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Preface

This collection of problems is based on the tutorial which I was delivering for several years
to the undergraduate students of financial mathematics at the University of Ljubljana.
Several problems in the book are due to my predecessor Ales Toman; I am deeply grateful
to him.

The book covers counting processes in time. The mainpart of the matter is included
in [4]; however, other references listed here can also be used to advantage. Usually,
problems are grouped into clusters introduced by frames, which contain the summary
of the necessary theory as well as notation. All problems are solved, some of them in
several ways. However, there may always be yet another method, so the reader is always
encouraged to find an alternative solution.

Ljubljana, Slovenia Martin Raic
June 2015 martin.raic@fmf.uni-1j.si
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1 Selected Topics in Probability Theory

Conditional distributions. Stopping times. Computation of expectation by means of survival
function. Wald’s equation. Ranks, order statistics.

1. Let N be an Ng-valued random variable.

a) Derive the formula:
E(N) =) P(N >n).
n=0

2
b) Compute E(N) in the special case where P(N > n) = for all

(n+2)(n+3)
n=0,1,2,...

2. Let T be arbitrary non-negative random variable.

a) Derive the formula:
E(T):/ P(T > ) dt.
0

b) Compute E(T') in the special case where P(T > t) = 5 forall t > 0.

1
(1+1)
3. Andrew is tossing a symmetric coin, while Bridget is rolling a standard die. Each

time Andrew tosses his coin and Bridget rolls her die at one time. The tosses and

the rollings are all independent. They toss and roll until either Andrew’s coin comes
up heads or they finish the third round. Find:

e the probability that Bridget never rolls a six;
e the expected number of the total number of the sixes rolled.

4. Let A > 0. Take a random variable 7" ~ Exp(\). Given 7', let a random variable X
follow the Poisson distribution Pois(7?). Compute E(X) and var(X).

Stopping time

A {p,p+ 1,p+2,...}-valued random variable T is a stopping time with
respect to a sequence of random variables Z,,, Z, .1, Z, 19, ... if the event T' = n
can be deterministically expressed in terms of Z,, Z,i1, Zpio, ..., 4, for all
n € {p,p+1,p+2,...}. The phrase ‘can be deterministically expressed’ means
that there exists a set A, such that {T =n} = {(Z,, Zp11, Zpt2,...) € An}.

It is equivalent to say that the event T' < n can be deterministically expressed
in terms of Z,, Zy1, Zpta, ..., 2y for alln € {p,p+1,p+2,...}.
Furthermore, it is equivalent to say that the event T' > n can be deterministi-
cally expressed in terms of Z,, Z,,11, Zy1o, . . ., Zy, for alln € {p,p+1,p+2,...}.
The domain of T or equivalently the number p is a constitutional part of the
definition.
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5. Again, Andrew is tossing a fair coin and Bridget is rolling a standard die. Each
time, they do it at one time, and the tossings and the rollings are all independent.
The times when they toss toss and roll are numbered by 1,2,3,... Determine
which random variables are stopping times (with respect to the sequence 7, Zs, . . .,
where Z,, denotes the pair of both outcomes at time ¢ — the coin and the die — 12
possibilities):

a) the time when Bridget rolls her first six;

b) the time when Bridget rolls her second six;

c) the time when Bridget rolls her first six, provided that this happens up to time
100; otherwise 100;

d) the time when Bridget rolls her first six, provided that this happens up to time
100; otherwise 1;

€

f

) the first time after time 100 when Bridget rolls a six;
)

g) the time when Bridget rolls her second six decreased by 1;
)

the time when Bridget rolls her second six increased by 1;

h) the time when Bridget rolls her first six after Andrew’s coin has come up heads
ten times;

i) the time when the Bridget’s total score first exceeds 42;
j) the first time when Bridget rolls her highest result at times 1,2,. .., 10.

6. Take:

e identically distributed random variables X, Xo, .. ;

e random variables Z, Z1, Zs, ..., such that X, is independent of Zy,..., 7, 1
for all n € N;

e an Nj-valued random variable T, which is a stopping time with respect to the
sequence Zy, Z1, Lo, . ..

An important special case is when 7T, X7, X5, ... are independent: in this case, we
can just set Zg =1T,7) = X1, 7y = Xo,... In general, however, Zy, Z1, ..., Z, can
be interpreted as ‘everything that has occurred up to step n’. Define

S=X;+Xo+ -+ Xp

(for T = 0, set S = 0). Assume that there exists © = E(X;) as well as E(T).
Compute E(S) (the result is called Wald’s equation).

7. Again, a fair coin is tossed until tails come up. Compute the expected number of
tosses along with the expected number of heads that have appeared.

8. A fair coin is tossed repeatedly and all tosses are independent. For each n € N,
denote by 5, the number of tails in the first n tosses. Next, let 7" be the number
of the tosses before the second tails (not including the toss when the coin comes
up tails second time). Determine E(S7). Does Wald’s equation hold in this case?
Make a comment!
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9.

10.

11.

12.

A fair coin is tossed until two consequent tails. Compute the expected number of
all tosses along with the expected number of all tails.

Just like in Exercise 6, take:

e identically distributed random variables X, X5, .. ;

e random variables Z, Z1, Zs, ..., such that X, is independent of Z,,..., Z,_1
for all n € N;

e an Nj-valued random variable 7', which is a stopping time with respect to the
sequence Zy, 41, Lo, . . .

Now assume that there exist E(T) and 0% = var(Xj;), that E(X;) = 0 and that X, is
a function of random variables Z, ..., Z, for all n € N (implying that the random
variables X, Xo, ... are independent). Compute var(sS).

Does the result remain true even without the assumption that E(X;) = 07

Let X, Xs,... be independent and identically distributed, and let 7" be another
Ny-valued random variable independent of the sequence X7, Xs,.... Define:

S=X1+Xo+ -+ Xp.
(for T'= 0, set S = 0). Compute:

a) the variance var(S), provided that o? = var(X;) and var(7T) exist (hint: let-
ting 1 = E(X;), E[(S — uT)2], i. e., the variance unexplained by T'), can be
computed from the preceding exercise — the result is called Blackwell-Girshick
equation;

b) the generating function G5(z) = E(2%), provided that z > 0, that E(2°) < oo
and that Gr(w) = E(w”) < oo for all w > 0.

Do these two results still hold if the assumption that 7' is independent of the se-

quence X1, Xs, ... is replaced by a weaker assumption that 7" is a stopping time with
respect to Xo, X1, X, ..., where X, is an additional random variable independent
of Xl, XQ, 7

Let X1, X5, X3,... be independent and identically distributed continuous random
variables.

a) Show that the random variables X7, X, ... are all distinct with probability 1.

b) We shall say that a record value occurs at time ¢ if
Xy > max{ Xy, Xo,..., Xy 1}. As we assume the maximum of the empty set to
be —o0, a record value always occurs at time 1. This gives rise to a counting
process with N-valued arrival times. Compute the probability that a record
value occurs at a given time t.

c) Show that the events that a record value occurs at a given time are independent.
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d) As usual, denote by N; the number of record values up to and including time
t. Compute E(V;) and var(/V;) and find the asymptotic behavior of these two
characteristics.

e) Let S be the time of the first record value from time 2 on (i. e., the second
arrival time of our counting process). Determine the distribution of S. In
particular, show that P(S < oo) = 1, while E(S) = oc.

f) Denote by S® the time of the first record value with value higher than y, that
is:
SW .= min{t ; X, > y}.

Show that the random variable S is independent of X¢,). In other words, the
first record value greater than y is independent of the time of its occurrence.
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2 Counting Processes

Basic concepts, fundamental equivalence. Bernoulli sequence as a counting process. Binomial
process. Memorylessness of geometric distribution.

A counting process describes things which are randomly distributed over
time, more precisely, over [0,00). They will be called arrivals. It is only
important when an arrival occurs. Moreover, only finitely many arrivals can
occur in a finite time interval. However, infinitely many arrivals typically
occur in the whole time-line [0, 00). Such a process can be formally described
in various ways:

e by a random locally finite subset of [0, c0);

e by random variables Ny, t € [0,00), denoting the number of arrivals up
to and including time t;

e by ordered arrival times: S; < Sy < S3---. The random variable S,, is
called the n-th arrival time. Observe the fundamental equivalence:

1. A simple case of a counting process is the Bernoulli sequence of trials, i. e., the
sequence of independent random trials, such that each of them succeeds with the
same probability. In the corresponding counting process, arrivals can only occur at
times from N, and at a given time ¢, an arrival occurs if the ¢-th trial succeeds.

a) Find the distribution of IV;, the number of arrivals up to time ¢ (¢ € N) and the
number of arrivals between times s and ¢, i. e., Ny — Ny (s < t). Reformulate
the conclusions in terms of sums of independent random variables.

b) Let t; <ty <t3 <--- € N. What is the relationship between random variables
Ny Niy — Ny, Niyy — Ny, 27

c) Find the distribution of the first arrival time S;.

d) Find the distribution of further arrival times S,,.

2. Consider a counting process with N; + 1 ~ Geom(e™"). Compute the expected first
and second arrrival time.

3. n guests are invited to a party, which starts at a given time. However, each guest
arrives with some delay. The delays are independent and distributed uniformly over
[0,1]. Regarding the arrivals as a continuous-time counting process, determine the
distribution of the random variables NV;, 0 <t <1, and Si, k =1,2,...,n.

4. Consider a Bernoulli sequence of trials and denote by P the set of times of successes
(with the time running over N). Moreover, for ¢ € N, denote by P the set of
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arrivals up to and including time ¢, and by P~ the set of arrivals from time ¢ on
(excluding t), with the time reset to zero:

P :=PnN(0,1, P i=PN(too)—t.

a) Show that P' is independent of P and follows the same distribution as P.
This is called the time-homogeneous Markov property.

b) Take a stopping time 7" with respect to the sequence 0, Z1, Zs, . .., where, for
t € N, we set Z; = 1 in the case of success and Z; = 0 in the case of failure at
time ¢t. Prove that the process P7~ is independent of (T, P_”T) and follows the
same distribution as P. This is called the strong time-homogeneous Markov

property.
5. Show that the geometric distribution is memoryless, i. e., if T' ~ Geom(p), then:
P(T=t+s|T>t)=P(T =s) (%)

for all t € Ny and all s € N. In addition, show that the geometric distribution is the
only memoryless distribution taking values in N. We assume that the conditional
distribution in (%) makes sense, i. e., that P(T" > t) > 0 for all ¢t € Nj.

Inter-arrival times

Another way of defining a counting process is in terms of inter-arrival times,
i. e., the times between two consequent arrivals:

Ty=25,T, =58 —5,T3=53—5,...

6. Consider a Bernoulli sequence of trials.

a) Show that S,, are stopping times. Combining with Exercise 4, what follows?

b) Find the distribution of all inter-arrival times 7,, and show that they are mu-
tually independent. Reformulate the conclusion as a statement on sums of
independent random variables.

c) Find the distribution of the differences S,, — S,,, where m < n.
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3 Homogeneous Poisson Process

Motivation and definition of homogenous Poisson process. Corresponding distributions.

Homogeneous Poisson process

A homogeneous Poisson process with intensity \ > 0 can be defined as
a certain limit of processes arising from Bernoulli trials. It is characterized by
the following two properties:

e Ny = 0 and N, — N, ~ Pois()\(t — s)) for any 0 < s < t (implying
N; ~ Pois(At)).

e For any sequence 0 <t; <ty <t3 < ..., the random variables Ny, , N, —
N,y Ni, — Ny, . .. are independent.

Some more properties:

e The inter-arrival times 11,1, T3, . .. are independent and folow the expo-
nential distribution Exp(\).

e S, ~ Gama(n, \) for alln € N. More generally, S,,—S,, ~ Gama(n—m, \)
for any m < n.

e For any sequence ny < my < ng < ..., the random variables S, ,S,, —
ShysOng — Sny, - - . are independent.

e Like the Bernoulli sequence, this process also enjoys the strong time-
homogeneous Markov property: representing the process by a ran-
dom set P, for any stopping time T, the process P*~ is independent of]
(T, P”T) and follows the same distribution as P.

1. Patients arrive in a surgery according to a homogeneous Poisson process with inten-
sity 6 patients an hour. The doctor starts to examine the patients only when the
third patient arrives.

a) Compute the expected time from the opening of the surgery until the first
patient starts to be examined.

b) Compute the probability that in the first opening hour, the doctor does not
start examining at all.

2. Consider a homogeneous Poisson process with intensity A.

a) Compute the auto-covariance function of the family Ny, i. e., all covariances

cov( Vg, Ny).

b) Compute the auto-correlation function of the family Ny, i. e., all correlations
cov (N, Ny).

c) For t; < ty < --- < t,, find the covariance matrix of the random vector

(Ng,s Neyy ooy Ny, )

3. Casino Poisson. In a casino, a bell rings every now and then. Each time the bell
rings, the player can press a button. The player wins the game if they press the
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button before time 1 and, in addition, after they have pressed the button, the bell
no longer rings until time 1. Assume that the bell rings according to a Poisson
process with intensity A > 0.

The strategy of the player is first to wait until time s and then to press the button
immediately after the bell rings.

a) Find the probability that the player wins the game (depending on s)?

b) Find the optimal value of s and the corresponding winning probability.

4. Let X ~ Pois(A) and Y ~ Pois(u) be independent random variables. Find the
conditional distribution of the random variable X given Z := X + Y.

5. Let N be a random variable denoting the number of arrivals, ditributed by Pois-
son Pois(\). Each arrival is successful with probability p, independently of other
arrivals, as well as of the number of arrivals. Denote by S the number of successful
and by T' the number of unsuccessful arrivals, that is, T'= N — S.

a) Find the distribution of S and 7.
b) Show that the random variables S and T" are independent.

c) Show that under some other choice of the distribution of N, S and 7" are no
longer necessarily independent.

Remark. The transformation converting N to S is called thinning.

6. Show that the exponential distribution is also memoryless: for T ~ Exp(\) we have
for sufficiently large t, s € N:

P(T<t+s|T>t)=P(T<s). (+)

Moreover, show that the exponential distribution is the only memoryless distribution
which is continuous and with density being continuous on (0, 00) and zero elsewhere.
We assume that the conditional distribution in (%) makes sense, i. e., that P(T" >
t) >0 forall ¢t > 0.

7. For independent random variables X ~ Exp(\) and Y ~ Exp(u), find the distribu-
tion of U := min{X, Y} and V := max{X,Y}.

8. A fire station receives emergency calls according to a homogeneous Poisson process
with intensity half a call per hour. Each time, the fire brigade needs certain time
to process the call and prepare for further calls (this total period will be called
intervention). During an intervention, the calls are redirected to other fire stations.
Suppose that the intervention times are distributed uniformly over the interval from
half an hour to one hour and independent of each other as well as of the emergency
calls.

Suppose that the fire brigade is able to respond to the calls at the moment (i. e.,
there is no intervention). Find the distribution of the number of the calls to which
the fire brigade responds before any call is redirected.
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9. Consider a homogeneous Poisson process with intensity .

10.

11.

12.

13.

14.

a) Suppose that up to time ¢, exactly one arrival occured. Given this information,
find the conditional distribution of the arrival time.

b) Now suppose that exactly two arrivals occured up to time ¢. Compute the
conditional expectations of both arrival times.

Order statistic property

In a homogeneous Poisson process, given the event that there are exactly n
arrivals in a certain time interval, the conditional distribution of the restric-
tion of the process to this interval (considered as a random set) matches the
distribution of the set {Uy,Us,...,U,}, where Uy, ..., U, are independent and
uniformly distributed over the interval.

Considering the time interval [0,t], given the event that there are exactly n

arrivals, the random vector of the arrival times (Si,Ss,...,S,) follows the
same distribution as the random vector (Uqy, Uy, ...,Uw) of suitable order
statistics.

Passengers arrive at a railway station according to a homogeneous Poisson process
with intensity A. At the beginning (time 0), there are no passengers at the station.
The train departs at time ¢. Denote by W be the total waiting time of all passengers
arrived up to the departure of the train. Compute E(W).

Poisson shocks. Each arrival in a homogeneous Poisson process with intensity A
causes a shock. Its effect s time units later equals e7%. Denote by X (¢) the total

effect of all the shocks from the interval [0,¢] at time ¢. Compute the expectation
E[X(t)].

A hen wants to cross a one-way road, where cars drive according to a homogeneous
Poisson process with intensity A cars a time unit, all with the same speed. It takes
¢ time units for the hen to cross the road. Assume that the hen starts to cross the
road immediately when there is a chance to do it without being run over by a car.
Compute the expected total waiting and crossing time for the hen.

In a certain place at a fair, prizes are shared every now and then. Everyone being in
that place when the prizes are being shared gets a prize. The sharing times form a
homogeneous Poisson process with intensity A. At time zero, Tony observes that a
sharing is in progress. He rushes towards the sharing place, but is too late. Then he
waits for the next sharing, but at most for time 9: after that time, he gets bored and
moves eslewhere. As soon as another sharing starts, he rushes towards the place,
but is again too late and starts waiting for the next sharing, again at most for time
0. So he repeats until ge gets the prize. Denote by T the time when Tony eventually
gets his prize. Compute E(7T'), assuming that the fair is open infinitely long.

For a counting process on (0, c0), denote:



M. RAIC: SOLVED PROBLEMS IN COUNTING PROCESSES 13

e by A; the age of the process at time t, i. e., the time that has passed from
the last arrival until time ¢ if an arrival has indeed occured until ¢; otherwise,
define the age to be t (alternatively, setting Sy := 0, we have A; =t — Sk, );

e by E; the exceedance at time t, i. e., the time that passes from ¢ to the first
arrival after ¢ (i. e., By = Sn, 11 — t).

For a homogeneous Poisson process with intensity \:

a) Find the distributions of the random variables A, in E;.
b) Show that the random variables A; and E; are independent.

c¢) Find the distribution of the sum A; + E; (i. e., the gap between two consequent
arrivals surrounding t).
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4 Marking, Thinning, Superposition

Homogeneous Poisson process with discrete marks

Consider a homogeneous Poisson process with intensity A, where each arrival
is given a random mark, where the marks are independent of each other as
well as of the original process, following the distribution:

pr P2 v D)

This marked process follows the same distribution as a union of r independent
homogeneous Poisson processes with intensities pi A, p2A, ..., p.-\, where the
arrivals in the i-th process are assinged mark a;.

1. Suppose that the night traffic on the Jadranska street can be modelled by a homoge-
neous Poisson process with intensity 40 vehicles per hour, 10% thereof being lorries
and 90% being cars. Suppose that the types of particular vehicles are independent.

a) Find the probability that in one our, at least one lorry passes the Faculty of
Mathematics and Physics.

b) Suppose that during the first hour of observation, exactly 10 lorries have passed
by. Find the expected number of the cars passing the FMF during the same
period.

c) Suppose that in the first hour of observation, exactly 50 vehicles have passed
by. Find the probability that among these vehicles, there were exactly 5 lorries
and 45 cars.

d) Compute the expected number of cars until the first lorry has passed by.

2. The life time of a light bulb follows the exponential distribution with expectation
200 days. When the bulb blows out, it is replaced immediately by a maintainer.
Meanwhile, another maintainer replaces the bulbs regardless of their condition, ac-
cording to a homogeneous Poisson process with intensity 0°01 replacement per day.
Of course, we assume that the bulbs, actually their life times, are independent of
each other.

a) How frequently is a bulb replaced?

b) For a longer period, compute the percentage of the bulbs replaced because of
blowing out and the bulbs replaced because of ‘precaution.’

3. A director is searching for three actors, one man and two women. Men apply ac-
cording to a homogeneous Poisson process with intensity 2 per day, while women
apply according to a homogeneous Poisson process with intensity 1 per day, inde-
pendently of the men. Compute the expected time needed for the director to get
the man as well as the two women. We assume that all candidates are acceptable.
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4. A married couple is searching for a used car. Each one of them is looking up offers
for their favourite brand. The offers for wife’s brand are coming according to a
homogeneous Poisson process with intensity A, while the offers for husband’s brand
are coming according to a homogeneous Poisson process with intensity p. The wife
is ready to buy a car when she encounters the third offer for her brand, while the
husband is ready when he encounters the second offer for his brand. The couple
buys a car when either of them is ready to buy. We assume that the offer processes
for both brands are independent.

a) Compute the probability that the couple buys a car according to wife’s choice.

b) Compute the expected time needed to buy a car.

5. Consider two parallel Poisson processes with intensities A and p. Find:

e the probability that in the second process, exactly one arrival in occurs before
the first arrival in the first process;

e the expected number of the arrivals in the second process before the first arrival
in the first process.

6. From a given time on, students of financial and general mathematics have an oppor-
tunity to lookup their corrected test papers. The students of finantial mathematics
arrive according to a homogeneous Poisson process with intensity 4 students an
hour, while the students of general mathematics arrive according to a homogeneous
Poisson process with intensity 2 students an hour. Assume that both groups of
students arrive independently of each other.

Suppose that during the first half an hour, exactly one student came to lookup
his/her test paper. Compute the conditional arrival time of the first student of
financial mathematics. The time is measured from the beginning, assuming that
the students are arriving infinitely long in the future.

7. Take two independent Poisson process with intensities A and u. Let n € N. Deter-
mine the distribution of the number of arrivals in the first process before the n-th
arrival in the second process.

8. Consider two homogeneous Poisson processes with intensities A and p. Denote by
Nt(l) the number of arrivals up to time ¢ in the first, and with Nt@) the number
of arrivals up to time ¢ in the second process. Compute the probability that the
two-dimensional walk (Nt(l), Nt@)) reaches the point (4, 7).



M. RAIC: SOLVED PROBLEMS IN COUNTING PROCESSES 16

Homogeneous Poisson process with general marks

Suppose that each arrival in a homogeneous Poisson process with intensity A
is given a mark from a set M, chosen according to a distribution p, where the
marks are independent of each other as well as of the original process. Then
the number of marked arrivals belonging to a set A C [0,00) x M follows the
Poisson dostribution with parameter § = (Am ® u)(A), where m denotes the
Lebesgue measure.

If,u:(a1 42 ”'>,then:
pP1 P2

9:A2pim({t;(t,ai) e A}).

If 1 is a continuous distribution with density f, then:

Qz)\//Af(s)dtds.

9. The capital of a bank grows proportionally with time: at time ¢, the bank has at
units of capital. The bank has to undergo stress tests, which occur according to
a homogeneous Poisson process with intensity A. The bank passes a stress test
provided that it has at least a certain amount of capital at the moment of the test;
the desired amounts of capitals are random, independent and following a continuous
distribution with density:

4
f(S):m-

Compute the probability that the bank will pass all the stress test.
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5 General Poisson Process

Intensity function. Conditioning on the number of arrivals. Behavior with respect to stopping
times.

Let p: (0,00) — [0,00) be a function. A Poisson process with intensity
function p is a counting process characterized by the following two properties:
b
e Fora <b, N,—N, ~ Pois (/ p(t) dt). Consequently, N; ~ Pois(R(t)),
‘ a

where R(t) :/ p(s)ds.

0
e Any restrictions of the process (regarded as a random subset od (0, 00))
to disjoint intervals are independent.

1. A shop is open from 10am to 6pm. Customers arrive in the shop according to a
Poisson process with an intensity function, which equals zero at opening, 4 customers
per hour at noon, 6 customers per hour at 2pm, 2 customers per hour at 4pm and
zero at closing; between any two consequent afore-mentioned times, it is linear.

a) Find the distribution of the number of customers on a given day:.

b) Find the probability that no customer arrives until noon.

c) Assume that during the first two opening hours, exactly two customers have
arrived. Find the their expected arrival times.

Conditioning on the number of arrivals

In a Poisson process, given the event that there are exactly n arrivals in a cer-
tain time interval, the conditional distribution of the restriction of the process
to this interval (considered as a random set) matches the distribution of the
set {Uy,Us, ..., U,}, where Uy, ..., U, are independent, following a continuous
distribution with density:

t
# ra<t<b
ft) =49 J. p(s)ds
0 ; otherwise.

Considering the time interval [0,t], given the event that there are exactly n

arrivals, the random vector of the arrival times (Si,Ss,...,S,) follows the
same distribution as the random vector (Uqy, Uy, ...,Uw)) of suitable order
statistics.

2. Consider a Poisson process with intensity function p(t) = a/(1 + t). Determine
the distribution of the first arrival time along with its expectation, provided that it
exists.
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3. Latecomers arrive according to a Poisson process with intensity function p(t) = e,

where ¢ denotes the delay in months.

a) Find the probability that exactly one latecomer appears and that this latecomer
arrives more than two months.

b) Suppose that in fact, exactly one latecomer appears and that this latecomer
arrives more than two months. Find the conditional expected time of their
delay.

4. Let a, A,0 > 0. Compute the expected number of arrivals in a Poisson process with
intensity function ¢ — a e, which are not followed by another arrival within time
interval of length §.

General Poisson process and stopping time

Consider a Poisson process with intensity function p and let T' be a stopping
time.

Given (T, P"'T), the process PT~ is a Poisson process with intensity function
t—pt+T).

Equivalently, given (T, P™"), the process PN (T, ) is a Poisson process with
intensity function t — p(t) 1(t > T').

5. Consider a Poisson process with intensity function:

1
14t

p(t)

Find the distribution of the first two (inter)-arrival times 7} and T5.
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6 Renewal Processes

Basic definitions, asymptotic behavior. Renewal-reward processes. Renewal equation. Renewal
processes with delay.

A renewal process is a generalized counting process with independent
and identically distributed inter-arrival times T1,T5,T5, . ... Their distri-
bution is called the inter-arrival distribution. We also allow for the
case T; = 0: in this case, there are multiple arrivals at a suitable time.
Renewal processes with finite expectation of their inter-arrival times sat-
isfy the strong law of large numbers:

Nt a.s. 1

ot B(TY)

1. A shuttle bus operates between the Virgin Beach and a hotel. Due to unpredictable
traffic situation, the return times are distributed uniformly over the interval from
20 minutes to one hour. Assume that they are independent of each other. The time
the bus stays at the Virgin Beach (including disembarkation and embarkation) is
negligible.

a) Compute the long-term number of arrivals of the bus per hour.

b) The Simpsons wanted to catch the bus, but it has just ran away. Therefore,
they continue swimming and return to the bus stop 40 minutes later. Find the
probability that they will wait for less than 20 minutes.

2. Consider again the fire station from Exercise 8 in Section 3: the station receives
emergency calls according to a homogeneous Poisson process with intensity half a
call per hour. Each time, the fire brigade needs certain time to process the call and
prepare for further calls. Meanwhile, the calls are redirected to other fire stations.
The durations of these periods (interventions) are distributed uniformly over the
interval from half an hour to one hour and independent of each other as well as of
the emergency calls. Compute the long-term proportion of redirected calls.
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A renewal-reward process is a renewal process, where each arrival is at-
tached a reward: the reward attached to the i-th arrival will usually be denoted
by R; and may also be negative. The reward attached to the i-th arrival is
received during the i-th inter-arrival interval, i. e., between times S;_; and
S;. Not all amount needs to be received once at a time: in can be received
gradually and not necessarily monotonously. More formally, denoting by W,
the total amount of the rewards received up to time t, we have:

Ws, — Ws,_, = R,.

Assume that the dynamics of the receivement of the rewards along with the
corresponding inter-arrival times are independent and identically distributed.
Denote by R;" the maximal absolute value of a partially received reward at-
tached to the i-th arrival, that is, R; = supg, | <;<s, |W: —Ws,_,|; observe that
|R;| < R}. Then this random process obeys the following strong law of large

numbers: - E(R)
t s.g 1
t tooo E (Tl ) ’

provided that E(T7) < oo in E(|R;]) < o0.

3. Ben has got a gas oven, which is inspected every now and then, according to a
renewal process with inter-arrival time distributed uniformly over the interval from
one year to two years and a half. If the inspectors find out that maintainance of the
oven has not been performed for more than one year, Ben has to pay a fine of 105
euros. Ben’s strategy is to perform maintainance each time exactly one year after
the visit of the inspectors. Compute the long-term amount of fine Ben has to pay
per year.

4. An alternating renewal process spends each moment of its time in one of two possible
states. Every now and then, it jumps from one state to another. The durations of
all stays (in the first or the second state) are independent of each other. The
durations of all stays in State 1 are identically distributed with expectation j;, and
the durations of all stays in State 2 are identically distributed with expectation pus,.
Find the long-term proportion of the time the process spends in State 1.

5. Monica is selling a certain article by telephone. Up to time ¢ < 1/2, she manages to
persuade a customer to buy the article with probability 3(¢ — ¢?). For ¢ > 1/2, that
probability remains at 3/4 (i. e., after time 1/2, everything is in vain). Once she
manages to persuade the customer, she hangs up and start dialing the next customer
immediately. However, she does the same if she does not manage to persuade the
customer up to time 7.

Find the value of 7 which maximizes the long-term number of sold articles.

6. Every now and then at a certain point at a fair, all the visitors being there are given
a prize. The prize sharings form a renewal process with inter-arrival distribution
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being uniform over the interval from 20 to 40 minutes. At time zero, Tony notices
that prizes are being shared, rushes to the spot, but he is too late. Then he waits
until the next sharing, but at most for 30 minutes: after that time, he gets tired of
waiting and moves to another place. When the next sharing takes place, he rushes
to the spot again, but he is too late. Then he waits again for a prize, but at most for
30 minutes. The process is repeated until Tony eventually obtains a prize. Denote
by T the time when Tony obtains a prize. Compute E(7), assuming that the fair is
open infinitely long.

The Lebesgue—Stieltjes integral of a measurable function h: R — R over
function F': R — R, which is assumed to be either (not necessarily strictly)
increasing or with finite total variation, is the integral of h over the Lebesgue—
Stieltjes measure, which corresponds to the function h:

/AhdF ::/Ah(az)dF(x) ::/Ahdu,

The underlying (positive or signed) Riemann—Stieltjes measure j is determined
by:
((0,8)) =T F(x) ~ lim ()

for all a < b. In particular,

p({a}) = lifn F(z) — ligl F(z) =: 6F(a)
and pu([a,b]) = lim,, F(z) — limgg, F(2).
If h is continuous and F' continuously differentiable on the interval (a,b) (which
can be infinite), the Lebesgue—Stieltjes integral reduces to the generalized Rie-
mann integral:

/(a’b)hdF: /(a’b) W) dF(z) = / ’ he) P () dr

Moreover,

/ hdF = h(a) 6F(a).
{a}

Furthermore, for each random variable with cumulative distribution function
F

Y

E[h(X)] :/hdF.

R
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The renewal function M(t) := E(V;) of a renewal process satisfies the re-
newal equation:

M@#)=F@t)+ | M(t—s)dF(s),
[0,2]

where F' is the cumulative distribution function of the inter-arrival distribution.
If the latter is continuous with density f, we may write:

M) = F(t) + /Ot Mt — s) f(s)ds.

The Laplace—Stieltjes transform of a function F': [0,00) — R is the func-
tion given by:

Fz) - /[0 ).

where we set F(t) = 0 for t < 0. Basic Laplace—Stieltjes transforms:

F(t) F(z) F(t) F(z)
1 1 FO1 S
- 7! e
! 2 ¢
r ,at rlz
e (z —a)rt! o1
. o % _ e—bz
T e q . ; (b—a)z
/0 s" e ds oy ‘La - (b—a)z
/M e dG(s) | G(z—a) Gt—a)l(t>a); a>0| e G(2)

The Laplace transform of (the distribution of) a [0, c0)-valued random variable
X is defined to be the Laplace—Stieltjes transform of its cumulative distribution
function (according to the convention Fx(z) = P(X < x)). Or, alternatively,

this is the function mapping z into ]E[e*ZX] .

22
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The Stieltjes-type convolution of functions F and G: [0,00) — R is defined
by:

(F+G)0)= [

[0.]

F(t —u)dG(u) = / G(t —u)dF(u) = (G x F)(t),

[0,¢]

where again we set F(t) = G(t) = 0 for t < 0. This allows us to rewrite the
renewal equation in the following neat form:

M=F+MxF.

The Stieltjes-type convolution is commutative, associative and bilinear.

If F and G are the cumulative distribution functions of independent [0, c0)-
valued random variables, F' x G is the cumulative distribution function of their
sum.

The Laplace—Stieltjes transform of the Stieltjes-type convolution is the product
of the Laplace—Stieltjes transforms of the factors:

F+G=FG.

Consequently, the Laplace transform of a sum of independent random variables
is the product of the transforms.

As a result, the Laplace-Stieltjes transform M of a renewal function M satisfies
the equation M = F + M F' and therefore equals:

co L)
Miz) = 1—F(z)

7. Determine the renewal function of the renewal process consisting of all even arrivals
of a homogeneous Poisson process with intensity .

8. Determine the renewal function of the renewal process with inter-arrival time being
zero with probability p and (conditionally) following the exponentional distribution
Exp(\) with probability 1 — p.
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Delayed renewal processes

These processes are an extension of the renewal processes obtained by omitting
the assumption that T follows the same distribution as the other inter-arrival
times. The strong law of large numbers:

Nt s.g. 1
t t—ooo E(Tg) )

remains true provided that Ty is almost surely finite (and, of course, that the
other inter-arrival times have finite expectation).

The renewal function of a delayed renewal process satisfies the following renewal
equation:
M(t) = G(t) + M(t —s)dF(s),
[0,1]

where G denotes the cumulative distribution function of the first arrival time,
while F' denotes the cumulative distribution function of subsequent inter-arrival
times. Consequently, the Laplace—Stieltjes transform of the renewal function
equals:

- G()
MEH =150

24

9. A novice policeman is looking for offenders, which arrive according to a homoge-
neous Poisson process with intensity A\. He overlooks the first one and catches all
subsequent ones. Denote by N, the number of offenders caught by the policeman

10.

up to time ¢t. Compute E(N;).

In a small town, there is a bank with only one counter. Customers arrive to the bank
according to a homogeneous Poisson process with intensity ;. However, a potential
customer arriving to the bank enters the bank only if there is no other customer
at the counter; otherwise, they leave the bank and never return. Assume that the
service time at the counter follows the exponential distribution with parameter A,
and that the service times are independent of each other as well as of the arrivals

of the customers.

a) When the bank is opened, there is no customer yet. Compute the renewal
function of the corresponding delayed renewal process of the customers that

enter the bank.

b) Find the long-term intensity of the customers entering the bank.

c) Find the long-term proportion of the customers which enter the bank among

all customers that arrive to the bank.

11. Policeman Roy starts to serve in place A. When he is there, a supervisor meets
him every now and then according to a homogeneous Poisson process with intensity
one arrival per month. When the supervisor meets Roy, he redeploys him to place
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12.

13.

B with probability 1/2. When Roy is there, a supervisor meets him according to
a homogeneous Poisson process with intensity one arrival per two months. Again,
when the supervisor meets Roy, he redeploys him to place A with probability 1/2.
Assume that the decisions on redeployment are independent of each other as well
as of the arrival times.

Show that the arrivals of supervisors that Roy meets form a delayed renewal process,
and compute the renewal measure.

Determine the renewal measure of the process where the first arrival time follows the
uniform distribution over the interval from 0 to a, while the subsequent inter-arrival
times follow the exponential distribution with parameter A.

A counting process represented by a set of arrivals P is stationary if the process
Pt follows the same distribution as P for all ¢ > 0. Suppose that a delayed renewal
process is stationary. Given the distribution of its inter-arrival times 75,73, .. ., find
the distribution of T}.
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1 Selected Topics in Probability Theory

1. a) For N taking values in Ny, we have:

N:i]l(N>n),

n=0
implying the desired result.
b) By the previous formula, we have:

e}

= 2 1 1
E<N):Z(n+2)(n+3) :2;[71—1-2_714—3] =1

n=0

Remark. The expectation can also be computed by means of point probabilities,
but this is much more complicated: first, for n € N, we have to compute P(N =

n) =PN >n—-1)—P(N > n) = m, then we have to compute
42 G e

2. a) Observe that:

T o) 00
T:/ dt:/ ]1(t<T)dt:/ LT > 1) dt.
0 0 0

The desired result now follows from Fubini’s theorem.

b) By the previous formula.

o dt 1
B0 - | T wer

Remark. Clearly, the expectation can be computed by means of density:

|

=3

0

leading to:

20 =3 [ =3 (v~ o) 4

|

T (2(1j-t)2 B (1+1t)3)

However, the computation is again more complicated.

0

3. Denote by S the number of sixes and by N the number of tosses. Then the condi-
tional distribution of S given NN is binomial Bin(/N,1/6) and therefore:

IP’(S:O|N):(2) and E(S|N):%.
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Since:
1 2 3
NN(1/2 1/4 1/4)’
we finally find that:
15 1 25 1 125 635
P(S=0)= .24 2.2 2 220 D99 . s
(5=0)=5-57736"1 216 364 ’
11 12 13 7
o422 D992
B =35+t1 6716 a1 ¥

4. Recall that N ~ Pois(\) satisfies E(IV) = var(N) = A. Thus, E(X | T)
=var(X | T) =T? As a result,

E(X)=E[E(X | T)] = E(T?).

For m € Ny, compute

o0 1 & !
E(Tm> = )\/0 tme_)‘t dt = )\—m/o xme_w dx = T_m;
leading to
2

The variance can be computed by at least two methods. One can go directly:

— B[E(X? | 7)] - o

var(X) = E(X?) — (E(X)) 7

Observing that
E(X?|T) = var(X | T) + (B(X | T))* = T? + T*,

we eventually find that

4 2 20
var(X) = B(T%) + E(T") - 13 = 55+ 37

Alternatively, one can apply the decomposition of variance:
var(X) = var[E(X | T)] 4+ E[var(X | T)] =
= var(T?) + E(T?) =
= E(T") - (B(T%)” + B(T?) =
20 2
Tt

As expected, the result is the same as before.

5. All random variables except the ones in d), g) and i) are stopping times.
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6. Write -
S=> X, 1T >n).

n=1
Since T is a stopping time with respect to Zy, Z1,. .., the event {T" > n} = {T >
n — 1} can be deterministically expressed in terms of Zy, ..., Z, 1 and is therefore
independent of X,,. So we conclude that:

E(S) =Y E(X,)P(T>n)=pd P(T>n)=pk(T).

(see Exercise 1).

7. Let T be the number of tosses. This random variable is distributed geometrically

Geom(%), so that the expected number of tosses equals 2.

For n = 1,2,3,..., define X,, := 1 if the coin comes up heads in the n-th toss and
X, := 0 otherwise. Next, let Z; := 0 and Z, := X,, for n = 1,2,3,... One can
easily verify the validity of the conditions stated in the preceding exercise. Since
E(X;) = %, the expected number of heads equals % -2=1.

Alternatively, one can make use of the fact that the number of heads equals the total
number of tosses minus the number of tails. Since the coin comes up tails exactly
once almost surely, the expected number of heads should be 2 — 1 = 1, which is, of
course, the same as before.

8. We have Sy = 1 (deterministically), so that E(S7) = 1. However, since 7'+ 1 ~
2
Geom(%), we have E(T) = +— — 1 = 3. Next, we have S, = X; + Xo +--- + X,,,

2
where X is the indicator of the event that in the ¢-th toss, the coin comes up heads.
Since E(X;) = %, Wald’s equation does not hold. This does not contradict the
statement because the random variable 7" is not a stopping time.

9. First method. Denote by T the number of all tosses and consider the following three
hypotheses:

H, = {the coin comes up heads in the first toss} .
H, = {first toss tails, second toss heads} .
Hj3 = {tails in the first two tosses} .

Under Hs, we have T' = 2, so that E(7 | Hs) = 2. Under H; or Hs, the further
development is again a sequence of independent coin tosses. Therefore, E(T' | H,) =
1+ E(T) and E(T | Hy) = 2 + E(T). Putting everything together, we find that:

E(T) = -(1+E(T)) +i(2+E(T)) +i-2,

N | —

leading to E(7") = 6.

The expected number of tails can be deduced from Wald’s equation similarly as in
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10.

11.

Exercise 7, for T is a stopping time. It equals 6 - % = 3.

Second method.! We shall say that the coin tosses basic tails if this occurs either in
the first toss or if it is preceded by heads. Then the number of tails that are tossed
up to and including first two consequent tails equals the number of the basic tails up
to (and including) the first basic tails followed by tails, plus one. From the strong
time-homogeneous Markov property for the Bernoulli sequence (see Exercise 4 in
Section 2), it follows that for each n € N, the n-th basic tails is followed by heads
with probability 1/2 and by tails with probability 1/2 (the number of tosses up to
the n-th basic tails is a stopping time). Moreover, this also holds conditionally given
the entire sequence up to the n-th basic tails. Thus, considering each basic tails as
a trial and each basic tails followed by another tails as a successful trial, we obtain
a Bernoulli sequence with success probability 1/2. Therefore, the number of basic
tails up to the first basic tails followed by tails follows the geometric distribution
Geom(1/2), having expectation 2. As a result, the expected number of tails up to
two consequent tails equals 2 + 1 = 3.

To compute the expected number of all tosses until two consequent tails, we can
apply Wald’s equation in the opposite direction as in the first method, leading to
E(T) =3/(1/2) = 6.

Since E(X;) = 0, Wald’s equation yields E(S) = 0, so that var(S) = E(S?). Write:

SP=)(S2-82 )UT 2n) = (2X,Su1 + X2 LT > n),
n=1 n=1

where S,, = X7 + X5+ ---+ X,,. Thanks to independence, we have:

var(S) = i(z E(X,)E[S,_1 1(T > n)] + E(X2)P(T > n)) -

n=1

= 02§:P(T >n)=
= 02I7IE:(T).

Without the assumption E(X;) = 0, the result does not necessarily hold: suppose
that a fair coin is tossed until tails come up (the tosses are independent). Denote
by T the number of all tosses. Let X,, = 1 if tails come up in the n-th toss, and
X,, = 0 otherwise. Then we have S = 1 and furthermore var(S) = 0, E(T") = 2 and
02 = 1/4, contradicting the result.

a) According to the hint, we apply the preceding exercise 6 to random variables
Y, =X, —p. Letting U :=Y,+---+ Yy =8 —uT, the random variables Y7, Y, . ..
are independent with E(Y;) = 0. Putting

Z[)Z:T, Zli:}/l, 22223/27...

!The idea is due to Timotej Akrapovié.
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12.

and considering 7' as an Ny-valued random variable, T is (trivially) a stopping
time with respect to the sequence Zy, 71, ... In addition, X,, is independent of the
sequence Zy, Z1,. .., Z,—1 for all n € N. From Wald’s equation, we have E(U) = 0;
from the preceding exercise, it follows that var(U) = E(U?) = o2 E(T).

Now we turn to S. We use var(S) = E(S?) — (IE(S))2 Again by Wald’s equation,
we have E(S) = pE(T). Therefore,

var(S) = E(U?) 4+ 2uE(UT) + (2 E(T?) — (uE(T))* =
=0?E(T) + 2uE(UT) — p? var(T).

Next, E(UT) = E[E(UT | T)] = E[E(U | T)T]. Since the random variables
Y1,Ys, ... are independent of T, we have E(Y,, | T) = E(Y,) = 0 for all n and
consequently E(U | T') = 0, leading to E(UT') = 0. As a result, we conclude that

var(S) = o? E(T) + p? var(T).

Remark: the first term represents the variance unexplained by 7', i. e., E [Var(S | T)} ,
and the second term is the explained variance, i. e., var[E(S | T))].

b) From
E[z° |T =n] =E(z) = [Gx(2)]",

it follows that E(z° | T) = [GX(Z)]T, leading to:
E(z%) = Gr(Gx(2)).

If the assumption that 7' is independent of the sequence X, X, ... is replaced by
the weaker assumption that 7' is a stopping time with respect to Xg, X1, Xo, ...,
none of the results necessarily holds. As a counter-example, we can, similarly as
in the preceding exercise, take a fair coin, which is tossed until it comes up heads
(assuming as usual that all tosses are independent). Again, let 7" be the number of
all tosses. Next, let X,, = 1 if the coin comes up heads in the n-th toss, and X, =0
otherwise (this makes S = 1). As a Ny-valued random variable, T is a stopping
time with respect to the sequence 0, X1, X5, ... However, it is not difficult to check
that none of the afore-mentioned results holds in this case.

a) From the transformation formula and marginal densities, it follows that the dif-
ferences X; — X, t # s, are continuously distributed with density

g(w) = / " f@) f(r—w) de.

As a result, P(X;, — X, = 0) = P(X; = X;) = 0 for any ¢ # s. However, the event
that there exist t # s with X; = X, is the union of the underlying events over the
collection of all possible pairs ¢ # s, which is countable (in fact, it suffices only
to take t < s). Therefore, the latter union has probability zero. The event that
all random varables X; are distinct is the complement of that union and therefore
occurs with probability 1.
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b) Denoting by R; the event that a record value occurs at time ¢, observe that this
event is uniquely determined by the ordering of the random variables X, Xs, ..., X;.
From the preceding part, it follows that it suffices only to consider the t! orderings
where X, ..., X, are all distinct.

The random vector (Xi, Xs, ..., X;) is continuously distributed with density
fe(rr, 2, .. 2e) = fx) fza) - flzn) .

If 7 is a permutation of ¢ elements, then, by the transformation formula, the random
vector (Xﬂ(l), Xﬂ(g), - ,Xﬂ(t)) has density

(Y1 Y2s - ) = [e(WUr100), Yn12)s - -5 Y i) =
= fWrr ) fWrr2)  fWrr0) =
= fy) f(y2) - fye) .-

This means that the random vector (Xq(1), Xx(), - .- ,Xﬂ(t)) follows the same dis-
tribution as (X7, X, ..., X;). Such random variables are called exchangeable. Now
it follows that all ¢! orderings of random variables X, X5, ..., X;, where they are
all distinct, are equally likely. The event R, corresponds to (¢t — 1)! out of these
orderings. Therefore, P(R;) = 1/t.

c) What we need to prove is that

P(Rtl NR,N---N Rtk) = P(Rtl) IP’(RQ) - -P(Rtk) =—— - —
th la g
for all 1 <ty <ty < --- < tp. Similarly as in the preceding part, observe that the
event R, N Ry, N...N Ry, is uniquely determined by the ordering of the random
variables Xi, Xy, ..., X, . Again, it suffices only to consider the ¢;! orderings where
their values are all distinct; recall also that they are equally likely. Now there are
at least two methods to proceed.

First method: simply count all the orderings which are due to the event R, N
Ry, N ...N Ry,. The orderings of the random variables X;, Xs,...,X;, can be
represented by arrangements of balls with labels 1,2, ..., %, in a row: the greater the
value of a random variable, the more to the right the underlying ball is positioned.
The orderings which are due to the event R;, N [y, N ... N R, correspond to the
arrangements with ball ¢; positioned to the right of all balls 1,2,...,¢; — 1 for each
1=1,2,...,k. These arrangements can be generated as follows: first, arrange balls
1,2,...,t; — 1; there are 1-2--- (t; — 1) ways to do it. Put ball ¢; to the right end.
Now insert balls ¢; +1,%; +2,...,t; — 1 among the ¢; balls which have already been
arranged; this can be done in (¢; + 1)(t; +2) -+ - (t2 — 1) ways, of course regardless
of the arrangement of the first ¢; balls. To the right end, put ball ¢5. Continue this
way: after we have arranged ¢, balls, insert balls ¢; 1 +1,¢;_1+2,...,%;—1 among
them, which can be done in (t;_1 + 1)(t;—1 + 2) - - - (¢; — 1) ways; then put ball ¢; to
the right end. Thus, we find that the desired number of orderings equals

1-2 (=) X (b + D)t +2) - (ta—1) X (tg+ D)(tg +2) -~ (t3 — 1) x -
-~~><(tk71+1)(tk71+2)“'<tk_1)’
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leading to
1

P(RtlﬂRtQH...ﬂRtk):m,

completing the proof.

Second method: consider the conditional probability of the event Iz;, given a certain
ordering of the random variables X, Xy, ..., X;, 1. There are ¢; possible ways to
extend such an ordering to the ordering of the random variables X, Xo,..., X, ,
all of them being equally likely and exactly one of them being due to the event R, .
This means that the conditional probability of ;, given any ordering of the random
variables X1, Xo, ..., X, 1 equals 1/.

Since the event R, N Ry, N---N Ry, _, is a disjoint union of the events associated
to the suitable orderings of the random variables X;, Xs,..., Xy, _1, the conditional
probability of the event R, given R, N Ry, N--- N R, also equals 1/t;. By
conditioning, we obtain

P(Ryy N Ry, M-+ NRy) =
=P(R,) P(Ry, | Ri,) P(Re, | Ry N Ryy) X -
X P(Ry | Ry MRy N+ N Ry ) =

which is the same as before.

Remark. The argument given above shows that the event R; is independent of the
ordering of the random variables X, X, ..., X; 1. However, this does not imply
the independence of the random vector (Xi, Xs, ..., X;_ 1), which is not true.

d) Denoting by I; the indicator of the event Ry, i. e.:

Y

1. — 1 ; arecord value occurs at time ¢
t Rt 0 ; no record value occurs at time ¢

we have N, = I} + Iy + - - - + I, and therefore E(I;) = 1/t and var(l;) = (t — 1) /t*.
Hence,

1 1
E<Nt):]E(Il)+E(]2)+"'+E(It):14—5‘1“"4‘;Nlnt.

If certain events are independent, so are their indicators. Therefore,

1 2 t—1

var(NV;) = var(ly) + var(ly) + - - - + var(ly) = 7 + 32 +-+ 2

e) The event {S > t} is equivalent to the event that X is highest among X7, Xo, ...

..., X; and has probability 1/¢t. Therefore, P(S = co) = lim;_,o, P(S > t) = 0. For
t=23,4,..., we compute:

~Int.

]P’(S:t):IF’(S>t—1)—]P’(S>t):t(tl_l).
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Hence E(S) = Y%, 5 = o©.

Remark. Although the expectation is infinite, the conditional expectation given
the first measurement X, is finite — we have:

1

E(S|X1):1+T(X1)’

where F denotes the cumulative distribution function of the random variables
X1, Xa, ... (given X, the number of further attempts needed to overcome the value
X; follows the geometric distribution Geom(1 — F'(X;))). However, integration into
unconditional expectation yields an infinite result: denoting by f = F” the density,
we obtain: - .

ml_—mf(x)dx

B(s) ~ E[B(s | )] = [

and substitution ¢t = F(z) yields:

LS|
E(S :/ —dt = 0.

f) The conditional distribution of the random variable X given {S® = t} is
the same as the conditional distribution of the random variable X; given {X; <
y, Xo <wy,..., X1 <y, X; >y} Because of independence, the latter event can be
replaced by {X; > y}. However, the conditional distribution of X; given X; > y is
independent of t.
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2

Counting Processes

a) Denoting by p the probability of an arrival to occur at a given time, we have

N; ~ Bin(n, p) and N; — Ns ~ Bin(t — s,p). As a result, we have:

e For independent Bernoulli random variables I, Iy, ..., I; with P(Y, = 1) = p,
we have I} + Iy + --- + I; ~ Bin(¢, p).

e For independent random variables X ~ Bin(k,p) and Y ~ Bin(l,p), we have
X +Y ~ Bin(k + 1, p).

b) These random variables are independent.

¢) By the fundamental equivalence,
P(S;<t)=P(N;>1)=1-P(N;=0)=1—(1-p)".
The formula holds for t =0,1,2,..., so for all £ € N, we have:
P(S; =t)=P(S; <t)—P(S; <t—1)=p(l—p)*.

Therefore S; ~ Geom(p).
d) More generally,

P(S, =1)

P(S,<t,S,>t—1)=P(N; >n,N;_1 <n)=

(
(N¢y—1 =n — 1,an arrival occurs at time t) =
(

Ni_1 =n — 1)P(an arrival occurs at time ¢) =

P
P
(oo

Hence S,, ~ NegBin(n, p).

. By the fundamental equivalence, the n-th arrival time satisfies:

Fs,(t) =P(S, <t) =P(N; >n)=P(N,+1>n)= (1—e")".

Therefore,

. First method. Clearly, Ny ~ Bin(n,t). The fundamental equivalence {S; < t} =

{N; > k} yields the cumulative distribution function of the random variables Sj:

n

Fs,()=Y" (7)#(1 ol 0<u<l.

=k
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Differentiating, we obtain the probability density function (minding the last term):

n

Js.(t) = Z (7) [ G (e

S T
- n! ) n-l nl L
X gt Y _;l!(n—l—l) -9
& n! ) n nl .
- I=k (=D (n—1) ’ 1-9) j=k+1 (=D n—j)! AR
n! . .
:(/f—l)!(n—k)!tk (=0 *

This is the beta distribution: Sy ~ Beta(k,n —k + 1).

Second method. The density can be easily obtained by the following “physical”
thought, which is, of cource, not entirely mathematically correct: the event {Sy €
[t,t 4+ dt]} means that exactly k — 1 guests arrived up to time ¢, exactly one guest
arrived within the infinitesimal time interval from ¢ to ¢ + d¢, white the other n — k
guests arrived from time ¢ + dt on. Therefore, we have:

n!

(k— D!l (n— k)

P(Sy € [t,t+dt]) = to=rde (1 — ) *

)

leading to the density:
n!
(k=1 (n—k)!

which is the same as before. However, to make it mathematically correct, take
0 <t<t+ h<1. The fundamental equivalence implies:

[s,(t) = =)

Pyt 4 h) = Fs, (8) = P(Neyn 2 k) — B(N, > b).
Since {N; > k} C { Ny > k}, we also have:

Fsk(t—i— h) — ng(t) = ]P(Nt < k,Nt+h > k) =
(Nt < k7N1 _Nt+h Sn—k) —

ZZPNt_ZNt-‘rh_Nt_.]_Z N1 Nt+h—n—j)

by n! W1 By
fr— " R R tz Z _t_ .
— St =) =)

Observe that the exponent at h is always at least 1. Dividing by h and taking the
limit as h — 0, the left hand side is exactly the right derivative of the function
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Fs, at t. In the right hand side, however, only the terms with h' survive. As the
only such term occurs at : = k — 1 and j = k, the above-mentioned right derivative

equals:
n!

(k—1!(n—k)
which is the same as before. It remains to prove that the same holds for the left
derivative. Thus, take 0 <t — h <t < 1. Similarly as before, one can compute:

k—1 n—k
Tt

Pr(t) = Pr(t=h)=>_> = G UL (=R =)

and the limit as h tends to zero is the same as before. This means that the function
Fg, is differentiable on the whole interval (0,1) and one can easily check that the
derivative is continuous. Clearly, Fs, itself is also continuous. As a result, we
conclude that:

|
n S (R

Il = G —m

4. a) The independence of P'~ and P~ follows from the independence of the events

that an arrival occurs at a given time Finally, the fact that P~ follows the same
distribution as P follows from the fact that it shares all the properties which define
P (the distribution is uniquely determined by these properties).
b) The process PT~ takes its values in the set p(N), the power set of the set of N.
The process P~ takes its values in the set pg,(N), the set of all finite subsets of
N. Take arbitrary measurable sets A C @5,(N) and B C o(N) and arbitrary ¢ € N.
Consider the following conditional probability:

P(PT> € B|T=1,P"T € A) =P(P" € B|T =t,P" € A)

(which makes sense if P(T' = t,P™ € A) > 0). However, the event {I' = ¢} is
uniquely determined by P~*. This means that it can be expressed as {P™ € C,}
for some set C; C @({1,...,t}). From the ordinary time-homogeneous Markov
property, it follows that:

P(P" eB|T=tP T cA)=P(P~" =B|P*"=4NC) =
(Pt%:B) —

(P=B),

P
P

which yields the desired result.

5. The first part (memorylessness) can be proved in at least two ways.

First method. By direct calculation, we verify that:

P(T=t+s) p(l—p)"™*
PT>t)  (1-p)

P(T=t+s|T>t)= =p(1—p)* ' =P(T=5s).
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Second method. Consider the counting process from the previous exercise and let
T = S be the first arrival time. The event {7" > ¢} matches the event that no arrival
occurs up to and including time ¢. Denoting again by P the set of arroval times and
by T” the first arrival time in the process P, we find that in the event {T > t},
we have 7" = T — t; therefore, in this event, the events {T' =t + s} and {T" = s}
match, i. e., their intersections with {T" > t} are equal. Since the event {T" > ¢} can
be deterministically expressed in terms of P~ T’ must be independent of {T" > ¢}
and follows the same distribution as T'; that is the conditional distribution of 7’
given {T" > t} is the same as the unconditional distribution of 7. This completes
the proof.

Let T' be a memoryless random variable. This can be also written in the following
form:
P(T>t+s|T>t)=P(T > s)

for all s € Ny and also for all ¢t € Ny. In other words,

P(T>t+s)=P(T>t)P(T >s).
As a special case, we have:

P(T>t+1)=P(T>t)P(T > 1)
and denoting ¢ := P(T" > 1), it follows that:

P(T>t)=¢",

where 0 < ¢ < 1: the case ¢ = 0 is ruled out because the conditional probability
in (%) must make sense; in the case ¢ = 1, however, the probability of a decreasing
sequence of events would yield P(7 € N) = 0. Finally, we obtain:

PT=t)=P(T>t-1)-P(T>t)=(1-q)q ",
which means that 7" indeed follows a geometric distribution.

6. a) This follows from the fundamental equivalence {S, < t} = {N; > n}. As a
result, the process P°~ is also independent of (Sn, 73_”5") and follows the same
distribution as P.

b) The n-th inter-arrival time of the process P corresponds to the first inter-arrival
time of the process P°»~17. From d), it follows that T}, follows the same distribution
as 71 and is independent of (S,_1, P*»=17) and therefore of (T1,...,T,_1). Thus,
the inter-arrival times 7,, are independent with the geometric distribution Geom(p).
As a result, we have:

e For T1,T,,...,T, independent with the geometric distribution Geom(p), we
have T} + T + - - - + T,, ~ NegBin(n, p).

e For independent random variables X ~ NegBin(k,p) and Y ~ NegBin(l, p),
we have X +Y ~ NegBin(k + [, p).

c¢) The difference S,, — S, corresponds to the (n — m)-th inter-arrival time of the
process P°m; thus, it follows the same distribution as S,_,,, that is, negative
binomial NegBin(n — m, p).
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3

Homogeneous Poisson Process

. a) The expected time from the opening until the start of examination is exactly the

third arrival time S3, which follows the gamma distribution Gama(3, 6); its expected
value equals 3-1/6 = 1/2, i. e., half an hour.

2 -k _—6
b) P(N; < 3) = Pois(6){0, 1,2} = Z 6 ke' =25¢7 5% = 0°0620.

k=0

. a) Suppose first that s > t. Then Ny — N, is independent of NV;. Therefore,

cov(Ny, Ng) = cov(Ny, Ni) + cov(Ny, Ny — Ny) = var(Ny) = At.

In the general case, we have cov(NV;, Ny) = Amin{¢, s}.

in{t inqt
b) corr(N,, N.) = min{t, s} _ min{t, s} .
Vs max{t, s}
[ttt o ]
th to ta -+ 1o
c) A |tr t2 t3 - 3,
ty to t3 -0 In

. The player wins the game if the bell rings exactly once between times s and 1. Since

the number of the rings is Poisson Pois()\( 1— s)), the winning probability is:

A1 —s)e 079

b) The function ¢t + te~" is increasing on [0, 1], attains its maximal value e™! at

t =1 and is decreasing on [1,00). Now substitute ¢ with A(1 — s), which can range
the interval from 0 to A\. If A\ < 1, this expression cannot reach 1. In this case,
the maximumal winning probability is attained at s = 0 and equals Ae™*. For
A > 1, the expression A\(1— s) reaches 1 at s = (A—1)/\ and the maximum winning
probability equals e~

. Observing that:

P(Z =n)
TL' )\k,unfk
TR =)+

(0 G )
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we find that the desired conditional distribution is binomial Bin (Z %)
+

a) Conditionally given N, we have S ~ Bin(N, p), i. e.:

P(S=k|N=n)= (Z)pk(l—p)"_k; k=0,1,...,n

By the total probability theorem, we compute:

2: S=k|N=n)=

ML= p) =
2 | <> p
_ Ample (1—p*

k! ;;(n—@!:
(pA)E e

Ko

Thus, S ~ Pois(pA). Similarly, 7" ~ Pois((1 — p)\).
b) Observing that:
PS=kT=0)=PS=k,N=k+1)=P(N=k+1)P(S=k|N=k+1) =
/\k+l 67)‘ k —l—l )\k+l k 1— lef)\
( >pk<1_p)l: p ( p) —

T k+OI\ & Kl
—P(S=k)P(T=1),

we find that S and T are indeed independent.

c) If N =n is a constant S are T" dependent, provided that n > 1 and 0 < p < 1:
in this case, S in T take at least two values (with positive probability), but S = k
implies T'=n — k.

6. As the survival function seems to be the simplest way of describing the exponential
distribution:
P(T>t)=e™; t>0,

the memorylessness can be characterized with:
P(T>t+s|T>t)=P(T > s)

This can be checked out in at least two ways.
First method. By direct calculation, we find that:
P(T>t+s) e+

P(T>t+s|T>t)= BT > 1) = = S=P(T>s).
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Second method. Consider a homogeneous Poisson process with intensity A and
proceed as in Exercise 5 from Section 2.

Now let T" be a memoryless random variable. Denoting by G(t) := P(T" > t) its
survival function, we have:

G(t +s) = G(t) G(s).

for all t,s > 0. Since the density is continuous on (0,00), the survival function
is there continuously differentiable and has a right derivative at 0. Differentiation
with respect to s yields a differential equation:

G'(t) = G(t) G'(0) .

Moreover, the fact that the density vanishes outside (0, 00) leads to an initial con-
dition G(0) = 1. Thus the solution is unique and given by:

G(t) =¥ Ot >0,
which means that the distribution of 7" is indeed exponential.
7. The easiest way to find the distribution of U is by means of the survival function:
P(U>u) =P(X >u,Y >u) =P(X >u)P(Y >u) =e MWy,

which yields U ~ Exp(A + p).

To find the distribution of V', we refer to the cumulative distribution function:
P(V<0)=PX <0,Y <v)=P(X <v)PY <v)=(1—-e)(1—e).
Thus, the distribution of V' is continuous with density:

[ xetpe — (A4 p)e Ay >0
fo(v) = { 0 ; sicer

8. We can add the interventions arising from the redirected calls, assuming that their
lengths are also distributed uniformly over the interval from half an hour to one
hour and independent of each other as well as of the interventions of the original
fire station and the emergency calls. As usual, denote by 77,75, ... the inter-arrival
times between the emergency calls (either processed by the original fire station or
redirected). Let Uy denote the length of the intervention following the k-th call.

Denoting the desired number of calls by K, this is the first natural number with
Up > Tpiq. Since 11,715,715, ... and Uy, Us, Us, ... are all independent, so are the
events {U; > To},{U; > T3},.... In addition, they are equiprobable, forming a
Bernoulli sequence. Hence K follows the geometric distribution Geom (P(Ul > TQ)).

Finally, since U; ~ Unifc((%, 1)) and Ty ~ Exp(%) are independent, we have

1 u
P(U, > Tp) = / / e ?dtdu=1—4e V442 =0311.
1/2J0
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9. a) For 0 < s <t, we have:

Fsn=1(5) =P(S1 < s | Ny = 1)
=P(Ny>1|N,=1)=
=P(N,=1| N, =1) =
B P(N, =1,N, =0) -

- PNV, =1)

_ P(N, =1,N; — N, =0) B

B P(N, =1) B

B P(Ns; = 1)P(N; — N, = 0) -
P(N, = 1)

S efAs efA(tfs)

- A e—M -

s

=

Thus, the desired conditional distribution is exactly the uniform distribution over
(0,2).
b) Similarly as before, for 0 < s < ¢, compute:

F52|Nt=2(5) =P(N, 22| N, =2) =
P(N, =2,N, - N, = 0)

2
— t_2’
2 2t
so that fg,|n,=2(s) = t—f and E(Sy | N; = 2) = 5
Next,
Fon=2(5) =P(Ng > 1| N, =2) =
PN, =LN, - N, =1) 4PN, =2, N, = N, =0) _
B P(N, = 2) -
2st — 52
2(t — t
so that fg |n,=2(s) = ( v ) and E(S; | Ny =2) = 3
10. First method. Observe that:
W=@t-5)+{t—5)+ -+ ({t—Sy,)=tN,—S; — Sy —---— Sy, .

Now recall that the conditional distribution of the sum S; + --- +.5,, given N; = n
matches the unconditional distribution of the sum Uy + -+ + Uy = Uy + -+ +
Un, where Uy,..., U, are independent and distributed uniformly over (0,t), and
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11.

where Uy, ..., Ux) are the underlying order statistics. Therefore, the arrival times
S1, 59, ... can be replaced with random variables U;, Us, ..., which are distributed
uniformly over (0,¢) and independent of each other as well as of N;. As a result,

]E(W) :E(tNt—Ul _UZ__UNt)
By Wald’s equation, we have:

E(W) = tE(N,) — E(U3) E(N,) = £ - M — é A= %’52 |

t
Second method. Observe that W = / N, ds. Taking the expectation, we find that:
0

t t )\tQ
E(W) :/0 E(Ng) ds :/0 Asds = -

First method. Write: N
X(t) = Z e 05
i=1

where, as usual, Si,S55,... denote the arrival times. Equivalently, describing our
counting process by a random set P, we may write:

X(t)y= > e,
sePpit

However, from part c) of Exercise 9, it follows that:

E[X(t) | N, =n] =E (i e—9<t—Ui>> :

where Uy, Us, ..., U, are independent and distributed uniformly over [0,¢]. There-
fore,
1— 6—015

ot 7’

E[X(t) | Ny=n] = n]E(e_e(t_Ul)) =n

or, alternatively,

1—e %
leading to:
A1 —e 0
E[X(t)] = %

Second method. Observe that the total effect of all shocks can be written as a
Riemann—Stieltjes integral:
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12.

Integrating by parts, we obtain:
t
X(t)=N,—#6 / e /=9 N, ds,
0

which (noting that [ e’ ds = (2 — %)’ + C) yields:

A1 —e™%)

t
E[X(t)] = Xt — A0 /0 se 79 ds = ;

First method. Denote the desired time by 7" and, as usual, by 77 the first arrival time.
Clearly, if T} > ¢, then T = ¢. Otherwise, we aply the strong time-homogeneous
Markov property: loosely speaking, after the first arrival, everything starts at new.
Therefore,

c T > c
E(T’Tl)_{TlJrE(T)  Ti<c
=cl(Th >c)+ (T +E(T)) L(T1 < ¢c).

Taking the expectation, we obtain:
E(T)=cP(Ty > ¢) + E[Tl 1T < c)} +E(T)P(Ty < ¢) =
= c)\/ e Mdt + A/ te Mdt +E(T)/ e Mdt =

0 0
1 —e?e

v HED) (1—e),

leading to:

Second method. Number the arriving cars by 1, 2, 3, ... and denote by N the number
of the (first) car which allows the hen to safely cross the road. Observe that:

{N=n}={T' <c¢,Th<ec,....,T,.1 <c¢, T, >c}. (%)

On the event {N = n}, we have T'= T, +T5+- - -+T,,_1 +c. Next, by independence,
we have:

E[T; 1(T; < c)] 1 ‘
E(T,| N =n) =E(T, | T, = = Me Mdt =
(T |V =) = B(T | Ty < o) = =gt = o [ e
_1 ce ¢
SN 1 —e el

foralli=1,2,...,n— 1. As a result,

—Ac

E(T | N) = (N — 1) G‘ff—ek)“'
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13.

Since N follows the geometric distribution Geom(IF’(Tl > c)) = Geom(e"\c), its
expectation equals E(N) = e*“. Therefore,

Ce—)\c e}\C_

Third method. Keeping the notation from the second method and recalling (x),
observe that NV is a stopping time. Write:

I'=T1+1To+ - +Ty+c—Ty.

By Wald’s equation, we have:

Next, by (*), independence and memorylessness of the exponential distribution, we
have:

1
E(Ty | N=n)=E(T,| T, 2¢)=c+ .

leading to E(Ty) = ¢+ 3. Collecting all together, we obtain E(T) = eki\_l, which
is, of course, the same as before.

First method. Denote by T; the time of the first sharing after the initial one. If
Ty < 6, Tony gets his prize in that moment, so that T' = T;. Otherwise, everything
starts once again: from that moment on, Tony has to wait for time 7" to get the prize;
the conditional distribution of 7" given the whole history matches the unconditional
distribution of T'. Therefore, we have:

T=T,+T 1T >6),

implying;:
E(T)=E(Ty) + E(T)P(1Ty > 9).

Since T} ~ Exp()), we have E(T}) = 1/X and P(T} > ) = e, leading to:

WT%:%+6MEGW

As a result, we have:
1

ED=Sa=emy

Second method. Enumerate the sharings according to their times, assigning 0 to the
initial sharing. Denote by N the number of the sharing when Tony gets his prize.
Next, denoting by T},T5, ... the inter-arrival times in the sharing process, observe
that:

{N:n}:{Tl >5, T, >57...,Tn_1 >5, TnS(S}
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14.

In the event {N =n}, wehave T =T} +To+---+T),. Next, fori =1,2,...,n—1,
we have:
E[L; 1T, >6)] 1

o 1
E(T; | N=n)=E(T; | T, > 0) = = Me Mdt =—+6
(TN =) = B(T | T > 8) = =gttt = = [ e ar= 5+

(this follows from the memorylessness of the exponential distribution), while:

E[T, 1(T; < 9)] L[
E(T, | N=n)=E(T, |T, <6) = = e Mdt =
(| N =) = B(T, | T, €.8) = =gt = s [ e
1 B de
SN 1 —eN
Therefore,
N §e M 1 1)
E(T|N)=—+(N-1)§— —— =N (= S
(TIN) )\+( )0 1—e <)\+5) 1—e

Since N follows the geometric distrubution Geom (P(Ty < §)) = Geom(1 — ™),
we have E(N) =1/ (1 — ™). As a result,

1

149 ) 1
E(T) = -2 — = .
D=1 1w A1 —eV)

Third method. With the notation from the second method, we have T' =T + T +
-+++Ty. Observe that N is a stopping time because the event { N = n} is uniquely
determined by 71,75, ..., T, (see above). By Wald’s equation, we have:

]MD_MNWHD_RTEFW‘

Describing the process by a random set P, observe that the age is uniquely de-
ternined by P and the exceedance uniquely by P!”. Since these two random
sets are independent, so are the age and the exceedance. Moreover, E; matches
the first arrival time in the process P*~, which follows the same distribution as P.
Therefore, F; ~ Exp(\). Next, for 0 < s < ¢, we have:

P(At < S) = P(Nt — Nt—s 2 ].) =1- 6_)\8,
and therefore, for 0 < s < t,
Fu(s) =P(A;, <s)=1—e?.

Since A; is bounded from above by t, we have Fy,(s) = 1 for all s > ¢t. Thus, the
random variable A; is neither discrete nor continuous. However, it follows the same
distribution as the random variable min{A;, ¢}, where A, ~ Exp()\) (imagine that
the given homogeneous Poisson process is extended to negative time).

There are at leat two methods to find the distribution of A; + F.
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First ~method. The distNribution of the sum A, + E; matches the distribution of
min{ A, t} + F;, where A; and E; are independent with the exponential distribution
Exp(\). Therefore, for 0 < s < t, we have:

P(At+Et§S):P(At+Et§S):

:/s T fa (@) fa(y) dyde =

= )\2/ / M dyde =
— / - —/\5) dr =
0

=1—e™M—)se ™
and, for s > t,

P(At+Et§S):]P)<At:t,Et_S—t)+[P(At<t At+Et<S)
:]P)(At>t Et_s—t)+P(At<tAt+Et_ )

s—t S—
:/\2/ —de/ AydyH?/ / e Mdy =
t

_ At(l )\(s t)) + )\/ ( Az —)\s) —
0
= e_’\t(l — e_)‘(s_t)) +1—e M- Ne =
=1—e M- Ate .
Summing up, we obtain:

0 ;s <0
Faip(s)= 1—e?—dse™ ;0<s<t
1—e™—Xe ™ s>t

Second method. Consider the conditional cumulative ditribution function of A; + E;
given Fy:

FAt+Et|Et(s|y):P(At+Et§S’Et:y):P(AtSS_y‘Et:y):

=P(A; <s—y).
From Fy,, we obtain:
0 ;s <y
FAt+Et|Et(S ’ y) = 1- 6—>\(s—y) Y SS < y+t =
1 s>yttt
1 ;y<s—t
= 1—e?6 s t<y<s

0 ;Y >s



M. RAIC: SOLVED PROBLEMS IN COUNTING PROCESSES 24
Now we apply Fa,1g,(s) = )\/ Farm e (s |y)e ™ dy. For 0 < s <t, we have:
0

Faip(s) = /\/ (1- e_’\(s_y))e_)‘y dy=1—e — \se™
0
and for s > t, we have:

s—t s
Fa,ip,(s) = /\/ e M dy + /\/ (1- e_k(s_y))e_’\y dy =1—e — Xe*.
0 s—t

Combining both formulas, we obtain the same cumulative distribution function as
before.

Now observe that the desired cumulative distribution function is continuous, even
more, absolutely continuous. Hence the random variable A; + F; is also continuous
in the sense that it has a density, which can be obtained by differentiation resulting

in:
0 ;8 <0

fAt-‘rEt(S) = Nse s ;0<s<t
(Nt + N e ™ s>t
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4

Marking, Thinning, Superposition

. The described process is equivalent to the union of a homogeneous Poisson process

of the lorries with intensity 4 lorries per hour and a homogeneous Poisson process
of the cars with intensity 36 cars per hour.

a) 1 —e*=0982.

b) Because of independence of the process of lorries and the process of cars, the
conditional expectation equals the unconditional, i. e., 36.

c¢) Using the original description of the process and independence, we find that the
desired probability equals (550) -01°-0°9% = 0185.

d) Denoting by A; the number of cars until time ¢ and by 7' the arrival time of the

first lorry, the desired expectation is E(Az). Conditioning on 7', we have E(Ar |
T) = 367 and therefore E(Ar) = 36E(T) = 36/4 = 9.

. a) Consider the proces of all replacements and focus on the moment of the n-

th replacement or the beginning if n = 0. From the strong time-homogeneous
Markov property, it follows that the time until the next replacement along with the
maintainer who performs it has the same distribution as in the following situation:

e Take independent random variables U ~ Exp(0°005) and V' ~ Exp(0°01).
e The time until the next replacement equals min{U, V'}.

e The next replacement is performed by the first maintainer if U < V and by
the second one otherwise.

This is true regardless whether the current replacement is due to the first or to the
second maintainer, or whether we are at the beginning.

Now observe that the above description is also valid in the case where there are two
lamps, each of them with one bulb. Both bulbs are replaced as soon as they blow
out and the life time of the first follows the exponential distribution Exp(0°005),
while for the second bulb, we have Exp(0'01), assuming independence of all bulbs.
This case is not the same as in the original problem, but it follows exactly the same
distribution. Therefore, the actual changes form a homogeneous Poisson process
with intensity 0°015 replacement a day, so that each bulb is replaced in 1/0°015 = 67
days on average.
0005 1

) 0015 3

. First method. Denote by M the time needed to get the man, by Z the time needed

to get the two women, and by T the time needed to get all desired actors. Clearly,
T = max{M, Z}. We have M ~ Exp(2) and Z ~ Gama(2, 1), so that for ¢t > 0,

fM(t) = 26_2t, FM(t) =1 6_2t,
fz(t) =te ", Fz(t)=1—(1+t)e .

Thanks to the independence, we have:

Frt) = Fyt) Fz() =1—(1+t)e " —e 2 + (1 +t)e .
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The expectation can be computed either by means of the desity:

frit)=te " +2e — (24 3t) e,
37

E(T) = /O <t2 et 4 2te ® — (2t + 3t2) e*3t) dt = T2

or by means of the survival function:

E(T) = / (1-Fr(t))dt = / ((1 +t)et 27 —3(1 +1) e—3t) dt = :1”—; :
0 0
Second method. Consider the united process of the arrivals of men and women. This
is a homogeneous Poisson process with intensity 3, where each arrival represents a
woman with probability 1/3 and a man with probability 2/3. Denote by N the
first arrival after which it is true that at least two women and at least one man
has arrived. Denoting by 7T},75, ... the inter-arrival times in the united process, we
have T'=T, +T5 + - -- + T,,. By Wald’s equation, we than have:
1

E(T) = E(N)E(T) = 3 E(N).

Thus, the problem has been reduced to the computation of the expectation:
E(N) =) P(N >n).
n=0

Clearly, P(N > 0) =P(N > 1) =P(N > 2) = 1. For n > 2, {N > n} matches the
event that among the people that arrived up to the n-th arrival, there are either
only women or only men or exactly one woman and n — 1 men. Consequently,

= () ()

(for n = 0 and n = 1, this calculation is invalid because the underlying subevents
are not paiwise disjoint). Therefore,

GG

IE(N):2+§:

Making use of the formulas:

= 1 = . 1
"=, ng" ' = : —1<g<1
L= T i

we finally obtain E(N) = 37/6 and consequently E(7") = 37/18, which is the same
as beofore.
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4. First method. Denote by Z3 the time when the wife is ready to buy a car and by M,
the time when the husband is ready. These two random variables are independent
with Z3 ~ Gama(3,\) and My ~ Gama(2, p).

a) The desired probability equals:

P(Zo < M) = | [ @y -

)\3 2 00 oo
= 2’“ / z2e / ye "Wdydr =
0 T

X
=5 2 (ur + 1) e dy =
0
NN+ 4p)

=T

b) The time needed to buy a car is the minimum of the random variables Z3 and
Msy. We make use of the survival function:

1
P(My >t) = (ut+1)e ™,  P(Z3>t)= 3 (N2 42Xt + 2)e ™.
As a result, we have:
]P)(T > t) = ]P(Zg >, My > t) = ]P(Zg > t) ]P(Mg > t) =

(A2t + MO+ 20)82 + 2(\ + p)t + 2) e~ Ot

N | —

which (see Problem 2) yields:

3N2 AN+ 21) 1 1
4 5 T + -
A+t (A+p)?  Atp Atp
L3N 12X+ 8 + 21
B A+ p)t '

E(T):/OOOJP’(T>t)dt:

Second method. We apply the fact that the marks (i. e., brands) corresponding to
particular arrivals (i. e., offers) are independent and identically distributed: each
offer corresponds to wife’s brand with probability A/(A+ ) and to husband’s brand
with probability /(A + ).

a) The event that they buy a car according to wife’s choice corresponds to the
following beginnings of the mark sequence:

WWW, HWWW, K WHWW , WWHW .

Therefore, the desired probability equals:

( A )3+3( A )3 o N+ 4p)
A+ p M) Ap o A+p)t
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b) We make use of Wald’s equation. Consider the times between particular offers
of either brand, i. e., the inter-arrival times of the united process. As usual, denote
them by T},T5,T5,.... Then we may write T' =T, + 15+ - -+ Ty, where N denotes
the number of the offer where a car is eventually bought. For each time interval, we
know its length (7,,) and the brand of the offer appearing at the end of the interval.
With respect to this information, /N is a stoping time. As the united offers form a
homogeneous Poisson process with intensity A + p, we have E(7,,) = 1/(A+ p). By
Wald’s equation, it suffices to compute E(V).

The possible sequences of the brands of the offers along with their probabilities and
lengths (V) are given in the table below:

Sequence WWW | HWWW | WHWW | WWHW
Length 3 4 4 4

- 23 A3 A3 2
Probability | iy | G | Gowr | Goar
Sequence HH | WHH | HWH | WWHH | WHWH | HWWH
Length 2 3 3 4 4 4

. 2 by 2 By 2 )\2 2 )\2 2 )\2 2
Probability | moup | Gor | Gy | G | G | Gy

2 3 4
This, N ~ 2 ANagoa?  ax2u |, which gives:
A+)? (M) (Ap)?

L3N 12X+ 8 + 24P
(A + p)?

E(N)

and, finally, by Wald’s equation,

33+ 12020 + 8 pu? + 2u3
S e T

which is the same as before.

5. First method. The event that exactly exactly one arrival in the second process oc-
curs before the first arrival in the first process matches the event that among all
arrivals, the first one is due to the second proce;s and the second one to the first

1

Ot

More generally, all arrivals form a Bernoulli sequence of trials, where successes are

identified with the arrivals due to the first process. Denoting by X the number

of arrivals in the second process before the first arrival in the first process, X + 1

then denotes the number of all trials up to and including the first successful one.

Therefore, X + 1 ~ Geom (L), which yields E(X) = k.

A p A

Second method. Denoting by T" the first arrival time in the first process, the condi-

tional distribution of X given T is Poisson Pois(uT'), so that:

process. The probability of this event equals

P(X=1|T)=pTe* and E(X|T)=uT.
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Combining this with the fact that 7' ~ Exp(u), we obtain:

Ap
P(X =1 Te " te M AeMdt = ———
(X =1) =ElpTe™] = / o A+ n)p?

1

E(X)=pnE(T) = Y

6. Denote by H the event that exactly one student has arrived during the first half

an hour. This event is a disjoint union of two events: the event Hp that this only

student arises from financial mathematics and the event Hg that he/she arises from
general mathematics. From the theory of marking, it follows that:

4 2 2 1

Denote by T the arrival time of the first student of financial mathematics. Given
Hp, this random variable is uniformly distributed over the interval from 0 to 1/2
(measured in hours), while given Hg, the random variable Tp — 1/2 follows the
exponential distribution Exp(4). Therefore:

+

L. 3

DN | —
A~ =

Finally, the desired conditional expectation equals:
IE(TF ]l(H)) B

P(H)
E(Tr 1(Hp)) + E(Tp 1(Hs))

P(H)

P(HF)E(Tr | Hp) + P(Hg) E(TF | Hs) _

P(H)
(Tr | Hr) + P(Hs | H)E(TF | Hs) =

E(Tr | H) =

=P(Hp | H)

—_
—_
e =

or, equivalently, 25 minutes.

7. In the union of the two processes, each arrival arises from the first process with
probability A\/(A + p) and from the second process with probability p/(\ + w).
Saying that there were exactly k arrivals in the first process before the n-th arrival
in the second process is equivalent to saying that among the first n + k£ — 1 arrivals
in the united process, there were k arrivals in the first process and n — 1 arrivals
in the second process and that the (n + k)-th process in the united process arises
from the second process. Denoting by X the number of arrivals in the first process
before the n-th arrival in the second process, we have:

m+k=D17 X N/ p» "'
P(X =k)= o k=0,1,2,...
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In other words, the random variable X follows the negative binomial distribution

NegBin (n, ﬁ), shifted n to the left.

8. The given walk reaches the point (7,j) if and only if among the first ¢ + j total
arrivals, there are exactly ¢ due to the the first and exactly 7 due to the second
process. The probability of this event equals:

i+ X
itgt (A p)iti

9. The event that the bank passes all the tests matches the event that the number of
the tests the bank fails equals zero. The tests the bank fails correspond to the pairs
(t,s), where s > at. Thus, the desired probability equals e=¢, where:

9:9// P P\ N AL
7 s T 522 raly Trs2 " 7
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General Poisson Process

. a) Pois(24)
b) et = 0°0183.
c¢) For 10 < s < 12, observe that:

Foyinip=2(s) =P(Ny > 2| Njp =2) =
_ P(Ng=2,Ni3— N, =0)
P(Ny; = 2)
(s — 10)*
16

31

In further computation, it is easier to work with S, — 10. For 0 <t < 2, we have:

t2 t3
Fs,_10/ny,=2(t) = 16" Jso—10No=2(t) = 1

leading to E(S> — 10 | No = 2) = £ = 12 and therefore E(S, | N, = 2) = 11:36.

Next,

Fgnppea(s) =P(Ny > 1| Npp = 2) =

]P)(NS == 1,N12 _Ns - 1) +]P(Ns - 27N12 _Ns == O)

P(ng — 2)
_(s—10)* (s—10)*
n 2 16
which gives:
2 ¢ t3
F51*10\N12=2(t) = 5 - E ) f51710|N12:2(t) =1t Z

and E(S; —10 | Ny = 2) = 12 = 14, so that E(S; | N, = 2) = 11:04.

¢
. Noting that N, ~ Pois (/ a
o L+s

1

Fr(t)=1—P(N; =0) =1— ¢ 2n0+) =1 _

The expectation can be computed either by means of the density:

a o tdt 1
—_ E(Ty) = = ;
(14 e+t ey a/o A+t a—1’

le (t) =

or by means of the survival function:

E(T) Z/Ooo(l—FT(t)) dt:a/ooo (1 _|_d;)a+1 - ail ;

ds) = Pois(aln(1 + t)), we obtain:

(1+1t)e
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3. a) Denoting by N; the number of latecomers appearing up to time ¢, Ny — N, then
represents the number of latecomers arriving with delay from ¢ to s, provided that
t <'s. Observe that:

t
N; ~ Pois (/ e du) = Pois(l — e’t) ,
0
Ng — N; ~ Pois </ e du) = Pois(e’t — e’s) )
t

In addition, N; and Ny — N; are independent. Extending the definition of Ny to
s = 0o (the total number of latecomers), N, — N; denotes the number of latecomers
which arrive with delay more than ¢; note that Ny, — Ny ~ Exp(e™).

The event that exactly one latecomer appears, arriving with delay more than two
months, can be expressed as:

A:={Ny=0,Ny, — Ny = 1}.
Thanks to the independence, its probability equals:

P(A) = P(Ny = 0)P(Noo — Np = 1) = ¢ le2e¢ = e 3= 00498,

b) What we have to compute is E(S; | A).

First method. Consider the conditional cumulative distribution function:

Foa(t) =P(S1 <t]A) =
=P(N; >1]4) =
P(N; > 1,Ny =0,Noo — Ny = 1)
P(Ny =0,Ny — Ny =1) '

Clearly, Fg,a(t) = 0 for t < 2; for t > 2, we have:

2 _P(NQZO,Nt—NQILNOO—Nt:O)_
S1\A(t) - IED(NQ —0, Ny — Ny = 1) -
P(Ny =0)P(N; — Ny = 1)P(No, — N; = 0)
P(Ny =0)P(Ny — Ny = 1)

2—t

=1-e

The desired conditional expecation can be derived directly from the survival func-
tion: - -
E(S; | A) :/ (1 — Fgya(t)) dt = 2+/ e*tdt =3.
0 2
Second method. Thanks to the independence of the restrictions of the process to
time intervals up to two months and more than two months of delay, the conditional
distribution of the arrival time of the only latecomer given A matches the conditional
distribution of the arrival time of the only latecomer with a delay of more than two
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months, given that there was exactly one latecomer with more than two months of
delay (regardless what happened less than two months from the deadline). More
precisely, denoting by Si,(2..) the arrival time of the first latecomer with delay of
more than two months, observe that

P(Ty >t | A)=P(N, = 0| Ny =0, Nog — Ny = 1) =
PN, =0,Np=0,Now — Np = 1) _
P(N; = 0, Noo — No = 1)
P(Ny =0, N, — Ny = 0, Noo — Ny = 1)
P(Ny =0, Nog — Ny = 1)
CP(Ny = 0)P(N; — Ny = 0, Noo — Ny = 1)
P(N; = 0) P(Noo — Ny = 1)
P(N, — Ny = 0, Noo — Np = 1)
P(Noo — No = 1)
—P(N,— Ny =0| Noo — Ny = 1) =
:P(Sl;(gpo) > | Ny — Ny = 1).

for all ¢ > 2. As a result, the corresponding conditional density equals:

—t
B - € _ 2—t
Ss11a(t) = 51,0500 [Noo—Na=1(t) = m =2,

Integration yields:

E(S; | A) :/ te*tdt =3.
2

Alternatively, one can observe that the conditional distribution matches the expo-
nential distribution Exp(1) shifted by 2 to the right, which has expectation 3, as
before.

4. Denote by X the number of arrivals with the specified property and by N the total
number of arrivals. Recall that given {N = n}, the set of arrivals follows the same
distribution as the set Uy, Us,...,U,, where Uy,...,U, are independent with the
exponential distribution Exp(\). Therefore, the conditional distribution of X given
{N = n} matches the (unconditional) distribution of the sum:

n

S 1({U. . Uiy, U, U 0 (U, Ui + 6] = 0)

i=1

so that:

E(X | N=n)=> P{U1....Ui,Up,.... U} N (U, Ui + 6] = 0) =
=1

— nP({Uy,Us, ..., Up 1} O (U, Uy, + 6] = 0) .
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The latter probabilities can be computed by conditioning on U;. First, using the
independence of the random variables Uy, Us, ..., U,_1, observe that

P({U1,Us, ..., Up1} N (u,u+ 6] =0) =
=P(U; ¢ (u,u+6], U ¢ (u,u+6], ..., Upr & (w,u+4]) =
=P(U1 ¢ (u,u+08)P(Us & (w,u+6])P(Up1 ¢ (u,u+9]) =
= (P(Uy ¢ (u,u+4d])".

for all uw > 0. Next, compute
u+9
P(U, ¢ (u,u+4]) =1 - A/ M du = 1 — e (1 = V)
so that
n—1
P({Uy,Us, ..., Uy 1} N (u,u+ 6] = 0) = (1 (1 €_A5)>

However, since U, is independent of the vector (Ui, ... ,U,_1), we also have:

P({Ul, Us, ..., Un—l} N (Un, U, + 5] =0 | Un) = (1 — @_AUn<1 . e_>\5)>”1 ’

leading to
P({U1,Us,...,Up1} N (Un, U, + 6] =0 | Uy,) =
n—1
= E[<1 —e M (1— e”\5)> ] =
© n—1
= )\/ (1 — e”\“(l — e”\5)> e M du =
0
1— efn)\(s
a n(l — e—’\5) '
Therefore,
1 — e—n)\é
Since N ~ Pois(%), we finally find that:
efa/)\ e 1 a\m Y 1 _efa(lfe_m)/)\
E<X):1—6—A6;H<X> (1-e) = 1—e

5. Denoting by N; the number of arrivals up to time ¢, observe that:

IP(T1>t):IP>(Nt:O>:eXp(_/Ot du ) 1

1+u) 1+t
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Differentiating, we obtain the probability density function:

1

fri(t) = ED

Now we turn to the distribution of 75, which will again initially be represented by
the probabilities P(T5, > s). First, we shall compute the conditional probabilities

P(Ty > s | 1Y),

where we shall take advantage of the above-mentioned characterization of the con-
ditional distribution given T} (and P™1). Like in T}, we could use the basic equi-
valence

{T2 > S} = {SQ >T7 + S} = {NT1+5 > 2} .

However, it is more beneficial to express this event just in terms of P~ or P N
(T, 00). Such an expression is

{T> > s} = {Nny4s — N, = 0}.

Given T, the process P N (11, 00) is a Poisson process with intensity function ¢t —

%H 1(t > T1). Therefore, given T3, the random variable Ny, s — Ny, follows the

Poisson distribution with parameter:

——dt=1In

/Tﬁs 1 1+T,+s
o 1+t 1+ T

As a result, we have:

1+ T 1+ T
P(TQ>S|T1)_]P(NT1+S—NT1_0|T1)_exp(—ln + 1+S> T

1+7, ) 14T, +s

Integrating, we obtain the unconditional survival function:

GRS [ dt ~ In(1+s)
>0 = [ s 0= | g

and differentiation again yields the probability density function:

(1+8)1n(1+5)—s'

fr,(5) = s2(1+s)
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6

Renewal Processes

. a) The arrivals of the bus form a renewal process. Denoting the inter-arrival times

by Ti,T5, . . ., the long-term number of arrivals per hour equals:
3
E(Ty) 27

b) The event that the Simpsons will wait for less than 20 minutes can be expressed
as {17 > 40 min} U {77 + 75 < 1 h}. This can be represented by the following
diagram:

15

60 -

T

40 -

20 +

T

} } }
T T

20 40 60 11

The ratio of the areas yields the desired probability 5/8.

. Denote by N, the number of all calls received up to time ¢t and by N, the number of

the calls it can respond. Since all calls form a homogeneous Poisson process, they
satisfy the strong law of large numbers:

Nt a.s. 1
— .
t t—oo 2

Now we turn to the calls to which the station can respond. We may assume that
the whole process starts with such a call. In this case, these calls form a renewal

1 11
process with expected inter-arrival time 1 + m =7 By the strong law of large
numbers for renewal processes, we have:
Nt a.s. 4
t tosoo 11°

This allows us to derive the long-term proportion of redirected calls:

Nt a.s. 1 8 3

1— =t ===

Nt t—o00 11 11 '
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3. Taking fines for rewards, we get a renewal-reward process. Since Ben has to pay
a fine with probability 1/3 each time, the expected amount of fine per inspection
cycle is 35 euros. As the expected length of the inspection cycle is 7/4 years, the
long-term amount of fine per year equals:

% = 20 euros.

4. This can be regarded as a renewal-reward process: suppose that the process starts
in State 1. For the arrivals, consider the jumps from State 2 to State 1; the reward
attached to the i-th arrival (jump) is the length of the stay in State 1 in the inter-
arrival interval finishing with that arrival/jump; the reward is being received evenly
during the time spent in State 1. Then W; is equal to the total time spent in State 1,
while W/t is equal to the proportion of the time spent in this state.

Noting that E(T7) = u1 + p2 and E(R;) = p; and applying the strong law of large

numbers, the long-term proportion of those stays equals .
M1+ 2

A similar reasoning leads to the same result in the case when the process starts in
State 2: then define the arrivals to be the jumps from State 1 to State 2.

5. This is a renewal-reward process, where the inter-arrival times are the durations
of the calls, while the reward R; equals one if Monica manages to persuade the
customer in her i-th call and zero otherwise. Clearly, 7 < 1/2. Therefore,

0 ;<0
Fr(t)=<X 3(t—t*) ;0<t<rT
1 i t>T

Observe that the random variable T; is neither discrete nor continuous. However,
there are several ways to compute the expectation.

First method: by means of the Riemann—Stieltjes integral, splitting into continuous
and discrete part:

E(T}) = /OootdFTi(t) _ /OTthi(t) At + 7(Fy,(7) — Fpy(r)) =

:/ (3t — 6t*)dt + 7(1 — 37 4+ 372) =
0
3

37+ 3
=7 — — +71°.
2

Second method: choose a random variable T with cumulative distribution function
which is absolute continuous and matches the cumulative distribution function of T;
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on the interval [0, 7). Then T} follows the same distribution as min{7", 7}. Therefore,
E(T;) = E[min{f, T} =
= / min{t, 7} f7(t)dt =

—/;tff(t)dtJrT/ToofT(t)dt—

:/TtF%(t)dthT(l—FT”(T)) =
:/OTtFjlwi(t)dt—f—T(FTi(T)_FTi(T_>)’

which is the same as before.
Third method: use the fact that, since T; > 0,

3

Em):/o P(ﬂ>t)dt:/0 (1—3t+3t2)dt:7—3%+73,

which is again the same as before.

The event {R; = 1} matches the event that Monica succeeds to persuade the cus-
tomer up to time 7. Hence,

Denoting by W; the number of sold articles up to time ¢, we almost surely have:

LW E(R) _6(1—7)

I = mm) T 2-ars2e MO

From:
B(r) = 6(27% — 47+ 1)
(12— 374 2)2
we find that on the interval [0,1/2], the function h attains its maximum at 7 =
1— ‘/75 = 0'293. If the time is measured in hours, this means that it pays to hang

up after 17 minutes and 34 seconds.

6. First method. Consider the moment of the first sharing after the one we know Tony
has missed. Denote this moment by 77. If T} < 30, Tony obtains this prize, so that
T = T;. Otherwise, everything starts at new: Tony has to wait for a time 7", which,
given the history, follows exactly the same distribution as 7". Therefore,

T:Tl—f‘T/]l(Tl >30),

implying;:
1
E(T) =E(Ty) + E(T)P(T7 > 30) = 30 + 3 E(T),
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which yields E(7) = 60. In other words, Tony should expect to wait for an hour to
obtain a prize.

Second method. Denote by N the number of the sharing at which Tony obtains his
prize (the sharing we know Tony has missed is excluded). Denoting by T3, 75, ...
the times between the sharings, observe that:

(N =n}={Ty >30,Ty >30,..., T, >30,T, <30}.

In the event {N = n}, we have T =T} + To + - -- + T,,. Next, given {N = n} the
conditional distribution of the times 717, ..., T},_1 is uniform over the interval from 30
to 40 minutes (so that E(7T, | N =n) =35fork = 1,...,n—1), while 7T}, is uniformly
distributed over the interval from 20 to 30 minutes (so that E(7}, | N = n) = 25).
Therefore,

E(T | N) = 35(N — 1) +25.

Since N follows the geometric distribution Geom(1/2), we have E(N) = 2 and
consequently,
E(T) = E[35(N — 1) + 25] = 60.

Third method. Keeping the notation used in the second method, observe that T =
Ty +Ts + -+ + Tn. Moreover, N is a stopping time, for the event {N = n} is
uniquely determined by 77,75, ...,T, (see above). Applying Wald’s equation, we
find that E(7T") = E(NV)E(T}) =2 - 30 = 60.

Fourth method. As before, denote by 17, Ts, . .. the times between the prize sharings.
Imagine that Tony waits for the prizes infinitely long (staying on the spot each time
after receiving a prize). Then the moments when Tony gets a prize can be considered

as arrivals in another renewal process. Denote its inter-arrival times by T, T, ...
(so that T'=T7).

Denote by W; the number of prizes Tony that obtains until time ¢. This can be
expressed in two ways. First, in terms of the renewal process of the moments when
Tony obtains a prize, and second, in terms of the renewal-reward process of all
sharings combined with rewards Ri, R, ..., where R, = 1 if Tony obtains a prize
at the n-th sharing and R,, = 0 otherwise. Observe that P(R, =0) =P(R, =1) =
1/2. Applying the strong law of large numbers for both characterizations, we find
that:

7. The inter-arrival distribution of such a process is Gama(2, \), with cumulative dis-
tribution function:

t
F(t) :)\2/ se ™ ds,
0
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and Laplace—Stieltjes transform:

. A2
Fe& =5

(which can be, by a convolution argument, also derived from the Laplace trans-
form of the exponential distribution). Thus, the Laplace-Stieltjes transform of the
renewal function is:

ME =~

z_z+2>\

~ A2 /\[1 1 }

resulting in the renewal function:

A7 e Mo 1 —e M

8. From the Laplace transform of the inter-arrival distribution:

P =p+ U222

we obtain the Laplace—Stieltjes transform of the renewal function:

o A
M(Z)_l—p+(1—p)2'

Therefore, the renewal function equals:

Mt)=——+——1=t.
(t) T

9. Let M(t) := E(V;). This is a delayed renewal process with the first (inter-)arrival
time following the gamma Gama(2, \) distribution with Laplace transform:
R 22
Gz —
B =y

and with subsequent inter-arrival times following the exponential Exp()\) distribu-
tion with Laplace transform:

- A
F(z)= .
(2) z2+ A
Thus, the Laplace—Stieltjes transform of the renewal measure equals:
X G \? A
M(z) (2) = = —

:1—F(z) 224Nz z+ A

while the renewal measure itself equals:

t s
M(t):)\/ ds—)\/ e Mds =t —1+e M.
0 0
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10. a) The first arrival time follows the exponentional distribution Exp(u), so that its

11.

Laplace transform equals:

0
G(Z):z—l—,u'

By the strong time-homogeneous Markov property, all further arrivals can be ex-
pressed as sums of two independent random variables, one of them following the
exponential distribution Exp()\) (service time), while the other following Exp(u)
(idle time). Thus, the Laplace transform of the further inter-arrival times equals:

~ B )‘M
PO=ern

Thus, the Laplace—Stieltjes transform od the renewal function equals:

2z4+A+p) Atpz ANtpz+Atp

and finally, the renewal function is:

>\M t MQ /t B )‘/’L M2 B
M@t) = [ ds+ A s ds = t+ 1 — e AFmt)
() PR T TN (A+u)2< ‘ )

b) First method. By linearity of the expectation,

1 1 A+pu
E(Ty)=~+-=2"1

Plugging this into the strong law of large numbers, we obtain the limiting intensity
1 AL

E(Ty)  A+pu
Second method. By convergence of the renewal measure, we have:

. M(t) A
lim = .

AL A

c) )\+u/u_ Ap

Observe that each time Roy meets a supervisor, he continues in place A with proba-
bility 1/2 and in place B with probability 1/2, regardless of the history. In addition,
from the strong time-homogeneous Markov property, it follows that the inter-arrival
times are independent. The distribution of the first arrival time is exponential
Exp(1), while the distributions of the subsequent inter-arrival times are mixtures
of half Exp(1) and half Exp(1/2). Therefore, the arrivals of the supervisors indeed
form a delayed renewal process.

Denoting by G the cumulative distribution function of the first arrival time and by
I the cumulative distribution function of the subsequent inter-arrival times, that
is:

Gty=1—-e", F@t)=Li(1-e")+3i(1-¢"?).
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The Laplace transforms are:
A 1 . 1 1 1 3z 42
G — F = — —
)= () 2{22+1+z+1] 22z + 1)(z + 1)
and the Laplace—Stieltjes transform of the renewal measure is:
- 2(2z+1 2 4
M(z) = 22241 _ 2 =
2(424+3) 3z  3(4z+3)

resulting in the renewal measure:

o 4(1 _ e—3t/4)
Mt)=—+—F—7-—.
t)=35+ 5
12. First method: by renewal equation. From the Laplace transforms of both distribu-
tions: . \
~ — e 4% ~
G = —— F g
(=) az (2) z4+ A
we obtain the Laplace—Stieltjes transform of the renewal measure:

NIz = (1—e™)(z+ N

az?

Now write:

My(z) == e M (2), M(z) = M(z) — My(z).

az? '
The functions M; in M, are the Laplace—Stieltjes transforms of the functions:

t At 0 t<a
R R Y A

so that the renewal measure equals:

t 2

—+2— ;t<a
M(t) =Myt - My(t) = @ 2a

1+/\t—7 t>a

Second method: directly from the homogeneous Poisson process: conditioning on
the first arrival time, we obtain:

E(N, | Th) = (1+ At —T1)) L(t > T7).

Integrating, we find that:

1 [ A
E(Nt)——/(1+/\(t—3))d5—1+)\t——a
a Jo 2
for t > a, while:
1 [t t A2
E(N,) = — 14+ M\t — ds = —+ —
(Ny) a/o( + At —s))ds a+2a

for ¢ < q. This is the same as before.
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13. Consider the number of arrivals between times ¢ and ¢t 4+ s. Clearly, its expected
value equals M(t + s) — M (t). However, this is also the number of arrivals up to
time s in the process P. Thanks to stationarity, this follows the same distribution
as the number of arrivals up to time s in the original process, which has expectation
M(s). As a result, the renewal function is additive:

M(t+s) = M(t) + M(s).

Since it is increasing, there is no other way but M (t) = ct for some constant ¢ > 0
(details are omitted). Plugging this into the renewal equation, we obtain:

G(t) =c {t— /M(t— ) dF(s)] -

_ c(t—E[(t—Tg)]l(Tg < t)]) _
=cE[1(T>t)+ T 1(Tr < t)] =
= cE[min{T,t}],

provided that ¢ > 0; clearly, G(t) = 0 for t < 0. Taking the limit as ¢ tends to
infinity, we find that ¢ = 1/E(73). Hence, finally,

E [max{T5, t}]

) =—"%m,)

Alternatively, the expression arising from the renewal equation can be integrated by
parts. Strictly speaking, we make use of the Fubini theorem. More precisely, from:

min{s, ¢t} = [, du
u<s

u<t

we derive the following alternative form:

G(t) = ﬁ / o (s) =

1
~ E(Ty) /[o,t] /(uﬁoo] Ay du=
1 t
:m/o (1—F(u))du:
1—

-

[e.9]

(1

(w)) du

0
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