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Optimal stopping problem with reservation
where reserving duration is determinable

P # (Tsuyoshi SAITO),  FANKFEEEES
Department of Business Administration in Aichi University

Abstract: Saito [10] dealt with an optimal stopping problem where each of offers appearing subsequently
and randomly can be reserved as well as accepted or rejected but the term of validity of reservation is fixed
to a certain number k. So, the model in this paper develops it into a determinable factor, that is, we can
also determine how long an offer is reserved. The major finding is that almost all properties of the optimal
decision rule in [10] hold for the current model, that is, an offer reserved during the search process must
not be accepted prior to its maturity of reservation, however, it may be accepted on the maturity.

1. Introduction

In the situation where an offer among ones emerging subsequently and randomly has to be
taken up to the deadline of decision making, a problem of determining which offer should be
accepted when it should be accepted in order to maximize the expected profit is referred to as an
optimal stopping problem. A point of the problem is what actions are taken to offers appearing
up to when the offer to be accepted appears. If only rejection is allowed, future availabilities
of past offers, or rejected offers, are out of our hands, and every rejected offer is automatically
determined to become either certainly unavailable, or perfectly available, or uncertainly avail-
able in the future. These three types of the problem have so far been abundantly investigated,
e.g-,[1](2][4](5](6][7](8][11].

If not only rejection but also reservation is allowed, by reserving an offer we leave chance to
recall it in the future, that is, we get an ability to decide to make an offer either recallable or not
in the future. Saito [9][10] dealt with such a model where every offer can be reserved in exchange
for a certain compensation, and found that no reserved offer should be accepted while it remains
available at the next point in time, in other words, you should not recall any reserved offer prior
to the deadline or the maturity of its reservation (the concept of the maturity is considered only
in [10]). However, reserving duration, or the term of validity of reservation, is assumed to be
uncontrollable: in [9] it is limitless, or oo, and in [10] it is restricted to k periods.

This drives us to the question what if the reserving duration becomes a controllable factor,
and it is the question that we would like to resolve in this paper. More precisely, the purpose of
this paper is to deal with the model where not only offers to be reserved but also their reserving
durations are determinable, and to examine the properties of the optimal decision rule for the
model. A major finding here is that almost all properties of the rules for models in [9] and [10]
are inherited.

The model is precisely described in section 2. Preliminaries for the analyses are introduced
in section 3, and the optimal equation of the model is formulated in section 4. In section 5 we
analyze the properties of the optimal decision rule, and they are summarized in section 6.

2. Model

Up to the deadline you would like to accept as good an offer as possible among ones found at
periodic intervals, where their values are i.i.d. random variables following a distribution function
F such that F(w) = 0 for w < a, 0 < F(w) < 1for a < w < b, F(w) = 1 for b < w with
0 < a < b < oo, and the expectation is u; and finding an offer at a point in time requires you to
pay a search cost s > 0 at the preceding time.

On finding a new offer, or a current offer, you must inspect it and decide how to manage
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it. The choices available are accepting it, passing it up, and reserving it for | periods where the
reserving duration ! must be at most k. Reserving an offer w for | periods, of course, enables
you to recall it for ! periods from the time of reservation, but requires you to pay a reserving
cost m(w, [) which is positive and nondecreasing in w and | and continuous in w. Passing up the
current offer deprives you of the right to recalling it forever.

Note here that although you have some recallable offers, the reserved offer to be recalled is
only the most lucrative one. Let such reserved offer be called leading offer. Then, the actions
which can be taken at each time except for the deadline are summarized as the following four:
accepting the current offer and stopping the search (AS), reserving the current offer for I periods
and continuing the search (RC), passing up the current offer and stopping the search by accepting
the leading offer (PS), and passing up the current offer and continuing the search (PC), where AS,
RC, PS, and PC represent the four decisions, respectively. Of course, at the deadline, only decisions
AS and PS are permitted.

In the model, the value of time is considered by a discount factor 8 such as 0 < 3 < 1, that is,
the present value of ¢ monetary units obtained at the next time is given by 8q monetary units.

The objective here is to find an optimal decision rule that guides you to which action should
be taken at each decision point so as to maximize the total expected discounted present net
profit obtainable in the process ahead, that is, the expectation of the present discounted value
of an accepted offer minus that of the amount of search costs and reserving costs paid over the
periods from the present point in time to the termination of the search by accepting an offer.
Consequently, at each time, the leading offer is the offer with the highest value of all reserved
offers offers remaining recallable.

3. Preliminaries

Let us define a number o as @ = —s + Bu. Let us define the following two functions:
b ' '
P(z) =/ max{w, z}dF (w), (3.1)
b .
plz) = ﬁ/ max{w,z}dF(w) -z —s = ByY(z)—z —s. (3.2)

Furthermore, let 8 denote the root of equation p(z) = 0, if it exists.

Lemma 3.1
(a) ¥(z) = forz < a, z <YP(z) forz <b, and Y(z) = for b < x.
(b) (z) is continuous, convez, and nondecreasing in x, and strictly increasing in > a.
(c) p(z) is continuous, convez, and nonincreasing in , and strictly decreasing in x < b.
(d) 0 exists uniquely in [, b). And, a <0 if and only if a < a.

Proof: See Ikuta [3]. W

Consider a vector p = (p1,p2,--- ,pkx) € RF. Let p; denote the vector defined by removing
the ith element p; from p, that is, p; = (p1, -+ ,DPi-1,Pi+1,"** ,Pk) € RF71. For a vector d,
define indicator coefficient &; as §; = 1 if d; > 0 and §; = 0 if d; < 0. By use of a vector d and
corresponding indicator coefficients &;'s, let us define p = max{d;p; | i € K} and p; = max{d;p; l
j € K\{i}} where K = {1,2,--- ,k}. Hence, we have p = max{d;p;, p;} for each i.

4. Optimal Equation and Optimal Decision Rule

Let point in time t, simply referred to as time t later on, be equally spaced and numbered
backward from the deadline ¢ = 0, thus ¢ also represents the number of periods remaining.
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Suppose that we are at time £ and the current offer of this time is w.
Let z; denote the offer found ¢ periods ago. Since any offer is not allowed to be reserved over &

periods, reserving duration [ for the current offer must satisfy [ € K = {1,2,--- ,k}. Accordingly,
vector € = (1,3, -+ ,Zx) € R* represents all offers each of which has a possibility of active
reservation. We call the vector « past vector. We further define y = z; = (z1,22, -+ ,ZTk—1) €

R¥=1 for notational convenience.

Let d; denote the rest of duration of reservation of offer x;. Although d; is allowed to be
negative for some technical reasons, the absolute value |d;| has no meaning if d; < 0, and the
inequality d; < 0 means only that offer z; is unavailable, that is, reservation of z; has already
expired or z; was not reserved. Hence, offer z; with d; = 0 is on the maturity of reservation,
offer z; with d; = 1 remains recallable at this time and next time, and so on. Let us call the
vector d = (dy,ds, -+ ,dx) € R¥ duration vector, and define ¢ = di, = (dy,da, -+ ,dp_1) € R¥!
for convenience of later discussion. :

Consequently, the leading offer of time ¢ can be expressed as

Z = max{d,z1, oza, -, 5k$k} (4.1)

where §;’s are indicator coefficients with respect to d such as §; =1ifd; > 0and §; =0if d; < 0.

If taking decision AS or PS, we will quit the search process by accepting the offer w or z,
respectively. If taking decision RC or PC, we are to continue the search. Then, since the offer zj
is surely unavailable at time t — 1 whether it was reserved or not, the offers having chances to be
recalled at time ¢t — 1 are expressed as

(w, y) = (wazlvx% tte ,-Tk—l) € Rk- (42)

For each offer z; in x of time ¢, the rest of its reserving duration d; decreases one to time ¢t —1.
A similar thing must be considered for current offer w. Hence, if we pass up current offer w, the
duration vector of time ¢ — 1 can be expressed as

(0,c)—1=(-Ldy—1,da—1,--- ,dp_1 — 1) € R¥, (4.3)
and if we reserve it for [ € K periods, the duration vector of time ¢ — 1 can be expressed as
(Ley—-1=(1—-1,d1—1,dy—1,--+ ,dg_1 — 1) € R*, (4.4)

Now, let us denote u;((w,x);d) the maximum total expected present discounted net profit
by starting time t on which we have past vector & with duration vector d, and draw an offer w.
Then,

AS : w,
’Ut((’w, :E); d) — max g’g ;r(w, TI*) -8 +th—l((w’ y); (77*1 C) - l)a t>0, (45)
PC : —s+ Pu-1((w,y);(0,c) - 1)
where
b
w(oid) = [ wlw,efddFw), t20  voa(@id) = (46)
and

n* = n(w,y,d) = argrgg{X{—r(w, 1) = s+ Bu_1((w,y); (I,e) — 1)} (4.7)
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ve(x; d) is the expectation of u((w,z); d) with respect to w, and 7;(w, y, d) is the best reserving
duration. Sometimes we shall write n* instead of n;(w, y, d).

We immediately get uo((w,);d) = max{w, £}, which shows that we must stop the process
on the deadline by accepting either the current offer or the leading offer. Remember that the
equality implies vy(x;d) = ¥(£) for any = and d due to (3.1).

Lemma 4.1 Suppose that d € R¥ satisfies d; < 0 for a certain i and that ! € R* and 2% € R*
satisfy 3331 = :1:3 for j #1i. Then, v(x!;d) = vi(x?;d).

Proof: Referring to (4.5), (4.6), and (3.1), we immediately get vo(z;d’) = (&) for any x and
d’. Hence, since ' = #* due to (4.1) and d; < 0, we acquire vo(z!; d) = vo(x?; d). We have thus
confirmed the assertion for £ = 0 and all 3.

Suppose the assertion holds for ¢ — 1 and all ¢. Let p' = (w,y') € R* and p? = (w,y?) € R*
where w is any. Furthermore, let ¢ = (I,c) — 1 € R¥ where [ is any.

If i = k, since the condition z} = :1:? for j # k means y! = y?, we get p! = p?, hence
v-1(p';9) = ve—1(p%q). Next, fix i < k. By definition of z! and z2, we know p; = p? for
J # 1+ 1. Since d; < 0, we have ¢g;41 = d; — 1 < 0. Hence, by induction assumption we get
v-1(P'; @) = ve-1(P%; q).- , | |

Note that £! = 22 due to d; < 0, thus §; = 0, and (4.1).

From these above and (4.5), we obtain u:((w, '); d) = u:((w, ?); d), thus ve(z'; d) = v(z?; d).
Hence, by induction we complete the proof. 1

It is intuitively clear that offers unrecallable have nothing to do with the search process.
Lemma 4.1 assures it mathematically. Here, we redefine u;((w, z); d) from (4.5) to

AS : w, .
Ut((w’ w); d) — max gg ;T(wﬂ?*) —s+ ﬂvt—l((w) y); (TI*, C) - 1)7 Lot>o, (48)
PC : —s+ Bu_1((0,9);(0,¢) — 1) o

where only the expression for PC is different from that in (4.5).
Let us define the two functions 2{(z;d) and 2} ((w,y); d) as follows:

22(x; d) = max{#, — s+ Bus_1((0,%); (0,¢) — 1)}, £>0, (4.9
2 (w,y);d) = max{w, —r(w,n*) — s+ Bv—1((w,y);(n*,c)-1)}, t>0. (4.10)

Clearly, z§(x;d) = & and 2§((w,y); d) = w. From (4.8) we know that z{(z;d) and z{((w,y);d)
stand for the total expected present discounted net profits attainable by passing up or not passing
up the current offer w, respectively, at time ¢, and then following the optimal decision rule.
Therefore, the set of current offers which should be accepted or reserved can be denoted by

Wi(z,d) = {w | 2(z;d) < 2{((w,y);d)} SR,  t>0. (4.11)
By using these, we obtain )
¢ u((w, z); d) = max{z(z; d), 2z (w,y); d) }, (4.12)

and furthermore,

v(w; d) = / b max{2¢(z; d),  ((w, y); d) }dF (w) (4.13)

= / z; (w,y); d)dF(w) + / z{ (z; d)dF(w). (4.14)
we(x;d) ‘ We

(x;d)e



120

For each i, given any z; € R*~! and d € R*, define a function g} of ¢ as

gi(& i, d) = —s + Bue_1((0,9);(0,¢) = 1) = 6:¢, i<k, (4.15)
where r; = (.'1:1, oty L1y Ti1y 00t ,:Bk;) and
_ (mlv"' 7$i—1)€7m'i+17"' 73"/0—-1)7 1< ka
(T1,++  Tim1, Tiy Tig1, ", The1) = Tk, 1=K,

and define 6i(x;, d) as a root of gi(¢; z;,d) = 0, if any.
Given any y € R¥~! and d € R¥, define a function f; of ¢ as

ft(€)y7d) = _T(£1 77*) —s+ ﬂvt—l((gay); (77*)3) - 1) - 5 (416)

where n* = n,(§,y,d), and define M\:(y, d) as a root of f;(¢;y,d) = 0, if any.

Compare (4.15) and (4.16) with (4.8). Then, we find that 6(x;, d) represents the indifferent
point of time ¢ in terms of z; between accepting the offer z; and continuing the search under
given x; and d. The meaning of A\:(y, d) is a point of indifference of time ¢ in terms of w between
accepting current offer w and reserving it for n* periods under given y and d.

Therefore, the optimal decision rule can be described by using W;(z, d), 6%(x;, d), and A (y, d).

5. Analysis
Lemma 5.1 Given anyt > 0 and any d € R*:

(a) v(x;d) is continuous, convez, and nondecreasing in x.
(b) v (x;d) is nondecreasing in d.
(c) ve(x;d) is nondecreasing in t, that is, vi—1(x; d) < v(z;d) fort > 0.
(d) p L vw(z;d) for any x, & < vi(®; d) while £ < b, and v(z;d) =b if & = b.
(e) Bu:((0,y);d) — z; is strictly decreasing in z; for any i and z; € R¥1.
(f) Bu((w,y);d) —w is strictly decreasing in w for any y € RF-1,

Proof: (a) Since uo((w, z); d) = max{w, £}, we deduce vo(z; d) = (&) by (3.1), thus the assertion
holds true for ¢ = 0 due to Lemma 3.1(b).

Assume the assertion to be true for t — 1. The expressions for PS and PC in (4.8) hold the
three properties, respectively, by virtue of arbitrariness of d in the assumption. So also does the
expression for AS because it is independent of . As for RC, we shall first show nondecreasing
property. The assumption indicates —r(w l)—s + Bve—1((w, y*); (1, c) -1) < —r(w, l) - s+
Bui—1((w,y?); (I,c) — 1) for any w, I, d, =! and z? such that =! < x2. Hence, —r(w,n') — s +
Bui—1((w, y?); (nt, ¢)—1) = maxjeg {—r(w, 1) — s+ Bus_1(w,y'); (I, c) - 1)} < maxleK{ (w,l)—
s+ ,.B'Ut—l((w;yz); (I,€) = 1)} = —r(w,n?) = s + Bve—1((w, ¥*); (n*, ¢) — ) where ' = m(w,y', d)
and 7% = n4(w, ¥%, d). Continuity and convexity can be shown in a similar way. Thereby, since all
four expressions in braces of (4.8) satisfy these three properties, so also does v¢(x,d). We have
thus completed the proof.
~ (b) Choose d! € R and d? € R¥ so that d' < d?. Define 67 as 67 = 1if d™ > 0 and 6™ =
if d™ < 0 for m = 1,2. Then, the number of §}’s with 6] = 1 is less than or equal to that of §2s,
which implies max{6}z;} < max{§?z;} for any z, thus % is nondecreasing in d. Using the fact
and ‘imitating the way of proof of (a):completes the proof: .

(c) It follows from (4.8) that ug((w,x);d) = max{w, Z} < ui((w,z);d), implying vo(z;d) <
vi(x;d). Hence, vo(z;(l,¢) — 1) < vi(z;(l,¢) — 1) for any w and [ even when I = 0, thus
u((w, x); d) < ua((w, x); d). By repeating this argument we can obtain the assertion.
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(d) First, due to (4.8) and (4.6) we get v;(x;d) > f: wdF(w) = u. Secondly, if £ < b, then
& < P(2) = vo(z;d) < vi(;d) < --- from assertion (a) and Lemma 3.1(a). Finally, if £ = b,
then vo(x;d) = ¥ (b) = b from Lemma 3.1(a). Assume the assertion holds true for t — 1 and let
b=(b,---,b) € R¥"1 If £ = b, then § < b, thus y < b, hence v ((w,y);d) < v—1((w, b);d) = b
for any w and d due to assertion (a) and the induction assumption. Hence, if & = b, since d is
arbitrary, ut((w, z); d) = b due to (4.8), thus v;(x;d) = b from (4.6). Accordingly, the final part
of the assertion holds true for every t.

(e) First, suppose i = k. Then, since y € R¥~! is independent of zy, so also is v:((0,y); d),
thus Buvt((0,y); d) — zj is strictly decreasing in zj for any =) (= y) € R¥-1,

Next, suppose ¢ < k and §; = b. Then, for any z; we have § = max{xz;,9;} = b, implying
v¢((0,y); d) = b due to (d). Hence the assertion holds true if ; = b.

Finally, suppose ¢ < k and §; < b. Choose k-dimensional vectors !, 2, and x® so that
o} <z} <azl=bandz} =a? =z <bforj#ik Then §} =¢? =9 <bandg' <§2 <’ =b.
Hence, by (d) we get v:((0,%°);d) = b and z} < §* < v:((0,%);d). Accordingly, since v:((0,y); d)
is convex in z;, we obtain

ﬁvt((o’y2);dg - 'Utl((O,yl),d) < ﬂvt((ovyb);d) — vlt((O,yl);d) < Bb—'xzi < 1’
T —T; b—uz; b—z;

from which Bv:((0,y');d) — z; > Bv((0,%2);d) — z?. Thus the proof is completed.
(f) The assertion can be verified in a like manner to the proof of (e). &

Theorem 5.2

(a) If ¢ € R* and d € R* are such that § < & where 9. is the root of equation p(z) = 0, then
ut((w, ®); d) = max{w, £} and thus vi(z;d) = P(%).
(b) If a < a, then uy((w, z); d) = max{w,Z} and v(x;d) = ¥(£) for any = and d.

Proof: (a) It is clear for t = 0 due to (4.8), (4.6), and (3.1). Choose = and d so that § < &, and
suppose the assertion to be true for ¢ — 1. Let § denote an indicator about [ € K U {0} such that
0=1ifl € K and § = 0if I = 0. Then, since § < Z, for any w and | we have § < max{dw, £}.
Thus, Lemma 5.1(b,a) and the induction assumption lead us to

ve-1((w,9); (1, €) = 1) S vea((w, y); (1 k) < ve-a((w, 2, -+, 2); (1, k) = Yp(max{dw, £}) (5.1)

where k = (k,---,k) € R¥"1. Since § < max{dw,%}, Lemma 3.1(c) produces 0 = p(g) >
p(max{éw, £}) = —s + fy(max{dw, Z}) — max{dw, £}. From this inequality and (5.1) we acquire

—s+ Pu—1((w,y); (I, ¢) — 1) £ —s + fy(max{dw, £}) < max{dw, £} (5.2)

By considering ! = 0, or § = 0 in (5.2) and referring to (4.9), we get 2{(z;d) = .

If w < £, by noting r(w,l) > 0 for any I € K, it follows from (5.2) and (4.10) that
Z; ((w,y); d) < max{%,Z} = &. Similarly, if £ < w, we have 2] ((w,y);d) = w.

From above we conclude from (4.12) that if § < &, then u;((w, z); d) = max{z] ((w, y); d), 2} =
max{w, £}, hence v;(x; d) = 1(£). We have thus completed the induction. .

(b) Suppose a < a. Then, # = o due to Lemma 3.1(d), thus 6§ < a.

Suppose d satisfies d; > 0 at least one . Then, for any x, since z; > a for all 7, by (4.1) we
get a < £, thus @ < Z. Thereby u:((w, z); d) = max{w, £} from assertion (a). ‘

Suppose d satisfies d; < 0 for all 7, thus ¢ < 0 and £ = 0 < a < w for any  and w. Consider a
vector (I,c) —1 € R* with given any ! . Its all elements except for the first one are surely negative
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because of ¢ < 0. Hence, due to Lemmas 4.1 and 5.1(b) and assertion (a) we obtain

’Ut—l((w,y)§ (l, C) - 1) = 'Ut—l((w)ga T ,9); (l,C) - 1)
<ve1((w,0,---,6); (1 -1,0,---,0)) = ¥(max{dw, £}) = ¥(dw) (5.3)

where § is such that  =1ifl€ K and § =0if [ = 0. -

If 6 = 0, for any w we get —s+ fvi—1((w,y);(l,e) —1) < —s+69(0) = ~s+Bu=a<a<w.
If § =1, since § < a < dw = w for any w, it follows from Lemma 3.1(c) that 0 > p(dw). This
relation and (5.3) provide —s + fui—1((w,y); (I,¢) — 1) < —s + B¢(dw) < dw = w, from which we
immediately find that expressions for RC and PC in (4.8) are both less than or equal to w. Hence,
u((w, z); d) = w = max{w, £} holds when d < 0. As a result, we get v;(z;d) = 9(&) for any x
and d whena<a. 1

Theorem 5.2(a) provides the following rule:

Optimal decision rule I: Suppose that you are at time ¢ on which you have a recallable offer
% with value more then or equal to 6 and draw an offer w. Then, the optimal choice is stopping the
search process by accepting the more lucrative one between current offer w and leading offer .

By noting that both o and a are independent of ¢, Theorem 5.2(b) produces the following:

Optimal decision rule II: Suppose a condition of the search process is & < a. Then, you should
stop the search process by accepting the more lucrative one between current offer w and leading offer
£ as soon as you start the process.

By considering the meanings of o and a, the rule II tells us that if we must search offers in
situation where the expected discounted profit from one more search () is not over the lowest
value of offers (a), it is unprofitable to engage in the process. Accordingly, to exclude such a
trivial case, we hereafter assume

a<a(=-s+pp) (5.4)

Lemma 5.3 Fort > 1:
(a) Oi(wm;,d) exists uniquely with o < 0i(x;,d) < b for each i such that d; > 0. 6i(x;,d) does
not exist for i such that d; < 0. ‘
(b) At(y,d) exists uniquely with M\(y,d) < b.

Proof: (a) Suppose first d is such that d; > 0, thus ; = 1. Then, it follows from (4.15) and
Lemma 5.1(e) that gi(£; @i, d) is strictly decreasing in ¢ for any ;. Furthermore, from Lemma
5.1(d) we get gi(a; xi,d) > —s+ Bu—a =0 and gi(b; a:,,d) = —s5+(8—1)b < 0. Hence, equation
gi(a;x;,d) = 0 has a unique root in [a, b).

Next, suppose d is such that d; < 0, thus §; = 0. Then, it follows from (5.4) and Lemma 5.1(d)
that g{(£;xi,d) > —s+ Bu > a > 0 for any £. Hence, there is no root of equation gi(¢; x;,d) = 0.

(b) By almost the same method as in the previous proof, we get lim¢_,_o f;(¢;y,d) = co and
fi(b;y,d) < 0, and conclude the assertion to be true. 1

As seen in Lemma 5.3(a), we have cases such that 6:(z;,d) does not exist. In such cases we
define i(x;,d) = oo for convenience. Furthermore, for ¢t = 0, we define ez(mz,d) = —o0 and
Ao(y, d) = —oo, respectively. Then, we obtain the following corollary.

Corollary 5.4
(a) For any d € R¥, i and =; € RF1:
(1) if z; < O4(z;, d), then &z < —s + Pu—1((0,7); (0,¢) — 1),
(2) if zi = Gi(x, d), then 8iz; = —s + Bre—1((0,); (0,¢) — 1),
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(3) if z; > O(z;, d), then &;z; > —s + Bve-1((0,y); (0,¢) = 1).

(b) For any d € R* and y € R*-1:
(1) fw < My, d), then w < —r(w,n*) — 5 + Bur_1((w, y); (7%, ) — 1),
(2) if w=M(y,d), then w = —r(w,n*) — s + Bur_1((w, y); (1%, ¢) — 1),
(3) if w> Ai(y,d), then w > —r(w,n*) — s + Bus_1((w, y); (n*,¢) = 1).

Proof: (a) Let t > 1. Suppose d is such that d; > 0, thus §; = 1. Then, gi(¢; z;,d) is strictly
decreasing in £ for any x; as shown in the proof of Lemma 5.3(a). Hence, the assertion holds
true in this case. If d is such that d; < 0, thus & = 0, we know gi(¢&;z;,d) > 0, that is,
0§ < —s+ Bve—1((0,9); (0, ¢) — 1) for any ¢ with any ;. In this case, however, we have defined
6(xi, d) = 0o, thus we regard the previous inequality holds while ¢ < 6i(z;, d).

In the case of ¢ = 0, from (4.6) we have £ > —s + Bv_1((0,y); (0, c) — 1) for any finite £. Since
we have defined 6(z;,d) = —oo, we can regard the previous inequality holds while ¢ > 6(zx;, d)
with t = 0.

(b) Easy by almost the same method as in the previous proof. N

By use of Corollary 5.4 we find that if %(z;, d) < z; for a certain , then —s+PBv:—1((0,9); (0,¢c)—
1) < max{d1zy, - ,0kxk} = &, thus 20(z;d) = 3. If z; < 6(x;,d) for all 4, similarly we get
Z(z;d) = —s + fue-1((0,); (0, ) — 1). o

From this and (4.11) we can prescribe an optimal decision rule as follows:

Optimal decision rule III: Suppose that you are at time £ on which you have past vector x
with duration vector d, and draw an offer w. Then, the optimal choices are:

(a) if w € Wy(z, d), then:
o if A(y,d) < w, AS (accept current offer w and stop the search)

e if w < M\(y, d), RC (reserve current offer w for n(w, y, d) periods and continue the search)
(b) if w & Wy(z,d), then:
e if §i(x;,d) < z; = & for a certain i, PS (pass up current offer w and stop the search by
accepting the leading offer £)

o if £ < 6(x;,d) for all 4, PC (pass up current offer w and continue the search)

Theorem 5.5
(a) 6i(xi,d) is nondecreasing in x; and d, and A;(y, d) is nondecreasing in y and d.
(b) If z; € R and d € R* are such that #; < 6 and d; > 1, then 6i(x;,d) = 6.
(c) If z; e R*! and d € R* are such that #; < 0 and d; = 0, then 6i(x;,d) < 6.
(d) Ify € R¥"! and d € R* are such that § < 6, then \(y, d) < 6.

Proof: (a) Since it follows from Lemma 5.1(a,b) that v;—1((0,y); (0,c) — 1) is continuous in z;
and nondecreasing in z; and d, so also is g}(¢; z;, d). Hence, since gi(¢; ;, d) is strictly decreasing
in £ as seen in the proof of Lemma 5.3(a), we know 6:(z;, d) is nondecreasing in x; and d.

Since it follows from Lemma 5.1(a,b) that v;—1((w,¥);(l,c) — 1) is continuous in y and
nondecreasing in y and d for any w and I. Hence, if 2! < z2? and d' < d2?, we obtain
f(&yt dY) = maxiex{—r(6,1) — s + Bu—1((6,7); (1, eY) = 1)} — € < maxic{-r(€,1) — 5 +
Bue—1((&,9%); (1, %) — 1)} — € = fu(&;y?, d?), which shows that f;(¢;y,d) is nondecreasing in y
and d. Thereby, since it is strictly decreasing in £, we find that A\:(y, d) is nondecreasing in y and
d.

(b) By definition of duration vector d, it always holds d;, < 0. So, hereafter, we restrict % to
i < k. Given any i < k, choose d € R* and = € RF so that d; > 1, z; = A, and %; < 0. Note here

that £; = max{d;z; | j # i} and that 6}(z;, d) exists uniquely due to Lemma 5.3(a).
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Let p= (0,y) € R*¥ and q = (0,c) — 1 € R¥, and define 0;=1ifg; > 0and & =0if ¢; <0.
Then, pi+1 = z; = 0, and ¢i41 = d; — 1 > 0 thus J;,; = 1. By definition of ¢ we have 6} < i1
for each j. From these, especially by noting p; = 0 and p; = z;_, we deduce

Piv1 = max{&p; | j # i +1} < max{6;_1z;_1 | j #i+ 1} = max{d;z; | j # 4, k} < 2: <6,
implying p = max{l X p;41,Pi+1} = 6. Asa result, due to Theorem 5.2(a) we obtain
vt-1(P; @) = ve-1((0,3); (0, ¢) — 1) = 9(6). (5.5)

By noting that a vector = (1, -+ ,zi—1,0,Zit1,+ - ,Tx) is used to calculate g¢(8;x;,d), it
follows from (4.15) and (5.5) that g}(6;xi,d) = —s + B(6) — 1 x 6 = p(f) = 0. Hence, the
uniqueness of 6%(z;, d) leads us to conclude 6:(x;, d) = 6.

(c) Suppose i = k. Since y (= =) is independent of zy, so also is v;_1((0,y); (0,¢) — 1).
Hence, by (4.15) we get 0F(zk, d) = —s + Bus—1((0,¥); (0,¢) — 1). If z is such that 2; < 6, then
§ < 6, thus it follows from Lemma 5.1(b,a) and Theorem 5.2(a) that v:—1((0,3y); (0,¢) — 1) <
ve-1((0,9); (=1, k)) < v-1((0,0,---,0);(—1,k)) = ¥(0) where k = (k,--- k) € RF-1. As a
consequence, 0% (zk,d) = —s + Bvs—-1((0,9); (0,¢) = 1) < —s + By(0) = p(8) + 0 = 6.

Suppose i < k. Let € R* and d € R* denote those in the proof of (b), respectively, and
choose d' € RF so that d, = 0 and d; = dj for j # i. Since d' < d due to dj < 1 < d;, we
get v:-1((0,%);(0,¢') — 1) < »:—1((0, y) (0, c) 1) = 1/)(9) from Lemma 5.1(b) and (5.5). Hence,
gi(0;xi,d) < —s+ P(0) — 1 x § = 0. Since gi(&; x;,d') is strictly decreasing in £, we conclude
that 6%(z;, d’) must satisfy 6i(x;,d’) < 6 for i < k. We have thus completed the proof.

(d) Suppose y € R¥~1 satisfies § < . Then, by Theorem 5.2(a) we get v—1((6,3); (I,¢) —1) =
¥(0) for any | € K, thus f;(0;y,d) = —r(8,7*) + p(8) = —r(8,7*) < 0 where n* = n:(6,y,d).
Hence, since fi(¢;y,d) is strictly decreasing in £, we claim A\ (y, d) must satisfy A\(y,d) < 6. 1

/Here, let us define the following four vectors:

d‘{l:(dl"”’di’_’”"—) ERk’ d’iRz(-—f")_) i+17"'7dk) ERk)
cfz(dl;"',di,“,"',—) ERk_l, cB:(.._,...,_, i+1,"',dk——1) e RF-1,

“__n

where represents any negative integer. By definition of §;’s, for example, d' = (1,-3,2,4, 1)
and d? = (1,-1,2,4,-6) perform completely the same role. So, we need not to distinguish

elements of d as long as they are negative. Defining &7 = max{d1z1, 8222, -+ ,&z;} and &8 =
max{0i+1Zi+1, 0i+2Tit+2, -+ ,0kTk }, We arrive at
& = max{&F, %}, i<k (5.6)

Lemma 5.6

(a) Suppose for a certain t and each i’that if ve_y(z;dR) < vi—1(z; d), then vy (x;dF) =
ve—1(x;d). Then, given any !, &2, d* and d? such that ' < x? and d' < d?, we have
w(zhdl) = vt(m2 d?) if and only if z:;’(:z:1 dl) = 22(x?; d?).

(b) For each t and i, if vi(zx; dl) < vi(z;d), then ve(x; dF) = vi(x; d).

Proof: (a) Choose x!, :1:2 d" and d? so that #! < 2 and d! < d?. Let us consider three cases:
(i) )\t(y2 d2) < w, (i) w & Wy(z? d2) and (i) w < )\t(y2 d?) and w € Wy(x?,d?). ,
(i ) In the case of /\t(y2 d?) < w, since As(y, dl) < w holds due to Theorem 5.5(a), it follows from
(4.10) and Corollary 5.4(b2,b3) that zf((w,y");d") = 2 ((w, y?); d)=w.

(ii) We easily get 27((w,y');dl) < 2 ((w,y?);d?) for any w. Hence, if w ¢ Wi(a?,d2), by (4.11)
we deduce 2 ((w,y'); d') < 2 ((w, ¥2); d%) < 20 (2% %),
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(iii) Here, define n? as

n’ = argmax{—r(w,l) = s + fre-1((w,y%); (1, ¢*) - 1)}. (5.7)

Suppose w < Ay(y?,d?) and w € Wi(x?,d?). Then, it follows from (4.9) to (4.11) and
Corollary 5.4(b1) that —s+ Bv;—1((0,%2); (0,¢?) —1) < 20(x%;d?) < 27 (w, y?); d?) = —r(w,n?) —
s+ Bug—1((w, y?); (n?, c) — 1), which and the positivity of r provide v;_1((0,%2); (0,¢?) — 1) <
v—1((w, ¥?); (7%, ¢2) — 1). Hence, by Lemmas 4.1 and 5.1(b) we get, for any I with | > n?,

ve—1((w, ¥%); (0,¢2) — 1) = v—1((0,4%); (0,¢%) — 1) < ve_1((w,9%); (I, ?) —=1). ~ (5.8)

In general, considering i = 1, ¢ = (w, y) and d = (I, ¢)— 1 in our assumption, we can state that
if ve—1((w, 9); (0, €)= 1) < vp—1((w, y); (I, €) = 1), then ve—1 ((w,9); (I, €) = 1) = ve—1 ((w, y); (1,0) —
1). Hence, from (5.8) we have, for any ! with { > n?,

ve-1((w,y); (1, ) = 1) = v ((w,¥); (1,0) - 1). (5.9)
Lemma 5.1(a,b) ensures, for any 1, |
ve-1((w,4'); (1,0) = 1) S w1 ((w, y); (I, €') = 1) S w1 ((w,9%); (1, &) - 1). (5.10)
From Lemma 41, for any I,
ve-1((w, ¥%); (1,0) — 1) = ve—1((w,y"); (1,0) — 1). (5.11)

By (5.9) to (5.11), for any I with I > n? we get v;—1((w, y1); (I, c!) —=1) = v_; (w, y?); (I, %) —
1), thus

—r(w,0) = s + Bue—1((w,y"); (4, €') = 1) = —r(w, 1) — s + fur—1((w;, y°); (1, ¢%) — 1).  (5.12)
It generally follows from Lemma 5.1(a,b) that

Il%alg({ (w,l) —s+ ﬁ’l)t_l((’ll), y1)7 (l> cl) - 1)} < Ilréa}{x{—r(w, l) -8+ ﬂvt—l((wa y2); (l1 02) - 1)}
From this, (5.7) and (5.12), we get max;{—r(w, l)—s+Bve—1((w, y 1y; (l c)-1)} = max;{—r(w,l)—
s+ Bue-1((w,¥%); (I, €%) — 1)}, thus 2 ((w,y');d") = 2] ((w,y?); d?).

meg to parts (i) to (iii), under the assumption it follows for any w that either 2J ((w, y'); d}) =
2 ((w, y?); d2) holds or 2f((w,y');d?) < 2f ((w,y?);d?) < 22(x?; d?) holds.

To finish the proof we shall examine two cases. First, suppose z{ (:c ;db) = °(:z: d?).
Then, if w satisfies zf ((w,y');d}) = 2f((w,y?);d?), clearly max{z]((w,y?);d"),z2(z};d})} =
max{z] ((w,y?); d?), z°(z% d?)}. On the contrary, if w satisfies 2] ((w,y');d") # 2f((w,y?); d?),
since zf((w,y');dY) < 2Z((w,y?);d?) < 2(z%d?) = zP(z!;d') holds in this case, we get
max{z] ((w,y'); d'), 22(x};d")} = 2(2;d) = 2(z%d?) = max{z((w,y%);d?), 2} (2% d%)}.
Hence, for any w, if 22(x!;d!) = z2(x?; d?), then v(z!;d!) = v(x?; d?) from (4.13).

Conversely, suppose z2(z!;d?) < z2(x?; d?). As seen in above, for any w ¢ W,(x?,d*) we
have 27 ((w, y');d}) < 27 ((w,y?); d?) < 22(x?; d?), from which max{2f((w, y! ) dh), z2(z;dY)} <
22(2?;d?) = max{z((w y2),d2) 22(x?; d?)}. Thereby, we arrive at if z0(z!;d") < 2§ (:z: d?),
then v (x!;d) < ve(x?; - d? ).

By adding the results in two cases above, we have verified the truth of this assertion.

(b) We should note first that if ¢ = k, then d = d, thus v(z; dF) = v;(2; d), which holds true
whether v (z; d?) < v(z; d) or not. ‘ : B
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The proof for i < k is done by induction on ¢. For t = 0, it follows from (3.1) that vo(z;d) =
»(2F), vo(a: ) = p(zR) and vo(z; d) = Y(&). Hence due to Lemma 3.1(b) we find that if
vo(z; dF) < vo(m d) then 28 < & and a < #. Since 2% < £ implies #F = % due to (5.6), we arrive
at vo(a: Dy =p(@h) = w(x) = vo(x; d), which assures the assertion to be true for ¢t = 0.

Now, suppose for each i that if v;—1(z;df) < v_1(z;d), then v, (x; dF) = ve_i(z;d). To
complete the proof, owing to assertion (a) it suffices to show that if zf (w; d?) < 2(z;d), then
2 (z; dL) = z{(x; d), where 2§ (a: dR) max{£], —s + Bvi—1((0,%); (0,cF) = 1)} and 2¢(x;d}) =
max{zl, —s + Bu—1((0, ); (0, ck) — 1)}.

In t;he case of z2(z;d) = &, mequahty 2 (z; d;")
yield ' = #. Lemma 5.1(b) indicates v;_1((0, y), 0,¢) —
this case, if 2(z; d) < 20(x;d), then 20(z;dl) = 28 = & = 22(x; d).

In the case of z;’(a:; d) = —s+ Bu—1((0,); (0, ¢) — 1), inequality z?(x; d?) < 2¢(x; d) implies
—s + Bre—1((0,9); (0,¢f) — 1) < —s + Bv—1((0,9); (0, ¢) — 1), or equivalently,

ve-1((0,9); (0, ¢f) — 1) < ve—1((0, 3); (0, ¢) — 1). (5.13)

By considering d = (0, c)—1 we get di*; = (0,cF)—1 and df; = (0,¢F)—1. Accordingly, by our
assumption, (5 13) yields v—1((0, y); (0, ¢f) — 1) = 1:-1((0,y); (0,¢) — 1). Hence, in this case, if
2 (x; dY) < z}(;d), then &} < & < —S+ﬂvt 1((0,3); (0,¢) —1) = —s+ Bur—1((0,9); (0, ¢f') — 1),
thus 22(x; dF) = 20(z;d).

Now, under the assumption we have confirmed that if z0(z; df) < 22(x; d), then 2{(x;dF) =
#2(z; d), or equivalently, if v(z; dF) < vi(; d), then vs(x; d¥) = vi(x; d) due to assertion (a). As
a result the proof is completed. 1

Corollary 5.7
(a) For eacht and i we have max{ui(z; dr), ve(z; dl)} = v (z; d).
(b) Ifz! < 22 and d' < d?; for any w € Wy(x?,d?) we have 2 ((w,y');d}) = 27 ((w, y?); d?).

Proof: (a) Immediate due to Lemma 5.6(a,b).

(b) Note first that (a) assures the validity of the premise of Lemma 5.6(a) for each t.

If t = 0, by definition we conclude 2§((w,y'); d") = z5((w, y?); d?) = w for any w.

Let t > 0 and w € W;(2?,d?). If w also satisfies w < A:(y?, d?), we obtain 27 ((w,y!);d!) =
# ((w,y?); d?) in exactly the same manner as in part (iii) of the proof of Lemma 5.6(a). Con-
versely, if A¢(y?,d?) < w, see part (i) of the proof of Lemma 5.6(a) and we get z7((w,y');d!) =
2 ((w,y?); d?) = w. As a result the assertion proves true. B

Theorem 5.8
(a) Ifz! < 2% and d* < d?, then Wy(x!,d?) D Wi(=?, d?).
(b) For any w € Wi(z,d) we have w < M\(y,d) if and only if w < X(0, —).

Proof: (a) Choose z!, x2, d" and d? so that z! < z? and d' < d?. Easily we find 22(z!;d}) <

22(x?;d?). Hence, it follows from (4.11) and Corolla.ry 5.7(b) that if w € Wi(z?,d?), then
zt(m1 d') < z"(a:2 d2) < ZI((w,y?);d?) = Zf((w,y');d"), thus w € Wi(z!,d!), implying
Wi (2!, d!) D Wy(z2,d?).

(b) We here use A and A instead of A\;(y, d) and \(0, —), respectively.

First we shall show that if w € Wi(x,d) and w = )Y, then w = A%, Suppose M €
Wi(z,d). Then, imitating the argument in part (iii) of the proof of Lemma 5.6(a), we arrive at
max;{—7(AY,l)—s+Pu—1((\Y, 0); (I, =) —1)} = max;{—r(N¥, ) —s+Pv—1((\Y, y); (I, c)—1)}, thus
due to (4.16) we get f;(AY;0,—) = f;(\¥;y,d). By definition of \¥ we have f;(\Y;y,d) = 0, thus
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ft(A¥;0, =) = 0, which indicates A\¥ = A according to Lemma 5.3(b). Thereby, if ¥ € Wi(z, d),
then XY = X%, that is, if w € W;(z,d) and w = ¥, then w = \°.

Next, we shall show that if w € Wi(z,d) and w < \Y, then w < A°. Suppose that a certain
w € Wy(z,d) satisfies A° < w < AY. Then, due to Corollary 5.4(b) we have 27 ((w,0); =) = w <
max;{—r(w,) — s + Bvi-1((w,y); (I, ¢) — 1)} = 27 ((w, y); d), which contradicts Corollary 5.7(b).
As a result, it follows for any w € Wi(z, d) that not A% < w < W, that is, if w € Wi(z,d) and
w < N, then w < X%, This and the previous fact show that if w € Wi(z,d) and w < AY, then
w< A0,

Conversely, it follows from Theorem 5.5(a) that if w < A0, then w < AY. We have thus
confirmed the assertion. &

6. Conclusions

We here summarize four properties of the optimal decision rule.

1. If the leading offer & is such as § < &, then you should instantly stop the search process by accepting
the more lucrative one between current offer w and leading offer 3.

This is already stated as Rule II. As seen in the next result, however, there exists no chance to
satisfy 0 < % except for the special case that such an  is given as an initial offer before entering
the search process. 4
2. An offer reserved during the search process must not be accepted prior to its maturity of reservation,
however, it may be accepted on the maturity.

If z and d are such that £ < 4, then § < 8, thus \(y,d) < 6’ for each t due to Theorem 5. 5(d).
From this and Rule III we find that all offers to be reserved have less value than § throughout
the search process. Accordingly, if the search starts with @ and d such that £ < 8, the inequality
holds forever, or x; < 6 for all i for every ¢t > 0. While d; > 1, we never have 6(z;,d) < z; since
6i(x;,d) = 6 by Theorem 5.5(b). Hence, if z; is the leading offer with d; > 1, then PS is not the
optimal decision. If d; = 0, since 6}(z;,d) < 0, it is possible to have a reserved offer z; satisfying
6i(zi,d) < z;. Hence, if z; is the leading offer with d; = 0, then PS may be the optimal decision.

In the model, every time you decide to proceed the search once more, a positive search cost
must be spent and chances to meet offers superior to reserved ones up to the deadline decrease.
So, sometime we reach the time when we begin to feel wasteful for pursuing the search further,
and this seems to be the time we should stop the search by accepting either the leading offer or
the current offer. Even if we are on that time, however, the second property suggests us not to
recall the leading offer as long as its reserving duration has not been exhausted. One explanation
for why we should refrain from recalling any reserved offer prior to its maturity may be that
although the purpose of reserving offers is to facilitate stopping the process when we see no reason
to continue it further, we feel more waste to recall an offer while it remains available at the next
time also, than to pay search costs and reduce the probability of finding better offers.

3. If & or d is better, the range of offers to be passed up should be wider.

Theorem 5.8(a) indicates this result, which is intuitively clear because if « or d is better, we
feel less need of providing new recallable offers.
4. For each time t with any = and d, an offer w to be reserved satisfies w € W;(x) and w < A\¢(0, —).
This is derived from Theorem 5.8(b) and suggests that whatever & we have, it suffices to know
At(0, —) so as to determine whether to accept or reserve an offer.

These four properties are found also in Saito [10] and quite similar ones are in Saito [9]. This
fact leads us to conclude that these properties are essential for the optimal decision rule to optimal
stopping problems with reservation where reserving costs are incurred to reserve offers, whether
the term of validity of reservation is fixed or not.
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One of the subjects to be examined is to reveal properties of n:(w,y,d) because they are

left untouched in this paper although the current model assumes the remaining duration to be
determinable.
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