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To determine optimal investment and maintenance decisions, the total costs should
be minimized over the whole life of a system or structure. In minimizing life-cycle
costs, it is important to account for the time value of money by discounting and to
consider the uncertainties involved. This article presents new results in renewal
theory with costs that can be discounted according to any discount function that is
nonincreasing and monotonic over time (such as exponential, hyperbolic,
generalized hyperbolic, and no discounting). The main results include expressions
for the first and second moment of the discounted costs over a bounded and
unbounded time horizon as well as asymptotic expansions for nondiscounted costs.
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1. INTRODUCTION

In determining optimal investment and maintenance decisions, the total costs should
ideally be computed over the whole life of a system or structure. In optimizing life-
cycle costs, it is important to account for the time value of money and to consider
the uncertainties involved. Examples of life-cycle costing are balancing the initial
cost of investment against the future cost of maintenance and balancing the cost of
preventive maintenance against the cost of corrective maintenance.

Investment and maintenance optimization can be computationally expensive. To
reduce the computational effort, renewal theory can be used (Tijms [20, Chaps. 2 and
8]). Maintenance can be modeled as a renewal process if we can identify independent
renewals that bring a system or structure back into its original condition or “good as
new state.” Although renewal theory attracted a huge amount of applications in the
fields of mechanical and electrical engineering, it penetrated the field of structural
engineering just very recently.

In finding an optimal balance between the initial cost of investment and the future
cost of maintenance, it is essential to take the time value of money into account by
applying a discount function (van Noortwijk [21]). Although there is a huge
amount of literature on renewal theory, the bulk of this literature does not consider
cost discounting. Mathematical derivations of analytic life-cycle models on the
basis of continuous-time and discrete-time renewal processes with discounting can
be found in Rackwitz [13,14] and van Noortwijk [21], respectively. As a discount
function, they used discounting with a constant discount rate (exponential
discounting).

This article was inspired by the work of van Noortwijk [21] on discrete-time
renewal processes with exponential discounting. Van Noortwijk’s work presented
analytic expressions for the expected value and the variance of the discounted cost
over a bounded and unbounded time horizons. This article extends van Noortwijk’s
model in several aspects. First, other types of discounting are considered, such as
hyperbolic and generalized hyperbolic discounting. Second, expressions are derived
for the first and second moments of the discounted cost over a bounded and
unbounded horizon for any discount function that is nonincreasing and monotonic
over time. Third, following the steps of the proofs in Tijms [20, Chap. 8], asymptotic
expansions are derived for the first and second moments of nondiscounted cost for a
time horizon tending to infinity.

The new findings in this article contain the following formerly derived results as
special cases. Feller [5] and Smith [17,18] derived asymptotic expansions for the first
and second moments of the number of renewals for discrete-time and continuous-time
renewal processes, respectively (see also Tijms [20, Chap. 8]). Dall’ Aglio [3] studied
renewal processes with exponential discounting and unit cost. Léveillé and Garrido
[8] considered compound renewal processes with exponential discounting and inde-
pendence of renewal interoccurrence time and associated cost. Washburn [23]
regarded a similar renewal model, but with possible dependence between the
renewal interoccurrence time and cost. Wolff [26, Chap. 2] presented a central limit
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theorem for the renewal-reward process with corresponding asymptotic mean and
variance (resulting in the first term of the corresponding asymptotic expansions).
For discrete-time renewal processes, van Noortwijk [21] derived expressions for
the first and second moments of the discounted cost over an unbounded time
horizon for renewal cost being a function of the renewal interoccurrence time. For
continuous-time renewal processes, Rackwitz [13,14] obtained the expected
discounted costs over an unbounded time horizon.

The outline of this article is as follows. A brief overview on discount functions is
given in Section 2. The mathematical model and notation can be found in Section 3.
Only assuming the monotonicity of the discount function, explicit formulas for the
first two moments of the discounted costs over both bounded and unbounded time
horizons are presented in Section 4. The following types of discounting are
studied: exponential discounting in Section 5, hyperbolic discounting in Section 6,
and no discounting in Section 7. Finally, conclusions are formulated in Section 8.

2. DISCOUNT FUNCTIONS

Investment and maintenance decisions involve trade-offs among costs occurring at
different times. In economic models, discount functions describe the weights
placed on costs that occur at different points in time. In the psychological and eco-
nomic literature, several mathematical functions that give more weight to present
cost than to future cost have been proposed (for an extensive literature review on
time discounting, see Frederick, Loewenstein, and O’Donoghue [6]). The most well-
known discount function is the discounted-utility model proposed by Samuelson [16]
in 1937. According to this model, the discount factor at time ¢ is given by

D(t) = e ", r>0, ®

where r is the discount rate (rate of time preference; in finance, usually defined as the
nominal interest rate adjusted for the inflation). This type of discounting is called
exponential discounting. In economic analyses of intertemporal choice, exponential
discounting is currently regarded as a normative standard for comparing public pol-
icies using costs—benefit analyses. However, in the last two decades, experimental
psychology showed that intertemporal preference often cannot be characterized by
a single constant discount rate. Weitzman [24] showed that the “lowest possible” dis-
count rate should be used for discounting far-distant future costs and benefits.

As an alternative to exponential discounting, several hyperbolic functional forms
for the discount function have been proposed: Herrnstein [7] and Mazur [10]
suggested the function

Dny=1+Bn",  B>0, 2)
and Loewenstein and Prelec [9] generalized this form to

D) = (1 + ar) P/, a, B> 0. 3)
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Equations (2) and (3) are called hyperbolic discounting and generalized hyperbolic
discounting, respectively. For hyperbolic discounting, future cost is attached more
weight than for exponential discounting, and a person’s discount rate is declining
over time rather than being a constant. A hyperbolic discount function often fits
empirical data better than the exponential discount function. Exponential discounting
and hyperbolic discounting are special cases of generalized hyperbolic discounting:
(3) converges to exponential discounting with rate 3 as « — 0 and (3) simplifies to
hyperbolic discounting for a« = . When decisions about a nuclear waste facility
must be made, Atherton and French [1] claimed that hyperbolic discounting is
more reasonable and justifiable than exponential discounting. Other environmental
decision problems to which hyperbolic discounting might better be applied concern
global climate change, loss of biodiversity, thinning of stratospheric ozone, ground-
water pollution, minerals depletion, and many others (Weitzman [24]).

In financial mathematics, a discount function can be expressed in terms of a time-
dependent discount rate as follows. Let B() be the value at time ¢ of an investment of
one currency unit at time O [i.e., B(0) = 1]. The value is accrued continuously at the
risk-free rate function r:

dB(t) = r(t)B(1) dt, B0)=1.

B(t) = exp <Jr r(s) ds>.
0

The discount factor D(f), t > 0, is defined as the amount of money that we have to
deposit in the bank at time O such that the value at time # is equal to 1. It follows that

It follows that

!

D(t) = 1/B(t) = exp (—J

0

r(s) ds) .

In economic applications, B(f) is called the future value of money and D(¢) is
called the present value. The rate functions for the exponential, hyperbolic, and
generalized hyperbolic discounting are as follows. For exponential discounting, the
rate is constant, r(f) = r. For generalized hyperbolic discounting, the rate function
is dependent on time and is given by r(t) = B/(1 + ar), with hyperbolic discounting
r(t) = B/(1 4+ Br) as a special case. To assure socioeconomically sustainable civil
engineering infrastructures, Rackwitz, Lentz, and Faber [15] proposed using the dis-
count rate function r(¢) = pe” “ + §, where p, a, 8 > 0.

In this article, we focus on discount functions that are decreasing in time. For
example, we study the generalized hyperbolic discount function and its special
cases: exponential and hyperbolic discounting. We thus study discount functions
D(t) for which D(0) = 1. An example of a discount function that is not unity at
time 0 was proposed by Phelps and Pollak [12]. This function is known as the
quasi-hyperbolic discount function and it is for rate » > 0 defined as D(f) = a < 1
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for t =0 and D(t) = ae” " for t > 0. Fortunately, the results in this article can be
easily extended to quasi-hyperbolic discounting as well.

3. MODEL AND NOTATION

Let 7, T;, C and C;, j > 1, be random variables defined on some probability space
(), F, P) such that the random variables T and 7; are positive and such that the
sequence {(7, C), (T;, C)), j> 1} is an independent and identically distributed
(i.i.d.) sequence of random vectors with cumulative distribution function H:

Hx,y) =PI <x,C<y), x,y €ERT.

It follows that the sequence {7}, j > 1} is also i.i.d., with cumulative distribution
function F(x) = H(x, +c0) and F(0)=0. Let N={N(r) : 1t > 0} be the renewal
process associated with the sequence of partial sums (§;);>:

Nty =max{j|S; <t} = lg<y, >0,
k=1

where S; =T, + --- + T;,j > 1, and where 1, denotes the indicator function of the

set A. The random variables S;, j > 1, can be interpreted as the times at which main-

tenance actions take place and C; is the cost of the maintenance action at time S;.
The expected number of renewals M(¢) in the time interval [0, ] can be written as

M@ =EINOI =Y F@) =Y F«f*®, 1>0,
k=1 k=0

where F) is the cumulative distribution function of S, * denotes the convolution
product, and f** is the k-fold convolution of f with itself. We will assume that the dis-
tribution function F is absolutely continuous with probability density function f, such
that the renewal process N has a renewal density m; that is,

t

M(t) = J m(u) du.

0

For more information about renewal processes, see Tijms [20, Chaps. 2 and 8]. For
our purposes, it is more convenient to use a slightly different definition for the
renewal measure as the measure associated with the increasing function

U@t) = ZFk(t), t>0.
k=0

Here, F,, denotes the distribution function of Sy = 0. So U(t) = M(t) + 1 and
dU (x) = &(dx) + m(x) dx,
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where 6 is the Dirac measure in zero. In particular, for any nonnegative Borel function g,

t

J g dU (x) = g(0) + J gm(x)dx = E[g(S)l.

0 0 k=0

The present value of cost C at time ¢ is given by D(#)C, where D(¢) is a discount
factor. For example, if we discount with constant rate r > 0, the discount factor is
given by D(t) = e .

The total discounted cost over the bounded time horizon [0, 7] is then given by

K(t,D) =Y D(S)Cil(s<). @)
j=1

In the case that the interoccurrence times 7; and the cost C; are independent, the
process {K(z, D), t > 0} is known as a compound renewal process; see Morey [11].
In the special case with discount rate » = 0, the process {K(¢, D), t > 0} is also
known as a renewal-reward process; see Tijms [20, Chap. 2]. For applications
in maintenance engineering, the special case C;= c¢(T;) is important, where
c: R~ R" is a given (nonrandom) Borel function; see van Noortwijk [21].

4. FIRST AND SECOND MOMENTS OF DISCOUNTED COST

Let D be a given discount function; that is, D is a continuous, nonnegative, non-
increasing function with D(0) = 1. The next theorem gives a formula for the mean
value of the total discounted cost K(¢, D) over the finite time interval [0, 7].

THEOREM 4.1: For any discount function D,

E[K(1,D)] = J E[D(x + T)C1yy7<i1dU ().
0

Proor: The expected value of the term with j = 1 in the right-hand side of (4) can be
written as

E[D(S1)C11(s,<1y] = E[D(T)C1 7y

1
= | EIDt + DC ] Rt
0

and, forj > 1,

ELD(S)Cjl1s,<n] = E[D(Sj-1 + TCil s, 1]

1
E[DGx + T)Clyi7<y| dFj—1(x),
0
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since (T}, C;) and S;_; are independent and (7, C) has the same distribution as (7}, C;).
The Theorem follows now by summation over j. |

In the special case that 7 and C are independent, we get the simpler equation

E[K(1, D)] = [E[C]J D()m(x) dx. (5)
0

Note that the integral in (5) can be interpreted as the expected total discounted cost up
to time ¢ for the case with constant unit cost, C; = 1,

E = J D(x)m(x) dx.

0

> D) s,<1)
j=1

We continue with the behavior of E[K(¢,D)] as r — oo.

THeOREM 4.2: Let E[C] < oo. Then for any discount function D with
J D(x)m(x)dx < oo,
0

the expected discounted cost over an unbounded horizon is finite:

00

lim E[K(t, D)] = J E[D(x + T)C1dU (x). (6)
1—00 0

Proor: Since
D(x + T)Clxrr<ym(x) < D(x)Cm(x),
we get the result by dominated convergence. |

Now we consider the case that
J D(x)m(x) dx = +o0o.
0

Equation (5), for the case that 7"and C are independent, shows that we get a nontrivial
limit if we normalize by dividing through the factor ﬂ) D(x)m(x) dx. The next theorem
shows that under some technical condition on the density of the interoccurrence times
of the renewal process, the same normalization can be used if 7 and C are dependent.
We need convergence of the renewal density m(x) as x — 0. The next lemma con-
tains a sufficient condition, which covers all cases of practical interest.
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LEMMA 4.3: Let f be the density of the interoccurrence times. If lim,_,» f(x) = 0 and if
fe LH'S, that is,

J |F@|" ™ dx < oo
0

for some &> 0, then

lim m(x) = 1/E[T]. @)

For a proof, we refer to Smith [18]. The necessary and sufficient conditions for
(7) are also known; see Smith [19]. From now, we will always, without explicitly
mentioning, assume that the conditions in Lemma 4.3 are satisfied.

THEOREM 4.4: Let E[C] < 0. Then for any discount function D with
J D(x)m(x) dx = +o0,
0

the long-term expected cost per renewal is given by
E[K( D
1= [ D(x)m(x) dx
Proor: As in the proof of Theorem 4.2,

Jo DGx + T)C1 ey 7<rym(x) dx _
j(; D(x)m(x) dx

Since, by I’Hopital’s rule and (7),

i Jo D(x + T)C1 s 7<ym(x) dx
100 Jo DCOmM(x) dx

" D+ T)Cm(x) dx
m
1—00 fé D()m(x) dx

= C lim M
i=e (1)

:C’

we get, by dominated convergence,

EK®,D) . | Jo PG+ TCl s r<ym(x) dx
im———=1imE v
1= [ Dx)m(x)dx 1= Jo DGm(x) dx

= E[C]. [
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Theorem 4.4 determines the long-term expected cost per renewal. For the
purpose of reserving budget for performing future maintenance actions, it is important
to determine how much money these actions cost per unit time while taking the dis-
counting into account. In finance, this cost is known as the equivalent average cost per
unit time (see, e.g., Wagner [22, Chap. 11] and Brealey and Myers [2, Chap. 6]). The
expected equivalent average cost (EEAC) per unit time computed over a bounded
time horizon of length ¢ is defined as

E[K(z,D)]

EEAC = -, .
Jo D(x) dx

@®)

Washburn [23] denoted the EEAC with the equivalent rate of spending. For a
bounded horizon and an unbounded horizon with j3° D(x) dx < oo, the equivalent
average cost per unit time can also be interpreted as a stream of fixed identical
costs per unit time sufficient to recover all the necessary discounted costs. In
this situation, the present values of the expected equivalent average cost per unit
time summed over a bounded time horizon is equal to the total expected dis-
counted costs over the whole time horizon. Under the same assumptions as
Theorem 4.4, the long-term expected equivalent average cost per unit time can
be written as follows.

CoroLLARY 4.5: If [§D(x)dx = —+00, then the long-term expected equivalent
average cost per unit time is

E[K(:,D)] _ EIC]

s fiDydx  EIT]

Proor: It is sufficient to remark that

3
D d
limw — lim m(t) — 1 ,
t—00 jo D(x) dx t—00 [E[T]
)
J D(x)dx = +oo if and only if J D(x)m(x) dx = +00. ]
0 0

We continue with the second moment of the discounted cost over a bounded time
horizon of length .
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TueoreM 4.6: Let (T', C') and (T,C) be i.i.d. For any discount function D,

E[K*(t,D)] = J E[D*(x + T)C* 1 y17<] dU (x)
0

r ot
+2J J E[DGx+ T)CD(x+ T +y+ T')
0J0

X C'lesriysr<n] AU (x) dU ().

Proor: We can write

3

K(1,D) = ZZ D(S)Cil (5,1 D(S)Cil (5<1)

DXS)Cilisen +2) D DSHCDS)Cils,<0)-
i=1 j=it+1

Il
.Mg |

Il
-

We now calculate the terms

E[D(SHCiD(S)Cil (5,<11 ] » i<J.

For the case i = j,

=

E[Dz(si)cizl{siétl] = [Dz(Si—l + Ti)Cizl{Si—]"'TiSt}}

t

E[D*(x 4+ T)C? 1 (vs7<ny] dF;-1 (%),
0

Il
—

and it follows that

[ !

> E[DXS)Ci 5] = J E[D*(x + T)C*1 (vy7<n] dU (x).

i=1 0
For the case i <, define

T; ifm<n
Stmy = { 27
So if m=n+41.

Then

EID(S)HC:D(S)Cil s5,<n]

=E[DSi—1 + THCDES;1 + T+ S+ 1,j — 1)+ T))
X Cil s, +T48G+1, j- D+ T<1)

t ot
= | | Ept+ DEDG+ Ty 4+ TOC i)
0JO

X dF;_1(x)dFj_i_(y).
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It follows that

Z Z EID(S)HCiD(S))Cil (s5,<1y]
p)

J=it1

t ot
_ J J E[Dx+T)CD(x + T +y+T') X C'l s 11y 17<ny 1 dU () dU ().
0J0

The theorem follows now. [ |

In the special case that 7" and C are independent, we obtain the equation

E[K>(z, D)] = E[C?] J D*(x)m(x) dx
0

+ 2(E[C])? J J D)D(x + y)ym(x)m(y) dx dy.

x+y<t

Now, we consider limHoo[E[Kz(t, D)] in Theorem 4.6.
THEOREM 4.7: Let [E[Cz] < o0, For any discount function D with

J D?*(xX)m(x) dx < oo,
0

we have

lim E[K?(z, D)] = J E[D?*(x + T)C?1dU (x)
1—00 0

+2J J E[D(x+ T)CD(x+ T + y + T')C'] dU (x)dU ().
0 Jo

5. EXPONENTIAL DISCOUNTING

For exponential discounting with constant rate » > 0 as in (1),
* 1
J D(x)dx = —,
0 r

and we will denote the discounted cost over [0,t] by K(t,r). Since

* - qU _ = (* —rxdFk* _ . E —rT k’
Joe x) ZLe x) Z( [e ])

k=0 k=0
it follows from (6) that

Ele-TC
,IHE, E[K(t,r)] = 1_[8[E[er]7-}
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and, hence, the limit value of the EEAC [see (8) for the definition] is

E[K(t, )] i E[K(t,7)] rE[e=TC]

PR Dedx e —em/r  1—Ee ]’

If E[C?] < oo, it follows from Theorem 4.7 that

E[C?e >T](1 — E[e™"T]) + 2E[Ce~"T|E[Ce=*T]
(1 — Efe=T])(1 — Ele=27]) '

lim E[K*(1,r)] =

Consider the case that the interoccurrence times are exponentially distributed with
parameter m > 0. The renewal measure is then equal to dU (x) = 8(dx) + mdx. By
Theorem 4.1, for the expected discounted cost over the finite time interval [0, 7],
we obtain

t

E[K(t,r)] = E[e " Clir<y] + J E[e " Cl (7<) mdx
0
_m+r

m
= T E [EirTChTSt}] - 767”[E[C1{T§t}].

The difference between the asymptotic discounted cost and the expected discounted
cost over the finite time interval [0, 7] is given by

m+r

m
— e Clir=y] +—e "EICl 7],

It follows that for exponential interoccurrence times, the asymptotic expression is a
very accurate upper bound for the total expected cost over a bounded time interval
[0, ¢], the error being less than (m + r)ef”[E[C]/r. For exponential discounting,
D(s +t) = D(s)D(t), s, t > 0. Therefore, it is possible to derive simple expressions
for the Laplace transform of the first and second moments of the total cost K(z, r)
over the bounded time horizon [0, ¢]. Using numerical methods developed by den
Iseger [4], we can get numerical approximations for the mean and variance of the
total cost over a finite time interval. The formula for the Laplace transform of the
expected value E[K(z, r)] of the total discounted cost over [0, 7] in the next proposition
holds also for r = 0, being the case of no discounting.

ProposiTiON 5.1: For any r > 0,

00 —(s+nT
J ELK(t,ryle ™ df = - EfCe ) )
0
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Proor: It follows from Theorem 4.1 that

00 o0 pt
J [E[K(z,r)]e‘”dt:[E“ J e " DC o ran dU(x)e‘”dt]
0 0 Jo

1 00

—F |: 67(S+r)TCJ e*(SJrr)x dU (x):|
s 0

_ [E[Cef(err)T]

=S = Ee o))’

In the same way, using Theorem 4.6, we find the Laplace transform of the second
moment:

ProposiTioN 5.2: For any r > 0,

J E[K>(z, r)]e " dt
0

B [E[CZe—(s+2r)T](1 _ [E[e—(s+r)T]) + Z[E[Ce—(ﬁ-r)T][E[Ce—(.¥+2r)T]

S(l _ [E[e—(s+r)T])(1 _ [E[e—(.s+2r)T]) (10)

It is interesting to note that the equivalent average cost per unit time and the
average cost per unit time are related as follows (see van Noortwijk [21]). As
r tends to zero from above, the EEAC approaches the expected average cost per
unit time; that is,

. E[K(,n]  E[K(,0)]
lim —; = .
rl0 ) e~ dx t

6. HYPERBOLIC DISCOUNTING

Consider hyperbolic discounting, where the discount factor is given by
Dit) = —
with B > 0 a constant (Herrnstein [7] and Mazur [10]). In this case,

JI DH(x)dleln(l + Bt) - 0 ast — 0.
0 B

It follows that

o EIK@Dp)] . BEIKG Dyl _ EIC]
= [[Dy(x)ydx = In(l+pn  ETT
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In the special case that the interoccurrence times are exponentially
distributed with parameter m > 0, we get a constant renewal density m, and if we
also assume that the cost are independent of the interoccurrence times, we get from
(5) that

t

1 m
E[K(t, Dy)] = E[C] LT’medx = [E[C]Eln(l + B1).

According to Loewenstein and Prelec [9], hyperbolic discounting can be generalized
as follows. The generalized hyperbolic discount factor is given by

Dou(®) =1 +at)y Pl®,  a,Bp>0.

If « = B, we get the hyperbolic discount function Dy. The limit, as a« — 0, is expo-
nential discounting. The generalized hyperbolic discount factor has a kind of
Bayesian interpretation as the expected value of an exponential discount factor
with uncertain rate r. If the uncertainty in r is modeled by a gamma distributed
random variable R with mean 8 and variance a3, we get

—Rt7 __ * —rt (r/a)B/a—l —r/a _ —B/a.
IE[E }_Joe W@ dr—(1+at) )

see Weitzman [25]. In this case, the asymptotic behavior of the expected value of the
discounted sum depends on the parameter values a and 8. Note that

® _Jl/B-a) ifa<p
Jo Dgu(x)dx = { Yoo if a> B
So, for a > B, it follows from Corollary 4.5 that

oo EK( Do)l _ . (@ — BEIK(:, Do)l _ EIC]
= Jg Dep(x)dx =% (1 + ar)” B/t _ 1 E[T]

If « = 3, we have hyperbolic discounting. Finally, consider the case o < 3, where we
have to apply (6). Assume that 7 has an exponential distribution with parameter m.
The renewal density m(x) = m is constant in this case, and we get

lim EK (1, Don)] = E [C(l T “} +E [%(1 n aT)W“)“]

- 1 B—a+m(+al)
_[E[Cﬁ—a (14 aT)P/® }
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If the distribution of T is exponential with parameter m, the conclusions for the three
cases o < B, a = f3, and o > 3 respectively are

. (a— PEIK(t, Dgn)] B—a+m(+al)
1 =E|C
o (1 + ar) BT _ | (1 + al)P/e
EIK(t, Do)l ) .. BE[IK(t,Den)]  E[C]
im ——————— = ¢ lim = ,
1= [ Dgr(x) dx i—eoIn(1 + Br) E[T]
(e — BEIK(t, Do)l EIC]

P (1 + ar)y B/t _ 1 TE[TY

For « < B and a > (3, we have the same normalization, but in the first case, the nor-
malization factor tends to 1/(8 — a) ast — 0, and in the second case, it tends to + 0.

7. NO DISCOUNTING

Consider the case without discounting where D(#) = 1. For this discount function, we
use the notation K(#, 0) for the total cost up to time 7. No discounting is sometimes also
referred to as zero discounting (i.e., exponential discounting with rate r=0).
Theorem 4.1 implies that the expected total cost over [0, ¢] can be represented as

E[K(z,0)] = E[CU( — T)]. 11)

Different from r > 0, we have for r = 0 that

J°° D(x) dx = +o0.
0

It follows from Corollary 4.5 that the expected average cost per unit time is
E[K(,0)] . E[K(@0)] E[C]

= [ D@ydx =t ETI

This follows also directly from (11) and an application of the Elementary Renewal
Theorem. This result is also known as the Renewal-Reward Theorem; see Tijms
[20, Chap. 2].

The second moment can be expressed as

E[K%(r,0)] = E[C*U(t — T)] + 2E[U* U(r — T — T"CC'],
where U * U denotes the convolution of the renewal measure U with itself. Consider
the renewal measure dU (x) = 8(dx) + mdx; then
E[K(1,0)] = E[Cl{r<y] + mE[C(t — T)1;1<y].
We continue with a derivation of the asymptotic expansion of the first and the
second moments of the total cost K(f, 0) as r — 0. These expansions are well

known for renewal processes; see Tijms [20, Chap. 8]. We need a (straightforward)
generalization of these results to delayed renewal processes. Let N be a delayed
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renewal process associated with the sequence of independent nonnegative random
variables {7, : n > 1}, where T| has cumulative distribution function G and T,
k > 2, have identical cumulative distribution functions F. We assume that the distri-
bution functions F and G are absolutely continuous and we will denote the corre-
sponding probability densities by f and g, respectively. Denote the kth moment of
the distributions F and G with u and vy, respectively; k=1, 2. Let {S, : k> 1}
be the sequence of partial sums of the sequence {7,,}. It follows that

[E[N(r)} - Z[E[l{gkgt}} - iG*f"*(t).
=0

00
k=1
In the same way as for renewal processes, we can apply the key renewal theorem to get

}L‘E{Z Gxf () - Mi} =2 2 (12)

& V2w o

and

0

f 00
: Z ok X M2
}LTOJ {ko G- |:M1 +2M2 __] } “

R R )

A 6pi 2

Let us now return to the first moment of the total cost K(z, 0) and define M,(t) =
E[K(z, 0)].

ProrosiTiON 7.1:

nm{w - &t} _ Ml Ker
1= My 2pur Mp

Proor: Since the sequence {(7, C), (T;, Cp, j > 1} is an i.i.d. sequence of random
vectors, we get, for k > 1,

E[Cilis,<n] = E[Cilin<i—s,1)]
t
— J E[Cil (r<ruy] £& " () du
0
=G+,

where

G(l) = IE[CI{TSI}].
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It follows that the expectation M(¢) of the total cost K(z, 0) is given by

Mi(6) = EIK(1,0)] = Y E[Cilis,<n] = > G * (). 13)
k=0

k=1

Note that (1/wc)G is a cumulative distribution function with first moment given by

0 1
v = J (1 - (—)G(r)) dr = e
0 Kc Kc
So (12) implies the result. [ |

In the special case C = 1, Proposition 7.1 can be simplified to

lim{[E(K(t, 0)) — t} by (14)
1o Br)  2pr

This result was proved by Smith [17]. For T exponentially distributed, the right-hand
side of (14) equals zero and the asymptotic expansion is exact.
Let My(t) = [E[Kz(t, 0)] be the second moment of the total cost.

ProrosiTiON 7.2:

2 2
2 —4
lim<{ Mo(t) — (MC) 2y ( Hebp: | Bebr McMcr>t
—0 M I"LT MT

_3uepr 2ugpp + 120cucrppe
2} 3p7

dpckcer +4uer + Bobr  Bor
2u7 MKr

_|_

Proor: Since the sequence {(7, C), (T}, C;), j > 1} is an i.i.d. sequence of random
vectors, we get

o 2
My(n) =E <C1 Lisi<ny + Z Ckl{sk<t}>
k=2

=H()+ 2k

0 2
+E (chl{skm) .9
k=2

Ci Z Cilisi<ny
k=2

where

H(t) = E[C*1 (7<)
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The third term on the right-hand side of (15) can be rewritten as

o0 2 [oe]
E <Z Ckh&sz}) =k (Z Ckl{sa,k)srm)
k=2 k=2

2

= Jt M, (t — x)f (x) dx.
0

Defining
N(@t) = E[C1Ca1(s5,<n]s

we can rewrite the second term on the right-hand side of (15) as

E CIZCkl{sm}] = E[CiCils,<)]
k=2 k=2

=N@® + Z E[Ci Crl (7,452 4—1)+Te<1})
=3

=N®) + ZJ N(t — x)f 2" (x) dx
k=3 70

= Z N x5 (0).
k=0

Note that (l/,u%)N is a cumulative distribution function with first moment

v = Joo (1 — (%)N(t)) dt
0 Me

1 00
=— J [E[C1C21{Sz>t}]dl‘
Mc Jo

_ 2kcr
HKc

vy = ZJOQ t(l — (12>N(t)> dt
0 Me

2 00
Z—2[E|:C1C2J l1[52>,} dl‘:|
Ke 0

and second moment

_ 2Bcker + 2pr

uE
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It follows that

M>(t) = H(@t) +2 ZN 5 (1) + J M;(t — x)f (x) dx. (16)
k=0 0

Using the notation £, for the Laplace transform of a real function ¢, that is,

00

Ly(s) = J e (1) dt, s> 0,
0
we get, as s — 0,

E[C%eT](1 — Ly(9)) + 2(E[CeT])’

£M2 (S) = 2
s(l - Ef(s))
2y 'm
== ? + ? + - 5
where

2

B (@) = 2ucpr _ Apcker | Mo
ur)’ Ky M7 Wr

Formal inversion of this suggests that as t — oo,
My(t) =y +mt+---.
Define
Zy(1) = Ma(t) = (v + 7).

Using (16), it follows that Z; satisfies the following renewal equation:

Zy(1) = a(t) + J Zy(t — x)f (x) dx,

0

where, by partial integration,

a(t) = —(y® + )+ HO) +2 > Nxf(1)
k=0

+ yJ (t — x)*f(x) dx + "J (t — x)f (x) dx
0

0

0o 2 2 ’
=H() — per +2 E N*fk*(t) — |:I"“Ct + M2 e 5 /;’CP*T,U«CT}
k=0 Kt nr

00 00

(t—x)(1 — F(x))dx + nJ (1 — F(x))dx.

t

+2'yJ

t
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The function a is directly Riemann integrable, and since
J (H(t) - [.ch) dt = —[E |:J C21{T>t} dt:| = —Mc2rs
0 0

and, by (13),

00 *® 2 2 _ 2
ZJ SN - [&HMTW . I;CMTMCT} gt
0 L x=0 M M

_ HEHT  BERys + OBcBeriye | 2hcher + 2uer
2u3 3ui Ky

J J (t—x)(l—F(x))dxdt:—%J X = F(x))dx
0

t 0

1
= _EMT3’
and
00 00 1
J J (1 =Fx)dxdt == up,
0 Ji 2
we get
" aydt 3pesi:  2pgkp + 120cper iy
2w 3uz
0 M KT

| ducker +4uer + pepr

K-
2pr

The proposition follows from an application of the key renewal theorem.

CoroLLARY 7.3: If in Proposition 7.1 the convergence is sufficiently fast, that is,

1
M) — B = “C—’T—MJFO(—)
M 2uz My !
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ast — o0, we get from Propositions 7.1 and 7.2 that

2 2
—2
i {Var(K(t’ 0y Hckr = 2tcbriier + Bk t}

uy
_Suekr  2ugpp + pcheri
4 37

L Apcker £ 2uer + pokr  Rer
2u7 MKt

In the special case C = 1, Corollary 7.3 can be simplified to

BRI RN TER e

lim {Var(K(t, 0y —
t—00 /‘L

M7 t} _ Suz:  2pup B a7
T

This result was proved by Smith [18]. For T exponentially distributed, the right-hand
side of (17) equals zero and the asymptotic expansion is exact.

8. CONCLUSIONS

Using renewal theory, mathematical expressions for the first and second moments of
the discounted costs over a bounded or unbounded time horizon are derived for
general forms of discounting. As special cases, the following types of discounting
are considered: exponential discounting, (generalized) hyperbolic discounting, and
no discounting. For exponential discounting, analytic expressions are derived for
the first and second moments of the discounted costs over an unbounded time
horizon. For generalized hyperbolic discounting, a striking new result arises for the
equivalent average costs per unit time. When the integral of the generalized hyper-
bolic discount function over an unbounded time horizon is infinite, the expected
equivalent average costs per unit time tends to the expected average costs per unit
time as the time horizon approaches infinity. For no discounting, asymptotic expan-
sions are derived for the first and second moments of the expected costs over a
bounded time horizon for possibly dependent renewal costs and renewal interoccur-
rence times.
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