using equations

(3.14) to (3.18), we obtain the set of relationships

To-Te>0 =D Tp-Ta > = T¢-Ta 30 (Y)

and Tp-T¢ 20 =) Tp-Ta >0

This means that for uniformly distributed waiting times, i.e. determinis-

tic headways, we have relationships (Z).

(1,0,1) better than (1,1,1) - (1,0,0) better than (1,1,1) —
(1,0,0) better than (1,0,1);and (1,0,1) better than (1,1,1) -

(1,0,0) better than (1,1,0) . (2)
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This shows that strategy (1,0,1) still cannot be the optimal solution.
We can see also that those relationships valid in this case are
valid in the negative exponentially wj case, but the ﬁther relationships
true in the negative exponential case, are no longer valid in the uni-

form distribution case.
The logical relationships discovered here can be verified through

the particular example used as the counterexample for the heuristic-

solution in Chapter 2.

3.4 Case of Three Routes with General Distributions

In this section, the results which were shown valid in the previous
special cases are now studied in the general case.

The first interesting result was the strategy (1,0,1) cannot be
the optimal one in the cases when w; is negative exponentially distributed
or in the uniform distributions case. Unfortunately, this result, which
can be thought to be true intuitively, can be contradicted in the general
case: a counterexample can be found. This counterexample uses the

probability density function
)= M e RY (3.55)

This type of distribution will also be used extensively below, to contra-
dict properties predicted by intuition. It is, therefore, interesting
before going on with our study to have a look at some specific properties
of this distribution which is powerful in contradicting propositions we
would think to be true and produces results different from other distri-

butions, particularly the negative exponential and uniform ones.,
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Two characteristic peculiarities of this type of distribution may be
seen:

- the probability density function p(t) converges very slowly to
0, as t goes to infinity. n
na

n+l),

- if the order of the distribution is n (i.e. p(t) = (t+a)

all moments of order greater than or equal to

n are infinite,
Moreover, interestingly with respect to our waiting time problem,
if the waiting time is distributed at the order n, this means that the
headway is distributed at the order n+l. Using formula (1l.1) linking

the probability density function p(t) of the waiting time and the cum-

u
ualtive distribution F(t) = ( f(u)du of the headway, we get that
o

N
Ale) =z N (3.55)

- —

ey

if Fls 4- & (3.56)
L%*Q)ﬂ'&l

ie. 4= &_“:;&_':‘z (3.57)
(k+a)

Going back to our study, let us assume that strategy (1,0,1) is the

optimal one. This means that
Te- Ta <O (3.58)
Tp ~Te 29 (3.59)

Te -T¢ >0 (3.60)



-51-

which can be rewritten, according to (3.15), (3.16), (3.19),

Qf(?s)+ yl1) <0 (3.61)
E(RPs) - wih) >0 (3.62)
& (Py-%) -y (1) >0 (3.63)

As previously, and following our usual method, the study is first
conducted by dropping the terms in ¢y, as explained in section 3.2.

Thus, we have, using again the shortened notation k = t; - t;

JZ (kpeb) =B TPk} Ak <0 (3.64)
7 Uk, 6= BT R0 Byt dE >0 (3.65)
12 (ke tt)- W3R -FE)Y 4k >0 (3.66)

(3.64), (3.65), (3.66) are respectively equivalent to

P GARC R
k< =5 (3.67)
S terne Ak
[ B PE) Byle) A
(3.68)

e ICEIC TR
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JS° e [ Pae) B0 ] 3k
P AGIRAC IS ACRE L

(3.69)

k<

when  JS g6 [FW0-F0]dk <O (3.70)

Combining (3.67) and (3.68), and (3.68) and (3.69), we necessarily

have

It e b 2 B0 Pyk) BikdL
— >
JPpepnde ST p bRt Bk

(3.71)

and

SR AW ISP R R B dt
” > - (3.72)
JE 2O (B-Fe)Jde  [2pi0) BB BB dE

Reducing the denominators, using the fact that fw pr(t)dt = 1 and
0
Pr(t) = l-Pr(t), and simplifying, we obtain

JZ B[z £, BBk [EORE2ETORWE + /2R RO

> JTEORG4E 4 250 RUR 6L JE PO+ [TEWMdE [0 B Ribde (3.73)

and

2 O OTIA T ) B JERERORM [Po B 0dE 1 [£PH Fbdt A ACTY G
<K AHEE [T o WR b P bdtr JPEO RGBSR Bbdt 4 LrOBHeuRbdE  (3.74)
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We introduce now the type of distribution described above, substitute

it in expressions (3.70), (3.73), and (3.74), and check that the inequal-

ities are verified.

na'
zqut')s (t:g)"“ (3.75)
and thus Pl&) = (&dn (3.76)
(P2
£
P (3.77)
Hle — o4
P el
- P
and thus P\t = (—~ (3.78)
tia
A
/F}\F'z (—;-;—)q.” (3079)
+
- . aq
and thus P2 ) (3.80)
The various integrals are then
- o mam? L n
) - ét = O
jQ 'fq(k) ?Z\&’&b"jo u—‘.’a‘)oﬂ)*] nrp (3.81.)
i i de = [P ne™d = .32
JZp 0 R de =[5 m‘& = (3.82)
N+Pa
! (3.83)

2] B.(H ®na
(b ORtde = [0~ de=z D
JO 'Pl 2 P} .L (\_*Q)'\*Pq*] n“P*ﬁ




S Rwars [P o ae . = (3.84)

() n-1
g I CIACT R Sl Sl S . (3.85)
(%-&Q)MP np-)
N ACTACEIE =J& a™Y  sbe
o M t%)"*‘i g (3.86)
W B ) Bt = [P o P -
SRt = quk T npeq o) (3.87)

We substitute these expressions in, reduce and simplify (3.70), (3.73),

and (3.74), which become respectively

£<9q (3.88)
$9(p+4q) >O (3.89)
$9 Lp-q) <© (3.90)

Therefore, with the waiting times distributed according to equations (3.75)
to (3.80), and the condition p < g, (3.88), (3.89), (3.90) are true, and
(3.71) and (3.72) will be verified, so that it will be possible to choose

k according to inequalities (3.67), (3.68), (3.69), i.e.

= k< wi
pa LSO IACET 2 o6 pdt’ JT W [P-Fe]de

N ACECTATRT < AR ZGT XCFU AN CTEN NN BYR ]
(3.91)
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to insure inequalities (3.64), (3.65), (3.66), i.e. using 9,

BR)<0 (3.92)
2Ry >0 (3.93)
& (%-7,)>0 (3.94)

Finally (3.61), (3.62), and (3.63) will be true, proving that
(1,0,1) is the optimal strategy, if we take t3 - ty small enough, i.e.

precisely, [to have all three (3.61), (3.62), and (3.63) true]

-k, < win [—@«m' Eeh) E.EG‘;-MJ (3.95)
v Y(Py) gy

Summarizing this important result, we have shown here that the
optimal strategy for the passenger can be (1,0,1) if the waiting times

w1, Wp, wy are distributed, respectively in the following way:

n g 9
)= 0 =P W= 1%
1’4 (k-ba-)"‘” 7 '?2 \E—&c—)lp.ﬂ J ?3 (&+°)q+l
with the conditions
e p < q
PG IAUENCEL ot <o [PPLIRLAE  [PR[R-B0]ak
® T wn ) — —
P e MRLREAE et ot (EE)-P0]de
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(which is possible after the first condition)jand, using the expressions

of ¢ and ¢y given by (3.12) and (3.13),

bt < -JS L) - R RE I (PCi5).p WL JRWA dE
: S a0 Bb) L Rl BRIk

by [te-t ) 26)- Pty [A-R]de
J7 2 P dt

?

(which is possible after the two other conditions)
The other results valid in the two previously examined particular

cases (sections 3.2 and 3.3) are the following logical relationship (Z).

(1,0,1) better than (1,1,1) - (1,0,0) better than (1,1,0)3and
(1,0,1) better than (1,1,1) - (1,0,0) better than (1,1,1) - (2)

(1,0,0) better than (1,0,1) .

This means four separate relationships to prove in the general case, or

to contradict

(1,0,1) better than (1,1,1) - (1,0,0) better than (1,1,0) (AA)
(1,0,1) better than (1,1,1) - (1,0,0) better than (1,1,1) (AB)
(1,0,0) better than (1,1,1) - (1,0,0) better than (1,0,1) (AC)
(1,0,1) better than (1,1,1) - (1,0,0) better than (1,0,1). (AD)

The last relationship, (AD), must be false, because otherwise strategy

(1,0,1) could never be the optimal one.
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In fact, all four relationships turn out to be false under the

following conditions, with certain values of tp- t; and small t3- tj.

n

o )= 2o (3.96)
U"«KJ“H
- n
le. Pilb)s = 3,97
te)” ( )
we 187 (3.98)
® /Pa @)q+) .
q
= Q
e, Ptbl=
e Py o (3.99)
- +
o PB=1  (RY=zo), for teRy (3.100)

(P,, concave, increasing on IR+ from O to 1 can be arbitrarily close to

1 at any point except 0.) Mathematically, this is valid. & is continu-
ous in the topological space of functions integrating on Eﬁ+. §é can be
arbitrarily close to the zero-function with respect to the norm of this

space defined by “&N =.E?l£Uﬂ)AE. Limits can be taken as P, approaches
Zero.

Relationship (AA) is expressed by
Tp-Te >0 = Tg-Ta>©0 (AE)

i.e. using equations (3.14) and (3.16), and dropping the terms in ¥ as

usual

dwf)>0 = HERJI>o0 (AF)
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which is, after (3.12), and noting k = t- t;.

J2 Ckp0-3,6) TP B 0) 4650 = [P [leptt)- TPtk dE >0 (AG)

k> P ACTATCT AT ks S BEPL) A

te. = = = (AH)
J2° 40 P Ble) AE JT ot pat) Ak
which is only possible for all k when,
SRR Pyl de J Plb) pAb)dk
= = > (3.101)
S b) Pott) Pl db JZ° k) P db
If P,(t) = 1, this becomes
SRR dE 2 [ RIdE [P Rl de (3.102)

With the distributions defined by expressions (3.96) to (3.99), we have

JSBUT M dE - [P Pk)de. [0 (6)Fy L0 Ak

-_a ___na = - pv <o
nre-t A=)Casp) (Aap-1)tne1) Carp) (3.103)

which shows that inequality (3.102) is not verified. Thus, relationship
(AA) is not true for waiting times distributed according to expressions
(3.96) to (3.100), certain values of typ=- t; and small t3- tp. These
values could be determined similarly as previously where ty- t; and

t3- to were found to be given by (3.91) and (3.95), respectively.
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Relationship (AB) is expressed by

i.e. using equation (3.16) and (3.18), and dropping the terms in

B@F)>0 = § U-7,83)>C (AJ)

which proceeding as previously gives

k s j;oﬁc{k) Bit) ‘_);\k') d = k) j:oP.—,(H [4_‘3'20‘_}‘?3&.)]&&

Y ) = (AK)
JZ a6 pat) Blb Ak & 4% (18,0 R dde
which is only possible for all k when
= P E)IRAE) ByLe) A& G ADIERATTAC
JZ L2 S, AL RN ACIXOSPT (3.104)

JZ e BRm de T [ ) (1 Al AT dE

If Po(t) = 1 this reduces to inequality (3.102) exactly as in the
previous analysis (3.101). Thus in the same way as (AA), relationship
(AB) is not true for waiting times distributed according to expressions
(3.96) to (3.100), certain values of tp- t; and small t3- tj.

Relationship (AC) is expressed by
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i.e. using equations (3.18) and (3.15), and dropping the terms in y,
BW-5,8)>0 = B(AH)>0 (aM)

which proceeding again as previously gives

ks J e (1-RuRE e s b XCIICRL

= = (AN)
JL 2.8 (1-F 4 P\) ) Ak <o) B 3t
which is only possible for all k when
P (A-Pple) B ) dE A AGIAGES
JE 08 A BT R) o BT, (3.105)

JE R0 (A-RMB)dE ~ JP A0 R

If Pp(t) = 1 this still reduces to equality (3.102). Thus, in the
same way as (AA) and (AB), relationship (AC) is not true for waiting
times distributed according to expressions (3.96) to (3.100), certain
values of to- t; and small t3- ts.

Relationship (AD) is expressed by

To-T¢ >0 =D Te-Ta >0 (40)
i.e. using equations (3.16) and (3.15) and dropping the terms in v,

JmpP)>0 = Jk) >0 (AP)

which still proceeding as previously gives

g ACEACTAUP T K JZ77, WP adk
S o P Byl b N ICAACE (AQ)
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which is only possible for all k when

i AR ACSENCRIS JZ B6) Pyler At

= - 2 = (3.106)
JZ e 0P, B 3k JZ b Py ik

If Pp(t) =1 this reduces to equality (3.102) once more. Thus, in
the same way as (AA), (AB), and (AC) relationship (AD) is still not
true for waiting times distributed according to expressions (3.96) to

(3.100), certain values of ty- t; and small t3- to.

3.5 New Logical Relationships

Relationships (AA), (AB), (AC), and (AD) hold true in the special
cases of negative exponential or uniform probability density functionms
for the waiting times. In this section we attempt to develop systema-
tically new "composite" logical relationships that would simply reduce,
in the special cases, to consequences of the "single" relationships
(a4), (AB), (AC), or (AD).

More precisely, these new logical relationships will be of the type

(P1)
> (P3)
and (Pj)
where, at least one of the relationships (P;) -+ (P3), and (Py) - (P3)
is a relationship among (AA), (AB), (AC), and (AD), or their reverse.
Most of these new relationships designated by (BA) to (BV) would seem
likely to be true in the general case. Of course, those relationships

representing just a transitivity relationship are trivially true and

will not be included.
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Each of the relationships (BA) to (BV) can be studied in a way
which is just direct extension of the method used to study relationships
(AA), (AB), (AC), and (AD). Therefore, in order to avoid a lengthy
presentation here, proofs, similar to those shown for (AA), (AB), (AC),
and (AD) are relegated to an appendix. Only the results are presented

here.

i) (1,0,1) better than (1,1,1)
+ (1,0,0) better than (1,1,1) (BA)
(1,1,0) better than (1,1,1)

n f
is not true for He N2 (&)= p (&)= il
LY R (ra) P!

with certain values of tj- t;, and small tj3- tj.

ii) (1,0,1) better than (1,1,1)
+ (1,0,0) better than (1,0,1) (BB)
(1,0,0) better than (1,1,1)

This logical relationship is in fact equivalent to the relationships

(AD) and (AC),

(1,0,0) better than (1,1,1) - (1,0,0) better than (1,0,1) (AD)

(1,0,0) better than (1,1,1) - (1,0,0) better than (1,0,1) (AC)

which have been proven to be false in the last section.
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iii) (1,0,1) better than (1,1,1)
( -+ (1,0,0) better than (1,1,0) (BC)
(1,0,0) better than (1,1,1)

is not true for AL nat *p &)= 4:3\.{-)..1’-}

(esa)™ +o )P

with certain values of ty- t;, and small t3- tj.

iv) (1,0,1) better than (1,1,1)
+ (1,0,0) better than (1,1,1) (BD)
(1,0,0) better than (1,1,0)

No counterexample has been found; and it works with

p o
b= Na " \b= ﬁ: \b)- =
/P'\l (,E' )"‘.l / ’Pl (HQ’)‘?H 4 ’PB \t‘-’-@)q“-'

However, no proof has been found either.

v) (1,1,0) better than (1,1,1)
+ (1,0,0) better than (1,0,1) (BE)
(1,0,0) better than (1,1,1)

o
i £ = _ng“ = i
is not true for AL e Pt = k)= () P!

with certain values of t;- tj, and small t3- tj.

vi) (1,0,1) better than (1,1,1)
+ (1,0,0) better than (1,1,0) (BF)
(1,0,0) better than (1,0,1)

»P@P &‘. Q.q
Urm.pﬂ 'PBK, (Cra )q-w

is not true for »PQLH:: :’f’_? .?L(H_

(b‘fﬂ-)“*.

with q > p, and certain values of ty- t;, and small t3- tj.
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vii) (1,0,1) better than (1,1,1)
-+ (1,0,0) better than (1,0,1) (BG)
(1,0,0) better than (1,1,0)

3
. " S bl ~ +
is not true for '?,‘LH = a:;_)“'” ) P &)= e )ﬂ*' and PLU:') 2] forte R

with certain values of tp- ti, and small t3- tj.

viii) (1,0,1) better than (1,1,1)
- (1,0,0) better than (1,1,0) (BH)
(1,1,0) better than (1,1,1)

=P

i t true f (k)= e’ B=p bz 2=
is no ue for  -p, — 2, P Thaa) P+

with certain values of ty- t;, and small t3- tj.

ix) (1,0,1) better than (1,1,1)
-~ (1,0,0) better than (1,0,1) (BI)
(1,1,0) better than (1,1,1)

is not true for same conditions.

x) (1,0,0) worse than (1,0,1)
+~ (1,0,0) worse than (1,1,1) (BJ)
(1,1,0) worse than (1,1,1)
As with relationship (BD), no counterexample has been found; and it also

works with the particular type of distributions (3.55). No proof has

been found.

xi) (1,0,0) worse than (1,0,1)
-+ (1,0,0) worse than (1,1,1) (BK)
(1,0,0) worse than (1,1,0)
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9
is not true for (b)= N W)= 13..1) b= 3=
P by L (b+a)P B (b+o)T

with certain values of ty,- t;, and small t3- to.

xii) (1,0,0) worse than (1,1,0)
- (1,0,1) worse than (1,1,1) (BL)
(1,0,0) worse than (1,0,1)

. _ na” b= p k)= ‘ES';P
is not true for ’?«LH' LT—:.)"H ) e P ) (H_‘)‘Pﬂ

with certain values of t;- t;, and small t3- t,.

xiii) (1,0,0) worse than (1,0,1)
+ (1,0,1) worse than (1,1,1) (BM)
(1,0,0) worse than (1,1,1)
This logical relationship is in fact equivalent to the relationships
(1,0,0) worse than (1,0,1) - (1,0,1) worse than (1,1,1)
(1,0,0) worse than (1,1,1) - (1,0,1) worse than (1,1,1)

i.e. relationships (AD) and (AB),

(1,0,1) better than (1,1,1) - (1,0,0) better than (1,0,1) (AD)

(1,0,1) better than (1,1,1) - (1,0,0) better thamn (1,1,1) (AB)

which have been proven to be false, in the last section.
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xiv) (1,0,0) worse th'an (1,1,0)
+ (1,0,1) worse than (1,1,1) (BN)
(1,1,0) worse than (1,1,1)

q
: _ pet - oo )= A%
is not true for 4lW= 'G:;)nn , P \E) ey ™ P3 et

with q > p, certain values of ty- t;, and small t3- tj.

xv) (1,0,0) worse than (1,1,0)
+ (1,0,1) worse than (1,1,1) (BO)
(1,1,0) worse than (1,1,1)

4
is not true for Albl = ?—Q-'P)nn ) tl= bl (::ES-)‘YH"
tra e

with certain values of ty- t;, and small t3- tj.

xvi) (1,0,0) worse than (1,0,1)
- (1,0,1) worse than (1,1,1) (BP)
(1,1,0) worse than (1,1,1)

. na — =P = 9
is not true for A,\Hle i‘b—i)"“ ,  Plkl= &‘Q)‘f’*" PR ALY (%—T-@ﬁ“
with q > p, certain values of ty- t;, and small t3- tj.
xvii) (1,0,0) worse than (1,1,1)
- (1,0,1) worse than (1,1,1) (BQ)

(1,1,0) worse than (1,1,1)

is not true for same conditions.
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xviii) (1,0,1) better than (1,1,1)
+ (1,0,0) better than (1,1,1) (BR)
(1,0,1) better than (1,1,0)

» 9 +
is not true for £)= 0o )= 3= awd RWIxq for ke Ry
™ Crar™ s (era) ™

with certain values of tp=- t;, and small t3~- ts.

xix) (1,0,1) better than (1,1,1)
-+ (1,0,0) better tham (1,1,0) (BS)
(1,0,1) better than (1,1,0)

is not true for same conditions.

xx) (1,0,1) better than (1,1,1)
-+ (1,0,0) better than (1,0,1) (BT)
(1,0,1) better than (1,1,0)

is simply false, because we have seen, in the last section, that (1,0,1)

could be the optimal strategy.

xxi) (1,0,0) better than (1,1,1)
+ (1,0,0) better than (1,0,1) (BU)
(1,1,0) better than (1,0,1)

L 3
is not true for  Altl=-p iz -27':: 37 P, k) = :L: 4
(k+a +a

with certain values of ty- t;, and small t3- t,.



-68—

xxii) (1,0,0) better than (1,1,1)
+ (1,0,0) better than (1,0,1) (BV)
(1,0,1) better than (1,1,0)

0 9
is not true for _p (k= (3’:—;)““ , Ale %@)QH avd Pl =l Rocke Rk

with certain values of ty- tj, and small t3- ts,

At this point, we can see that most of these composite relationships
developed from single relationships that are true in the negative expon-
entially and uniformly distributed waiting times cases, have a counter-—
example, and therefore are not true, even if they were thought intuitively
to be true., All counterexamples used were constructed with the distribu-
tion p(t) = ?%%;7h+l , that we have described previously, and have used
already extensively. Thus, unfortunately, very few indications are given
by the preceding analysis on how it might be possible to develop a new
algorithm for the general case.

However, for two of the relationships, (BD) and (BJ), the usual
ways of finding and constructing counterexamples have not worked. These

relationships that could be true in the general case are

(1,0,1) better than (1,1,1)
- (1,0,0) better than (1,1,1) (BD)
(1,0,0) better than (1,1,0)

(1,0,0) worse than (1,0,1)
- (1,0,0) worse than (1,1,1) (BJ)
(1,1,0) worse than (1,1,1)



—69-

Both relationships do make sense. With regard to (BD), "(1,0,1)
better than (1,1,1)" means that it is better not to use route number 2
and "(1,0,0) better than (1,1,0)" means that it is better not to use
route number 3, while "(1,0,0) better than (1,1,1)", on the other side
of the - symbol, means that it is better not to use any of routes number
2 and 3. Similarly, with regard to (BJ), "(1,0,0) worse than (1,0,1)"
means that it is better to use route number 3 and "(1,1,0) worse than
(1,1,1)" means that it is better to use route number 2, while ''(1,0,0)
worse than (1,1,1)", on the other side of the -+ symbol, means that it is
better to use both routes 2 and 3.

Nevertheless, no proof of relationships (BD) and (BJ) has been

found in the general case.

3.6 Study of the 4-Route Case

In the 3-route case, we have seen that Tx-Ty, for any two strategies
X and Y, could always be expressed using two general functions ¢ and Y,
defined by (3.12) and (3.13), in a way showing the dependency on and
the variations with the differences between the in-vehicle travel times
ty, tz, t3.

We will see now that the 4-route case behaves as a (quite complicated)
extension of the 3-route case. Some indications will be given on how
fast the complexity of the situation increases as the number of routes

increases,

Let A = (1,0,0,0) (3.107)
B = (1,1,0,0) (3.108)
c = (1,0,1,0) (3.109)
D = (1,1,1,0) (3.110)
E = (1,0,0,1) (3.111)
F = (1,1,0,1) (3.112)
G = (1,0,1,1) (3.113)
H=(1,1,1,1) (3.114)
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These are all the possible strategies that include route number 1.
[Remark: the number of strategies that can be optimal increases very
fast with the number of routes n: the number of strategies is 2n-l.]

The number of possible comparisons between strategies is then (2n-l—1)'
2n—2.

From the 3-line case, we have T_-T

g~Tas Tc-T,s TpT

p ¢ Tp~Tpe Tp~Tye
and TC—TB, given by formulae (3.14) to (3.19). Now, we can calculate
the other differences. Derivations are not reproduced here because

they are very similar to those of the 3-line case: T TG’ T

E’ TF’ H

are obtained in using the general formula (1.8l), then the expressions
for the differences are derived as previously, factoring out tp- ti,

t3- tp, ty—= t3 and integrating (and simplifying) the directly integrable
parts of the expressions.

Similarly as previously, all TX—Ty's can be expressed in the form
Tu-Ty = @ Quy) + va (guy ) + v Uhgy ) (3.115)
where o(f), Y;(f), vo(f), are general functions of which the argument

f(t) is a function of time t, and defined by the expressions (3.116),

(3.117), (3.118).
B )= S [Nk, )pytb) B (0] L le) Ak (3.116)

vl (&%) pnde (3.117)

Bid)= () [Za Bl RLE) 210) 4k (3.118)
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All three functions ¢(f), wl(fj, Yo (f) are linear in f. ¢;(f)
and Y, (f) are respectively proportional to t - % and t3- tw’ and
are increasing (y;(f) > y,(f) whenever f(t) > g(t) for any t.) P (E)
and Y, (f) are also positive when f(t) is positive for any t. o is
the same function as previously (see expression (3.12)). y, is the

extension in the 4-route case, of the 3-route case Y: see expression

(3.13).

When fxy(t) > 0 (resp. < 0) for any t, TX-Ty increases (resp.
decreases) with t,- tj, (ca)
When gxy(t) > 0 (resp. < 0) for any t, TX—Ty increases
(resp. decreases) with t3- t;. (CB)
> o - i
When hxy(t) 0 (resp. < 0) for any t, TX Ty increases

(resp. decreases) with t,- tj, (ce)

The type of behavior implied by these properties is consistent with
what one might reasonably expect.

General results are given by the following table:



x 'y
X y fxy gxy hxy

B(1100)  A(1000) Py (+) 0 0
D(1110) €(1010) P,P;3 (+) -p PP (=) 0
F(1101) E(1001) P,P, +) -py PP, (=) -Py (=)
H(1111) G(1011) P,P3P, (+) -(p3Py+p,P3)P Py (=) -P,P3 (=)
€(1010) A(1000) Pj3 (+) p3P;(or p;P3) +) 0
D(1110) B(1100) P,P, (+) p3P1P, +) 0
G(1011) E(1001) P3P, (+) p1P3P, +) -P3 (-)
H(1111) F(1101) P,P4Py (+) (p,Po+ poP )PP, (+) -P,P3 (-)
E(1001) A(1000) P, (+) pyP; (or p,P;) (+) 1 (+)
F(1101) B(1100) PoP, (+) pyP1P, (+) Py (+)
G(1011) C(1010) PP, ) p1P3P, (+) P +)
H(1111) D(1110) P,P3Py, (+) (p1P_+ poP])P3Py (+) P,P3 (+)
D(1110) A(1000) 1-P,P3 (+) p3P;Py (+) 0
H(1111)  E(1001) (1-F,F4)P, +) p1(1-PpP3)Py=pyP PsPy 1 7,7, )
F(1101) A(1000) 1-PyPy (+) PP 1P, (+) P, (+)
H(1111)  c(1010) (1-P,P4)P3 +) p1(1-PoPy)P3-paP Paby PyP3 +)
G(1011) A(1000) 1-P4P, (+) 1-P3P, (+) Py (+)
H(1111) B(1100) (1-P3P,)P, (+) (p1Po+poP;) (1-P3P,,) (€D) P,P3 (+)
H(1111) A(1000) 1-P,P 4P, (+) (p1P2+poPy) (1-P3P,) ) P,P3 (+)
€(1010) B(1100) P,-P3 p3P; (or p,P3) (+) 0
G(1011)  F(1101) (P,-P3)P, p1P3Py+p,P1P) (+) -(P,-P3)
E(1001) B(1100) P,-P, p4P1 (or p;Py) (+) 1 (+)
G(1011) D(1110) (P,-P,) P4 p1(P2~Py)P3+ pyP P3 Py (+)
E(1001) €(1010) P3-P, p1 (P3-P,) 1 +)




Table 1 (continued)

T -T
x 'y

X y fxy gxy XY
F(1101) D(1110) (P3-P,)P, (p1P2+p2P1) (P3-Py) P, +)
G(1011) B(1100) Py-P3P, p1(1-P3Py) +) P3 (+)
F(1101) €(1010) P3~P,yPy p1(Ps-P2Py)~paP Py Py (+)
D(1110) E(1001) P,-PyP3 p1 (Py,~PoP:)~pP P53 -1 -)
Notes: * or —pq?l (1—.]5_’2};3) + p3§-1—§2_§q

%% or -p3P(1-P,Py) + pyP,P,P3
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The fxy column gives the argument of ¢ in the expression of
TX—Ty as a function of ¢, ¥;, and Yo for any two strategies X and Y.

The gxy and hXy columns give respectively the arguments of Yy and ¥j.

A (+) (resp. a (-)) in the fxy column means that fxy(t) is always
positive (resp. negative) and therefore that TX--Ty increases (resp.
decreases) as ty,- t; increases, Similarly, a (+), (resp. a (-)) in the
gxy column means that gi;) is always positive (resp. negative) and that
Tx-Ty increases (resp. decreases) as t3-t, increases; and a (+) (resp.
a (-)) in the hXy column means that hxy(t) is always positive (resp.

negative) and that TX-Ty increases (resp. decreases) as ty~- t3 increases.

For example, the last row gives that

To-Te = B(A-071 ) +y, (pR-BR) -4, PP ) +; (1) (3.119)

i.e. using (3.116), (3.117), (3.118)

T-Te = 2 [ (hb) 0 8)-Pe JL ) -F, el Pe) Jd b

P O S R AT LI E AR AC) AL Pt Byle) Jak

~ (ely) 20 0 0 Polh Ak (3.120)
TD—TE decreases as t,—- tj increases, but there is no rule about the
variations with respect to tyo—- t; and t3~- tj.

Although the 4-route case is obviously an extension of the 3-route

case, it is difficult to detect from the 3-route case results and
from this table, any interesting pattern linking the 3-route case and
the 4-route case, which could be extended to the general case of n routes
and could provide some indications on the behavior of the most general

case.
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Chapter 4

Clever Passenger

4,1 The "Clever" Passenger

The idea of the "clever'" passenger is suggested by C. Chriqui and
P. Robillard in their paper.

The "clever" passenger is the passenger who looks at the time he/she
already waited at the bus stop and continuously updates the strategy
he/she will choose depending on this time.

The choice problem of the "clever" passenger is an extension of the
problem studied in the previous chapters. The optimal strategy for the
previous problem will not necessarily be always optimal for the "clever"
passenger; it will be only the strategy he/she chooses at his/her time

of arrival at the bus stop.

4.2 Expected Total Travel Time

Obviously, formula (1.8) derived previously is no longer a valid
expression for the expected total travel time. It just expresses the
expected total travel time at the moment the passenger arrives at the
bus stop.

Let X be the strategy of using just any route, X' a strategy corres-
ponding to a given subset of the set of all routes, and tO the time the
passenger has already waited at the bus stop. Now, since we assume
that the passenger has already waited t, and takes this time into account,
we have to make all expectations conditional on the fact, the waiting time

w_ is greater than t
X o)

w_ >t (4.1)
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The expected value of the waiting time given this condition is

E(WK/W,()EO) :j:ot- Prob \t<\)f,‘< ‘:+<“:/‘*7)'( >Eo) 4.2)

(Ecunc<t+dE) - prob lw Sk fog = )

ob
prab (E<un< brdt fun 5k ) = o

prob WG >ho)
PxlEIdE if bk,
= P ko) (4.3)
o if t<t,

Then substituting (4.3) into (4.2), we obtain

Jo. bpbrde

E(Wx/\kﬁbbo) = —
P (ko)

- e o
(-eRe) ]+, Petbrdt
- §x &)

(integrating by parts)

Jo. Pl et
+ <

ko =
Pdte)

bt J& o leakg) ok

— (4.4)
P k)

Let X" be the strategy of using any route except those used in strategy

X. We have similarly:

E(wxv/w;>b,):‘/: €. prob (bur <b+dE/ vy 56 ) (4.5)

prab(beor cb4dt/un, >k )= prob (b<us € E4dk) - prob (us >, Ay = t)
P('Ob(‘*‘i) t'g )

Jpxy“?) . vPrQb (UJ;( ?b,/w;(l:_t}d‘;

= 4.6
B k) (4.6)
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prablugobe/ win =k ) = prab (wyskg /us =t ). Aroblurn > A=t ) (4.7)

Frob \VJ:” >!°/b&!:¢k) =
o Y t<ch

preb (uh, 2k ) = P ko) (4.9)

Combining (4.6), (4.7), (4.8), and (4.9) and substituting in (4,5), we

obtain:

m ~~
g AbldE B k)
E (g /wy k] = je° i X

P (k)

I b b dE
= 7k

- —P‘x’ (k)

o _
t
+ j\'o Per () dE (integrating by parts as
P ko) previously)

t

o

\

j: P:(I u:"fka)dh
Py o)

- ko

(4.10)

Let r be a route included in strategy X and Xr be the strategy of
taking any route but route number r. The probability that a bus of

route r arrives first is:

R x!= Prob(wr:us;(/w;>k°)

= JZ peole b€ Eadb o 5ko). peob (wy >t /g5 &, | (4.11)

28 dt ;
prab LE<un < bedl/wy >6) = { Pr (&) £ e (4.12)

© (ot t<ts
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(using the previous result of prob(t<wx,<t+dt/wx>to) with x' being the

strategy of using route number r only).

Pfcb (erbb } pro‘: (\’:X)&O /N’)'((vk)

Prob (\)rx(>k/u&>(:q\ =

P(Ob \\h&)t’o)
R prob( v ke / ug >k ) 6.1
ALY
Frob(\xf*>b¢/w§(r>biz peob (\Nﬁrbko /\»&rDb) - Pf°b (w—,;\:o)
= preb Lug ot/ wy ot - Pell) (4.14)
1 § bk
P(ob \w"x‘_v\.‘c/w St) = ° _
rmb (er>t'/\&!“,<‘>bo)‘ Peablug >k, ) R %)
<= 4,15
peob (wg ot ) R (&) (4.1
f ex<ts,
Combining (4.13), (4.14), and (4.15), we get
R (5P, B lE)
Pﬁ,(l:l Peleo) - Y’_(r i bk
Py lks) &, &)
problus >k /vs Sko) = A
x & ) B \Ea) Pr Lo
R, H =1 if <ty (4.16)
Py (k)
Substituting (4.12) and (4.16) in (4.11), we obtain
o) By e
heoare o 228 Bt g
o Flks) B lto)
S 4 B b1 dk
Pe lko) - By L)
_ [Pk Py lkst,) dE
- (4.17)

P (ko)



-79-

Let now r be a route included in strategy X' and X'r be the strategy

of taking any route included in strategy X', but route number r.

We have similarly:

N1z J7 prob Logur < badt Agabs) - problug, b/ ug >k (4.18)

P'ob(wﬂ,f>b ) n(o&(\&)bo/\rfilr*,
prob (vig>tg)

preb LS St /ug Sk, ) =

_ Ex'r (k) prob(\,rx>to/\»§1( St)
R 6o

(4.19)

peab (ug, >t /95.>€ ) = prob (wiy- >k, Juss, S )- peob s ot | -prob (b7, >t |

= peob Lsge e/ >tk Gl Rule). 420y
Similarly to (4.15):
4 A SR
Prob (w;,( sty /\n;,(ph- ] = E,_ ) \ (4,21)
= (‘& €<L'o
P (k)

Combining (4.19), (4.20), and (4.21), we get

‘—’;1((%)- -P.r(bo)‘-P;(nUcb) Eﬁ( (k)

— = — 1 oty
Py ko) Pt tka) 57
Prab (\»;,( >t /\'J;( Deo): -
- P.‘) (Qo\ by o (%
P’(\((E') -_—-f-—;- P((ko) P " o’
B ) =1 ;& t<bo

By (ks)
(4.22)
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Substituting (4.12) and (4.22) in (4.18), we obtain

* /P,LH-S,U,&H
e Pelko) Py, (k)

"

HWX)

JE Atk - B k) aE
P leo)

J2° elbate) Py lhek) dE
PN

u

(4.23)

Finally, the expected total travel time with strategy X is, using equa-

tions (4.4) and (4.17)

T o= b4 Jo (Rl £ Z kg, (erto] R Ut ) ) de
B ko)

e P (¢ b= (N)‘Tr S(\' to
bo+ JZ k-tl—erx Pe( +§o)+rex ¢ Pe 0:;); LT )) dt (4.24)

T Pk
reX
In the same way, the expected total travel time with strategy X' is,

using equations (4.10) and (4.23)

+ j: (-P:' (.F'Q'QO‘ -+ (%X' &.( f( (HBQ) Px\((k-‘.l’o) ) dk

E’ &)

)

Ty

>0 ?, 5
b+ I (T Peteta) 4 g—x R AR E‘x P (m‘,)},\&

_ 1% (4.25)
‘\T Pru'°)
rex’

We note that the same formulae apply for X' as for X, but, although

this makes sense, it was necessary to prove it, since in both cases, the

condition is w_> t .
b4 0
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4.3 A Simple Property

As stated in section 1.4, it can be shown that, the passenger always
includes route number 1, the route with the shortest in-vehicle travel
time between A and B, in his/her selected routes, no matter how long he/
she has already waited.

Let X be a strategy not including route number 1 and x' = x + (1,0 ...0)
i.e. the strategy including the same routes as x plus route number 1,

[There is no relation with the notations x, x'

in the last section.]
Let W denote now the waiting time for the first bus of any route to arrive.

From equations (4.17)/(4.23), we can write

J@ MCRR N \M;)Ak P o lbako) {1 Pilbtbo) db
He(x)= 2T _i#c (4.26)
Tgx Pe o) P )
h

\

- T—
/20 sk P o) TT Fleatd db T rlerb) Plivto) fy Prbvel dE

*X
e )= 2l = {7 (4.27)
P

P ko) - T P ko) ACEALY
rex

SRt T Rl JT g kel Blbvh) dE 2
H (X, = ! — = — oy .
! Tl T P Lto) Palkol P (ko)

ex

Then, we have

- -
S kg (eako) il B (bt dE
Elby /op>tl= 2 ke Hetx)= S B S (4.29)
rexX kabo)

1
E(te/wodta) = S Ha¥) + ri(_x e Nex)

LR ACT PAMQH% 122 kr%”f“o“’«**bm Pkl ot (4.30)
7, (ol Py (ko) B \ko ) Py ™ |
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We have

[, krko) By (vl db = - Plkal Belka) + [T vkl alks )

A~

= =Pl ‘—7;[\'0\ +j:°2 ’Pr\k-} \fo):ﬂ_ -P’CUN»\?Q) Pqu'*‘l‘o) db
cex {3;

(integrating by parts) (4.31)

because px(t) is the derivative of -?%(t) and §g(t) =1 5;(t).
rex

Then, since t1<tr for all r#l1, the following inequality holds.,

- - o0 -—
foo by L) Py (brbo 1A = -, Bl jo rzexh'fru'-i-“o) ‘Tel; Prleety)p,terk)db

<o
{

< b Pt Blea) 4 [ E b pttolTT Ploko) Bulkuts) 4t

vEC
o0 P
<ja ‘%x & ﬁu-;bo):(ei; P beta) Py Lbsts) Db (4.32)
EC

Because of expressions (4.29) and (4.30), this means that we have

E b/ Wodto )< € (Ex /vy >t) (4.33)

We also have

W W (4.34)
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because the derivation of (1.20)/(1.9) in Chapter I is still valid, since
it is only concerned with the random variables LA and v and not with
any kind of their expected values,

Therefore, from the two inequalities (4.33) and (4.34), we obtain

Tx= Elug foigoto) +E [t/ wpbs) < Tz Bl /g St ) +E (b /wiots ) (4.35)

Strategy X', including route number 1 is better for the passenger than
strategy X. Thus, the best strategy always includes route number 1, the

quickest route.

4,4 2-Route Case

In this section, we wish to study the "clever" passenger's optimal
strategy, in the simplest case with respect to the number of routes,

namely the case of two routes.

Let A = (1,0) (4.36)

B =(1,1) (4.37)

We have according to general formulae (4.24)/(4.25)

[P, Lbeba) T, 0, st 1db <0
Taz= Eo+j° L o Tht T ] = t‘o+f——-—-—° Pi\tutolde + 4 (4.38)
PACS) ALY

o _ - -
P, Lo Py (b , (b4 1P, (b b ) 4 by (b Py (i)
TB= ks + jot (e Py (b ) + b, ::)Pz— bl + bpltrks) #oni\- (4.39)
P4(\'0)PL(&O)
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Substracting (4.38) from'(4.39),
J& [ By Lkl \ Py (b ake) Priko)) %, alb+to) (Polbet) -Ptee) ) vty p A B (vabe)) a1

Pkl P )

TB—TA =

Jig (CRATACSSROITIN) [ XN ECR TN AT
Palka) By ko)

La Jpy RXCENEN U MPE CLNEXCHON IR CRPY TR | ST (4.40)
S o

The second term can be integrated directly:

Tp= S Tliepty) p v Palis k3T Pittal-Pabe bl ] At—+ o Felted Fabe) ~Atto)Fa ()
Paltol Pyt TR

s

S 2 Tt babelF, ko) T (Aol Py etie) JdE
Palko) By o) (4.41)

Intuitively, it seems reasonable that the passenger's optimal strategy
might consist of accepting both routes at the beginning of his/her waiting
for the bus, but only taking the route 1 bus after the waiting time has
reached or exceeded a certain fixed threshold value 1, i.e.

(1,1 for t, T

optimal strategy:
(1,0) for t, 2T (DA)

with possibly T = 0 or + «,

but never (1,0) for t, ST

(L,1) for t, 2T
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To explore whether this is in fact true, we need to look at how TA

and TB very as a function of to.
A simiplified expression (4.38) that facilitates its study can be

written for TA:

e
b+ JZ P ko) At .

T.=
& P, ko)

, (4.38)

The remaining waiting time (the passenger has already waited to) is

P —
P u'-l-k'c}dl'
Ta-to-t, = 1"_‘_____ (4.39)
P, )
In the case of negative exponentially distributed w;, (p;(t) = ae-at)
we can see that
Ta=tot 2 +54 (4.40)
ie. bt = A
{.€ Tﬁ Q 4 o, (4.41)
The remaining waiting time is constant in this case.
. . . _ (l/a for t<a
In the case of uniformly distributed w;, (pi(t) = {O for t>a;
- 1-t/a for t<a
Pi(e) = iy for t>a)
we obtain
= kL a
bbbt = (L. B = S 4 = (4.42)
JoRweae=fe 2] s = e
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and then, simplifying,

Ta= b+ 22f0 L,
2

ioec TA’& 't - Q"Ee
=T, 7,

Hence, in that case,

Ta~to-t =Q for E=za

(4.43)

(4.44)

(4.45)

The remaining waiting time is zero, as we reach the maximum value of

the waiting time, a.

This result, intuitively, can be generalized for all waiting times

with a finite maximum value a, i.e,

P4lE)=0 »fot t>a’

-

and thus Pl¢)=0O for tza

so that, after (4.39),

I A A CET
B, (ka) Pyl
q, —
A
P ko)

Tﬂ-k'°~&'4 =

a

(4.46)

(4.47)

(4.48)

The functions of to’ f f-l(t)dt and I’—l(to), can be expanded according to

to
a Taylor series, when to is close to a:
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3
oA —~ (Q~Eoﬁ; '(QJQE:32L —“.
jh 7, ) db= 'PA(Q') —5 L4 Z + (4.49)
- ' (a-tof
Palke) = pyo) tasbol 4 gy () * e (4.50)
and then:
a ’
J I ack 5 AW (ko). (4.51)
Ta-to-tu= — = T ;:C;, '
P ) 2 *
(plarso)
then TA*EQ'k,‘:-'/ Qiko (4052)
for to close a, and particularly,
Moreover, since TA—to-tl = f Fl(t)dt > 0 for to = 0, the quantity
o

TA-tl—tO, the remaining waiting time, decreases globally as t0 increases
towards a, as we might intuitively expect.

Let us go back, now, to the case of a general distribution, to see
if this property of global decrease still always holds. We can differen-

tiate the remaining waiting time with respect to t,» from (4.39), to

.obtain:

A(Tq-\’-)wto) - 4 +'f4(¥°) /:’Eu-;l-c)e\% (4.53)
ko [
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From this point, we can study the variations of T -tl—to as tO

A
. : : (T,-t;-t ) .
increases. But, we can also in letting A o) take different

particular forms, and find out, in solving the differential equation
in P; expressed by (4.53), which distribution will imply each of these

particular forms,

A (Ta-t,-to)

Thus, for example, if we set e (4.54)
4
2. Tp-t,-t = constant (4.55)
we have, after (4.39)
oo .
d
w coastant (4.56)
P ko)
..__g&fl__ = cownstant k (4.57)
J& ) de
log Pylke) = ~kko + constant (4.58)
- -kt
Pylko) = conskont . e ° (4.59)

Since, we must have'FI(O) = 1 and lim ?&(t ) =0
o
£ >+

k must be positive and F&(to) = e_kto . (4,60)
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We, therefore, obtain the negative exponential distribution.

We, thus,

have shown that the negative exponential distribution is the only one

for which the remaining waiting time is constant,

As another example, we can now set

dTabko) _ with 20
d%

i.e. after (4.53),

Ayka) [ P, kebol dE

— = ka1
P o) t

(4.61)

(4.62)

o o]
If we denote f ‘Fl(t+to)dt by y, this expression can be re-written as

o

"
y_Z =k

yﬂ.
'z "
Y-¥Y |k
yl
i.e. l’ = -k lko+a) where a is an
integration constant
ioeo i—’: -__1____.
b} k(b5+aj
ioe. Loﬁy = ‘% ij ch'f‘)" <Me°¥'b

\
)g gonskmnb (E'o""\-) «

(4,63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)
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4
(+e)®*'

i.e. Balg)= -y = vowtbant (4.60)

lse]
Since we must have P;(0) = 1 and ('Fl(t)dt finite, we must have'% +1>1
o)

i.e. k > 0 and

d

= & 4.61
el = (E«-n’t*‘ (4.64)
i.e. with n:-L--\.\ (4.62)
- 0
Pylole = (4.63)
(to+o)"

Thus, we obtain the type of distribution that we have described earlier
and used extensively in chapter 3, to contradict different properties,
We have shown here that this type of distribution is the only one for
which the remaining waiting time is linear (constant derivative) and
moreover, that in this case, the slope is necessarily positive (k>0),
meaning that the remaining waiting time will increase as tO increases
and will even go to infinity as tO goes to infinity.

Therefore, again, this type of distribution produces a counter-
intuitive behavior; the more the passenger has waited already, the more
likely he is still going to wait. This distribution exhibits as we have
seen in chapter 3, some peculiarities that the more common distributions
do not have:

~slow convergence to 0 as time increases

- moments are infinite after a certain order.

However, from a practical point of view, it might be possible to
meet some very special cases, where the more the passenger has already

waited, the more he is going to wait: this would be true, for example
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in the case of a strike or of an accident; the more the passenger waits
for the bus, the greater the probability that there is a strike or
an accident, and the less likely that the bus is going to arrive at the
bus stop.

Finally, it must be interesting to look at T_ and T -TA, with this

B B

special type of distribution:

n - fa?
let ,lk)= (ﬁ)"“ P, \k)s eaay?! (4.69)
S = ?
- = af k)= &=
i.€. P4 C\:‘:‘)“ P?. ) kk-ﬁ'@)‘P (4.70)
Then using formula (4.38), we obtain,
Ta= b+ Rre Lk, (4.71)
-t

We retrieve here the fact that with this type of distribution we have

k = ;%T i.e. n =-% + 1, where k is the slope of the remaining waiting
time TA-to-tl with respect to tO: expression (4.62).

Using formula (4.41), we obtain after simplification,

Ta-Ta= £ ety )= —P — (kta)
B8 nep ? o (n-1)(aypa) ° (4.72)

Therefore, we can see that T goes to - as tO goes to +=, thus

B A
TB-TA will be negative for high values of tyo meaning that (1,1) will
be the best strategy for high values of to. On the other hand, choosing

a adequately, we can have TB--TA positive for low values of ts meaning

that (1,0) will be the best strategy for such low values of te
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In this way, we will get exactly the reverse of property (DA)--
which was thought to be intuitively impossible. Again, the type of
distribution given by (4.69) and (4.70) leads to results contrary to
what one might reasonably or intuitively expect.

As a matter of information, from (4.71) and (4.72) we can easily

deduce TB:

Tas 2 bt o o+ L (bt ) (4.73)
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Chapter 3

Conclusions

In many cities, bus routes sometimes share common sections. When
several bus routes share a common section between two points A and B, the
passenger willing to go from A to B is faced by the problem of choosing
which bus line(s) to take.

Because some routes might have a very long travel time between A
and B, we may disregard them. We assume that the passenger will choose
an optimal strategy: he/she will select a subset among the set of all
routes passing through A and B so as to minimize his total expected travel
time (expected waiting time and expected in-vehicle travel time). Once
this subset is selected, the passenger will take the first vehicle
serving one of the routes in this subset, arriving at A.

The purpose of this thesis was to study the problem of the passenger
route-choice decision in a probabilistic framework: on each bus line,
the headway has a certain known distribution and the passenger arrives
at a random time at the bus stop, so that the time for the first bus of
each line to arrive at A is also a random variable, Because we showed
that only the expected value of in-vehicle travel time between A and B
for each bus line matters, in-vehicle travel times were considered
deterministic,

We reviewed the problem of choosing a subset of routes in Chapter 1
and showed that the shortest travel time route is always included in the
optimal strategy both for the case of the passenger who has just arrived
and for the case of the passenger who has already waited for a while.

(We showed the latter in Chapter 4.)
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In Chapter 3, we reviewed the Chriqui and Robillard heuristic solu-~
tion for the optimal strategy, found conditions under which it fails,
and provided counterexamples. The failure of this heuristic in the
general case prompted the study performed in Chapter 3.

Chapter 3 consisted of an extensive investigation of the case of
three bus lines. We demonstrated that many properties which we might
expect to be true are indeed valid in the cases of negative exponential
and deterministic headways. But, as we have shown these properties are
in fact false in the most general case; there is at least one class of
distributions for which these properties fail to hold. There seem to be
very few general statements that can be made regarding optimal strategies
unless the waiting time distributions are further constrained. The case
of four bus lines also showed how much more complicated the problem
becomes as the number of routes increases.

The problem of the "clever'" passenger, who has already waited for a
certain time, and takes this time into account in making his route-choice
decision, was described in Chapter 4. We discovered there that it is
possible to find some distributions for which the remaining waiting time
actually increases with the time the passenger has already waited.

Thus, the study of the problem of common bus lines revealed that this
problem is much more difficult to solve than anticipated, and we have not
been able to find a generally valid algorithm for it.

The cases, for which the counterintuitive results of chapters 3 and 4
were obtained, involved the same family of probability demsity function.
This family of distributions, which is among several that could exhibit

the same type of behavior, was used for reasons of algebraic convenience.
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It belongs to a set of distributions that have, unlike usual waiting time
distributions, peculiar properties; in particular, all moments of the
distribution above a certain order are infinite.

In this respect, an area for possible extension of this research
is to study further the problem of the optimal strategy of the passenger,
"clever" or not, restricting the investigation to waiting time distribu-
tions which do not exhibit the peculiar properties mentioned above.

Since, we have found that the Chriqui and Robillard heuristic
approach cannot even by applied in the case of deterministic headways,
further research would be needed to develop a new one. But, because
many intuitive statements are not true in all cases, this research should
take place in the restricted framework of waiting times or headways
distributions that fit more closely the actual behavior of buses along

a bus route,
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Appendix A

Logical relationships (BA) to (BV) presented in Chapter III, can
be studied in a way which is just a direct extension of the method used
to study relationships (AA), (AB), (AC), and (AD) in Chapter 3.

Moreover, across all relationships (BA) to (BV), proofs are very
similar to each other, both with respect to the approach taken and to
the type of results obtained.

Therefore, only typical proofs are given here, each one correspond-
ing to one of the types of results obtained. The specific relationships
to be discussed are (BA), (BB), (BD), (BF), (BG), (BU).

i) Relationship (BA):

(1,0,1) better than (1,1,1)
-+ (1,0,0) better than (1,1,1), (BA)
(1,1,0) better than (1,1,1)

i - 0
i.e. TD TC>

- 0
TD TB>

- TD-TA>O (EA)

i.e. using equations (3.16), (3.17) and (3.18), and dropping the terms

in ¢ as in Chapter 3,

D(r.7)>0 5 B (RO

— (EB)
B(F,)p0
which is after (3.12) and denoting k= tpo-t;
g CEACIEACIA P 2 » o
= 2 Ckpu-F01] (4- BFe1 3 db >0 (EC)

JZ Chepe)- B 0Tt L) 4 50
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' e AGLXC AT

l.€, k7 o i ] ) ) (ED)
G GIAGE o JPAE M- B Ak

J2 248 (A-p 01 B3] At

K> J3 P8 Byeitaw 4k
JZ 10 RlE) o dE

which is only possible for all k, when

AT Pyld dk S JZ B [1-P B ] dt
= > — A.l
P ACTACRAC R Vpa FOTZRACTIACHPT .1

or

JZ P o) pk) Ak JZ Palt) (- BltIPs e ] 4k
oo 7 > JZ b [1-P\4 Byt T 4 (4.2)
JS 28 Fmp de o P ACAAUK!

_ e
Using the fact that Pp(t) = 1-P,(t) and J pi1(t)dt = 1, (A.l), can be
)

reduced to:

JZ2 0B de [PR B dk + PP de.[ %) BB ak + o"’@(u@w dt

> /:",94\&—) REIPHAL jo*m;’e;\u at +j;°r’.(t4 Pyle Palt) dk & jo e ACICPU jo Pabde  (A.3)

We can also notice that inequality (A.2) is the same as inequality (A.1l),

with subscripts 2 and 3 interchanged., Therefore, inequality(A.2)implies

an inequality (A.4) which is the same as (A.2) with subscripts 2 and 3

interchanged. Thus, if ?;(t) =5€ (t), both (A.3) and (A.4) reduce to one
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inequality (A.5).

JZ a0 Pa)dk [CEEITATAE 4 [2 Bt [P b BN Al 4+ [P R

2 LA BT ot [Preimaat 4] PORETSE L [Epnif b [57 Pt de

»P
Then if b= 0o’ 6= pyle= B2
(bra)™! (era)PH!
L.e. Palk)= = Fde Bb= 2
i R : Cexal?

(6.5) becomes, in a similar way to some derivations in part 3.4,

a. o e 4, N s a o + & L 2 .n

A aLp ,:;-1 ns2p-1 ntp 7 a nep n+2p-l | nap~l walp

i,e, after simplifications,

~2p% > 0

(A.5)

(A.6)

(A7)

(A.8)

(A.9)

which is not true, Therefore, relationship (BA) is not true for waiting

times distributed according to (A.6) and (A.7), with certain values of

to-t3, and small t3- to.

ii) Relationship (BB):

(1,0,1) better than (1,1,1)

+ (1,0,0) better than (1,0,1)

(1,0,0) better than (1,1,1)

(BB)
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i.e. T -T >0
D

- T -T, >0 (EE)
T -T,>0

i.e. using equations (3.16), (3.18), and (3.15), and dropping the terms
in ¢ again,
€§\ELE)>°

= ‘é(&)70 (EF)
$1-£%)>0

which is after (3.12)

P -
ke B - R ptn T, W Akyo _
J Lk IraR 26 =) j:[kf,\H—\’Al-I] Pl de 50 (EG)

JZ [ kgt =B ) (- P8Pty J d o
i.e.

o JZ HRH T dE
J2 28 B Ak S k> S heew ak
o JT 28 B de

JZ P (4-PaB8 T4k

k> -
AU N B AU AURE L (EH)

which is only possible when

i ACLAUTXCPTS e ACEATRT
[ ? = (A.10)
Y PPN XS TAT LS e SCRAC I

or

g AT R ATTAC) P Ll ATT YN
- - d
2 A (A-Buot a6 Bl dE

(A.11)
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Reducing these two inequalities, we find that both of them give:

b ACE XTSIy S XU LXC P L G ATT AU T AT PR e SCT AT

Jo Pa
P ACIACPUN @ IC A CRURY SATRACTIC Ry AL S

(A.12)

This proves that, in fact, (A.10) is true whenever (A.l1ll) is true, and

vice versa. But (A.10) is the inequality we obtain when we study

h)>0 = @) >0 (ED)

and (6.11) is the inequality we obtain when we study

€ (1-78)r0 D I®)v0 (EJ)

(EI) and (EJ) are respectively the relationships expressed using &,
(terms in ¥ dropped) associated with relationships (AD) and (AC).
Therefore, for small values of t,-t;, the three relationships (BB), (AD),
and (AC) are equivalent, since they are equivalent to the same inequality

(A.12). Thus, relationship (BB) is not true, since (AD) and (AC) are

not, according to Chapter 3.

iii) Relationship (BD):

(1,0,1) better than (1,1,1)
-+ (1,0,0) better than (1,1,1) (BD)

(1,0,0) better than (1,1,0)
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i,e. T -T_, >0
(EK)

i.e. using equations (3.16), (3.14), (3.18), and dropping the terms in
v,

@ (97_33) >0

®(m)>0

which after (3.12), and processing the inequalities as in the previous

cases one gives the following conditions:

JAAGIACTEAC R S I3 7t [A- Bl Byt ]k a13)
J2 2B dE T 2\ 4B Ph ] b

or

g ACT AP JZ 7, [1-Pel Tk ] ab (h1)
7 oy = . s
JAPICEXCR L S [1-R0 BB J4E

Reducing these inequalities:

ISRk ¢ [P B B A+ ST a0 B0 dt [Fhdar

7 [ Rm s [P EI0R 0 fin db +SRioat o HR kIR HRERENE  (A.15)

or
% 2B B [0 RT3 + 576 (1 4k [P bR ERIHAL +[PF (0 F ML

PN R AT TN LACPEY F,u-xéwau/ﬁm@uﬂw\&+/:°,w)'p;m4t JERAE (au16)
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. _ nah ‘ N
with  plbi= e 2\l Z’\-_:q;‘l’*'

(A.1l5) reduces to

pq(ptq) > 0

(A.16) reduces to

-pq(p+q) > O

q
I A.17
1§(EL.{;:;JQ*’ ( )
(A.18)

(A.19)

Therefore, the condition for at least one of the two inequalities to be

true is verified. The usual type of distribution, defined by equation

(3.55) does not work here as a counterexample.

iv) Relationship (BF):

(1,0,1) better than (1,1,1)

-~ (1,0,0) better than (1,1,0) (BF)

(1,0,0) better than (1,0,1)

l.e, TD-TC > O

TC—TA > 0

- TB—TA > 0

(EM)

i.e. using equations (3.16), (3.15), (3.14), and dropping the terms in

¥,

3w,7)>0

=) Fy> o

(EN)

which after (3.12), and processing the inequalities as usual gives:
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JZ 7w eanBmo , SR b

=~ Bkl S P dE (4.20)
S e Rl S8 R,

or

J2 )y a4t s CAUEAT R

= > S (A.21)
JS 2 Bkae T [ pbpEdE

which reduces to

J$ BRIt S EEE) ik Lo 0 b4 Ty 4 ST (0 HRLAE
+ [T RORER0E [0 BEE S 25 0 RE BHEL RN [Spwl) b

t Saehne [Ta0REE CRUREE Couhubit  (a.22)

or

[2 BBt + TPt [Tp IR + /PR WAt [Pp b P dE

> SRGRKE +[SFRREE (720 ABE+ R0 [F WRE db (A.23)
With = na’ w= 2f e 927 A.24
* (bea)n*? L ot U (bra) ¥+ (429

(A.22) reduces to

-(2n+p+q) (p-1) - 2n(n+q) >0 (A.25)

which is false, and (A.23) reduces to

pq(p-q) > 0 . (A.26)
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which is false too, for p<q. Therefore, relationship (BF) is not true

for waiting times distributed according to (A.24), with p<q.
v) Relationship (BG):

(1,0,1) better than (1,1,1)
+ (1,0,0) better than (1,0,1)

(1,0,0) better than (1,1,0) (BG)

l.€, TD-TC > 0

TB—TA >0

- TC—TA >0 (E0)

i.e. using equations (3.16), (3.14), (3.15), and dropping the terms in

Vs

Snfi)s0
B2 By (EP)

) (P)20

which, processing the inequalities gives

JTrene B ae L Bauppd de

_ > (A.27)
JZebnmpdat 7 Py at

JS Bt eande A A RUPTC
JS 2 PlbidE T [t Pyt dE

(A.28)

This reduces to

J2 Pt B A€ 4 J PP BRI [Sp I P11 (2 Fly Ak [0 4 1 BB dE
2 j:“ Pale 1Py (H By 1) db+ S Palede [0 (i BeldL 4 2 b Py er dE [P0 H PGP HAE (A.29)
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or

1 TRk + [T PNt [ Fit)at + 7 b [ (0 50 Ak
> (SRR + [SE0). (20 TE 4 5 P B0 [P0 PMdE (A.30)
If Po(t) =1, fé(t) = 0, both inequalities (A.29) and (A.30) become:
JTrRO P de S TRk [P ok Rt (A.31)
Therefore, just as with relationships (AA), (AB), (AC), (AD), in chapter

3, (A.31) is contradicted, and (BG) is not true for waiting times which

are distributed the following way:

q
b n = = o~ . 32
) ,l';&“ - R h‘q,q Pl) 4 (A.32)

with certain values ty- t;, and small t3-~tj.
vi) Relationship (BU)

(1,0,0) better than (1,1,1)
-+ (1,0,0) better thanm (1,0,1) (BU)

(1,1,0) better than (1,0,1)

DA > TT, > 0 (EQ)
i.e. using equations (3.18), (3.19), (3.15), and dropping the terms in
v,

B (A-8F)>0
& (F-13) >0

= &) >0 (ER)
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which is after (3.12)

J2 (kp,)=Pte) I[1-P 19 Bl ] 3k >0

- oo - :
— lepa ) P [ B (AL >O ES
IV TACEAUNEATR ATHETR D [ Lepts -F0]BG (ES)

K /S0 (R Bie ]k Sfo e R0 AM]aE

R i T D K [Ea b RIS [PSge
k [ 20 (P -Rueflak > [ B TR W-Fn)dt [ B ot e

(o]

if f p1(t) [Po(t)~P3(t)]dt <0 i.e.J p1(t) [P3(t)~P,(t)]ldt > O (A.33)
0 0

then, we can proceed

ks JEP e (A-Fe B )t

s 0 (1- REFH] Ak
==

¢ SR TAW -R]at

IZ o0 (B0 - BT b

K> J2 R Ple Ak

(EU)
¢ 1:‘\5) P db

This is logically equivalent to

Jgo P AR AC J& i (1-7ld E\H]Ak S J AT P AMRE  [2RHRWAE
JZ e Ae-nmae T o -RHREIE T (S ARERMTE T [LpHRdL (EV)

which is logically equivalent to having at least one of the two following

inequalities true:
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ja AT -—P,LH]&& )2 Tl (A-F, B ] dt -
T A P AR T X

12 Wa-RHRE) e S JEPk1pm) Ak

or > = (Ao 35)
P AT AT P M AL LR
£ plb= el SIS 2 P T 3:7 “ (A.36)
(b4o)™T (,H-q,)? +o)T
(A.35) reduces to
-pq(p+q) > 0 (A.37)

which is false, and (A.36) reduces to

kp-cq\ C(.n-‘“(vup)(\m-g)(n.\. pra-t) + V‘(q—f)(ﬂi«]-‘ Jlw ps 3)_] < O (A.38)
i.,e. for p=q+l,

(p+a) [(n—‘l) (w q+41){mnt9) (a9 )~ N (neg-1) (n424 + )J <0 (A.39)

which is false with n=q=2, (p=3).
Since in this case, p>q, assumption (A.33) is verified, relationship

(BU) will not be true for waiting times distributed the following way

3
/?4&):1)3&')*{: a ylk) (BTQ' u (A.40)
ro

with certain values of tjy-t;, and small tj3-tj,



