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We consider two-stage tandem queuing systems with dedicated servers in each
station and flexible servers that can serve in both stations. We assume exponential
service times, linear holding costs, and operating costs incurred by the servers at
rates proportional to their speeds. Under conditions that ensure the optimality of
nonidling policies, we show that the optimal allocation of flexible servers is
determined by a transition-monotone policy. Moreover, we present conditions
under which the optimal policy can be explicitly determined.

1. INTRODUCTION

We study the optimal dynamic assignment of flexible servers in two-stage tandem
queuing systems, both without arrivals (clearing systems) and with arrivals. The
problem we consider is motivated by applications in manufacturing systems where flex-
ible resources (e.g., cross-trained workers, reconfigurable machines) are used to
improve performance under varying demand and operating conditions.
Narongwanich, Duenyas, and Birge [16] considered the optimal allocation of capacity
investments between dedicated and reconfigurable systems for firms that make products
with random demands and introduced new generations of products in random future
times. Hopp and Van Oyen [13] provide a framework for justifying workforce cross-
training in an organization. They established the connection of cross-training to the
organization’s objectives and discussed methods of implementation appropriate for
the specific application. Models of serial production systems with throughput maximi-
zation as the objective have been analyzed by Van Oyen, Gel, and Hopp [22],
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Andradottir, Ayhan, and Down [4-6], Gel, Hopp, and Van Oyen [10,11], Hopp, Tekin,
and Van Oyen [12], Iravani, Van Oyen, and Sims [15], and Ahn and Righter [3]. These
models include collaborative and noncollaborative work disciplines, open systems with
external arrivals that are independent of the system state, closed systems (e.g., CONWIP
systems where a departure triggers a new arrival), and various forms of cross-training
(e.g., full, zone, or hierarchical cross-training).

There is also much research on the optimal use of flexible servers in tandem
systems with holding costs. Because the mathematical models involved are quite
complex, most results refer to two-stage systems and exponential service times.
Rosberg, Varaiya, and Walrand [19] considered a system with Poisson arrivals, a
server with a constant service rate in the downstream station, and a server with a con-
trollable service rate in the upstream station. They showed that the optimal service rate
is nondecreasing in the length of the first queue and nonincreasing in the length of the
second queue. Weber and Stidham [23] considered a system of n stations with arrivals
at each station, where, in addition to convex holding costs, servers incur operating
costs that are convex functions of their service rates. They showed that the optimal
policy is transition-monotone; that is, when a job leaves a queue, the optimal
service rate in that queue is not increased and the optimal service rates in the other
queues are not decreased. Duenyas, Gupta, and Olsen [7] and Iravani, Posner, and
Buzacott [14] characterized optimal policies for models of n and two-stage
systems, respectively, with one flexible server and setup costs. Pandelis and
Teneketzis [18] studied two-stage clearing systems with multiple flexible servers
where jobs join the second queue with probability p after completing service in the
upstream station. They derived conditions under which the policy that gives priority
to jobs in the upstream station is optimal for general service times. For a two-stage
clearing system with two flexible servers, Ahn, Duenyas, and Zhang [2] provided
necessary and sufficient conditions under which an exhaustive policy for the upstream
or the downstream station is optimal. Similar results were obtained by Ahn, Duenyas,
and Lewis [1] for the model with arrivals. The results of Ahn et al. [2] have been
extended in two more directions. First, Schiefermayr and Weichbold [20] obtained
the optimal policy for all values of holding costs and service times. Second,
Weichbold and Schiefermayr [24] derived conditions for the optimality of exhaustive
policies when jobs require the second stage of service with a certain probability.

With the exception of Rosberg et al. [19] where there is a dedicated server in the
downstream station, the aforementioned articles have assumed no dedicated capacity.
Farrar [8,9] studied two versions of a clearing system with dedicated servers in both
stations and one flexible server. In the constrained version, the flexible server can only
work in the upstream station, whereas in the unconstrained version, the server can
work in both stations. For both versions, he showed that the optimal policy is charac-
terized by a switching curve; the flexible server is idled or assigned to the downstream
station when the number of jobs there exceeds a certain threshold that depends on the
number of jobs in the first queue. He also showed that the slope of the switching curve
is greater than or equal to —1. Pandelis [17] showed the validity of the results
obtained by Farrar [8,9] for the case when jobs might leave the system after
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completing service in the first station and specified subsets of the state space where the
optimal policy can be explicitly determined. The same structure for the optimal policy
was derived by Wu, Lewis, and Veatch [26] for a system with a number of flexible
servers with the additional feature that all servers are subject to breakdowns. In
their model, they assumed that processing requirements are the same in both stations,
so actual processing times depend on the servers’ speeds. Finally, Wu, Down, and
Lewis [25] showed the optimality of a transition-monotone policy for the previous
model with arrivals and no dedicated servers in the upstream station.

For clearing systems with no server breakdowns, we extend the results of Wu et al.
[26] in two directions. First, we relax the assumption that the two stations are identical
in terms of jobs’ processing requirements. Second, we assume that all servers incur
operating costs, different for each station, during the time they work. To the best of
our knowledge, Weber and Stidham [23] is the only previous work that has considered
operating costs. Under the additional assumption that operating costs for flexible
servers are proportional to their speeds, we get an equivalent problem with one flexible
server. Depending on holding costs, operating costs, and service rates, there might
be situations when it is optimal to idle the flexible server (e.g., when the number of
jobs in the two stations is low enough to yield higher operating than potential
holding costs). We derive a condition under which idling the flexible server is not
optimal when there are jobs in the downstream station. For this instance of the
problem, we show that when the flexible server has higher relative operating cost
than the dedicated server in the same station, the optimal policy possesses the switch-
ing curve properties proven by Farrar [8]. We also show for the case of no dedicated
capacity in one of the two stations that it might be possible to determine the optimal
policy explicitly. Specifically, the flexible server is always assigned to the station with
no dedicated servers if the reduction in holding cost rate is larger in that station.

Assuming dedicated capacity in only one of the two stations, we obtain similar
results for the problem with arrivals under the expected average cost criterion.
After specifying the maximal arrival rate for which the problem has a solution and
a condition for the optimality of nonidling policies, we show the following: (1) For
dedicated capacity in the second stage only, the incentive to use the flexible server
at the first stage is nonincreasing in the number of jobs at the second stage and (2)
priority should be given to the station with no dedicated servers if the reduction in
holding cost rate is larger and the operating cost is smaller there.

The article is organized as follows. In Section 2 the clearing model is formulated
as a discrete-time Markov decision process and the structure of optimal nonidling
policies is derived. The model with arrivals is analyzed in Section 3. Extensions
are discussed as part of our concluding remarks in Section 4.

2. CLEARING SYSTEMS

We consider a tandem queuing system consisting of two stations. There is a number of jobs
initially present in the system and no other external arrivals. Jobs that complete service in
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the upstream station (station 1) transfer to the downstream station (station 2) where they
receive additional service and then leave the system. Every job in station 7,7 = 1, 2, requires
an exponentially distributed amount of service with mean Y;. There are dedicated servers,
one for each station, working at speeds s, and s,,; these servers are forced to work when
there are jobs present in their corresponding station. There are also N additional servers that
can serve in both stations; we assume that these servers can move from station to station
instantaneously without any cost and work at speed s;, i =1, 2,...,N—the same
for both stations. Let wy, up and u;, up; denote the processing rates for jobs served by
the dedicated servers and flexible server 7 respectively at stations 1 and 2. We have

Sdl Sa2
= —, = — 1
11 Y, 122} Y, @
and
S K .
l"LliZYlI’ I"L2i:712’ l:],z,...,N. (2)

Each job in station i, i = 1, 2, incurs a linear holding cost at rate h;. Moreover,
dedicated servers incur linear operating costs at rates b; and b, during the time
they work, whereas flexible servers incur costs at rates cy; and ¢p;, i =1, 2,..., N,
during the time they work in stations 1 and 2, respectively. Our objective is to deter-
mine an allocation strategy for the flexible servers that minimizes the total expected
holding and operating costs until the system is cleared of all jobs. Allowing preemp-
tions at times of service completions and assuming that work prior to completions
is lost, we formulate the problem as a Markov decision process with state space
{(x1, x2) : x1, x» > 0}, where x; and x, are the number of jobs in station 1 and
station 2, respectively, including those in service. Starting from state (x;, x,), we let
V(x, x») be the minimum total expected holding and operating cost incurred until
the system empties, where V(0, 0) = 0. Let also M = {1, 2,..., N} be the set of
flexible servers. To get an expression for the minimum cost function V(x;, x,), we
minimize over all possible assignments of flexible servers to the two stations. After
applying uniformization to convert the continuous-time problem to an equivalent
discrete-time problem (see Serfozo [21]), we obtain dynamic programming equations
(3)—(5), where terms V}(xl, x5) and Vé(xl, X;) correspond to machines in subsets
F and G of M being assigned to stations 1 and 2, respectively. In deriving (3)—(5),
we have assumed that the uniformization rate is u; + w, + vi + v, = 1, where
vy = ;uy; and vy => ;uy. We have also assumed that servers in the same
station can collaborate to work on the same job, so that processing rates are additive.
For x;, x, >1, we have

V(xi, x2) = hixi + hoxo + by + by + 1 Vixp — 1, x2 + 1)
+ WV, xo — 1)+ (v +v2)Vxg, x2)

+ min Vi, x) + Vg, 1), 3)

FNG=
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Vix1,0) =hixi +by +u Vix; — 1, 1)
+ (a1 v2)V 0, 0)+ min {Vi(r, 0)),
V(0, x2) = haxa + by + V0, x2 — 1) + (y +v1 +v2)V(0, x2)
+ min {VG(0, 1)},
where
Vi, x) = cip + eV — 1, 4+ 1) = Vi, x)l,
V21, X2) = €26 + MaglV(x1, X2 — 1) — V(xy, x2)],

and

CIF = ZCU, €26 = Zczi, Mir = ZMU, Ko = Zﬂzr

i€EF i€G i€F i€G

We assume that the following conditions hold.

(A1)
Cli - Co . - -
— =0, — = 0(y, i=1,2,...,N, for some constants ¢; and ¢;.
Si N
(A2)
[ < hy + by .
V2 122}
(A3)
ash a h
Vi V2o M

C))

®)

(6)
@)

@®)

Condition (A1) implies that operating costs incurred by flexible servers are pro-
portional to their speeds. According to condition (A2), the mean operating cost for
a job served in station 2 by the flexible server alone is no more than the corresponding
mean holding and operating cost incurred during this job’s service by the dedicated
server alone. According to condition (A3), the operating cost per unit speed is
greater for the flexible server compared to the dedicated server in the same station.
We show in the following proposition that under condition (A1), there exists an

optimal policy that prescribes the same action for all flexible servers.

ProposiTiON 1: Assume that condition (Al) holds. Then there exists an optimal policy

that either idles all flexible servers or assigns them all to a single station.
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Proor: Assuming F # & and m € F and letting F,, = F — {m}, we obtain from
condition (A1) and (1), (2), (6), and (8)

Vi1, x2) — Vi (1, 62) = Cim + [V — Lxy + 1) = V(xg, x)]
= V121, X2),
where
Vitxi, x2) =a1V1 +Vxy — 1, xo + 1) — V(xq, x2).
Similarly, for G # J, n € G, and G,, = G — {n}, we obtain from condition (A1)
and (1), (2), (7), and (8)
Ve, x2) — VE, (X1, X2) = Con + g, [Vx1, 12 — 1) — Vi, xp)]
= Mo, V2(x1, X2),
where
Va(xr, x2) = ¢2Ya + Vixy, x2 — 1) = V(xy, x2).
We have the following cases.

1) Vi(xy, x0) >0, Vo(xy, xo) > 0: It is optimal to idle all flexible servers.
(1) Vi(xy, x) >0, Vo(xy, x) < 0: It is optimal to assign all flexible servers to
station 2 when there is at least one job present there, otherwise idling is optimal.
(iil) Vi(xq, xp) <0, Va(xy, xo) > 0: It is optimal to assign all flexible servers to
station 1 when there is at least one job present there, otherwise idling is optimal.
@1v) Vi(xy, x3) <0, Va(xg, xo) < 0: Idling any flexible server is not optimal.

Therefore, it is optimal to either idle or use all flexible servers. It remains to show that
when case (iv) holds, it is optimal to assign all servers to a single station. Let F and G
be suchthat FU G=Mand G # (J. Fori € G, we denote by F; and G; the sets of
servers assigned to stations 1 and 2, respectively, after moving server i from station 2
to station 1 (i.e., F; = F U {i}, G; = G — {i}). From condition (A1) and (1), (2), and
(6)—(8), we get
V)v,.(xl, X2) + Vé,.(xl, x2) — [VE(xr, x2) + Vaxr, x2)]
=ci+ plVor = Lxa+1) = Vx, x)] — o
— MV Cx1, 0 — 1) = V(xy, x2)]
= py;Vi2(x1, x2), )]

where
. Y,
Via(x1, x2) = (¢1 — €)Y + ?[V(xl —Lxp+1)—V(x, x)l
i

— [V, x — 1) — Vxg, x2)].
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Equation (9) implies that when Vi,(x;, x5) > 0, it is optimal to assign all flexible
servers to station 2; otherwise, assign them to station 1. [ |

As a consequence of Proposition 1, replacing the N flexible servers with one
server working at rates v; and v, and incurring operating costs at rates ¢; and c;
given by ¢; = > ;cy;and ¢; = > ,¢o; tesults in an equivalent problem. The optimality
equations for this problem take the following form:

Vi, x) =hmhxi +hoxo + b1 + by + Vi — 1, xp + 1)
+ uVxy, xo — 1) + (v +1v2)V(xy, x2)

+ min{0, V),(x1, x2), Vi (x1, x2)}, (10)

V(xi, 0) = hixi + b1 + i Vr — 1, D + (up +v1 +v2)V(x1, 0)
+ min{0, V,,(x1, 0)}, 1)

V(0, x2) = haxo + by + V0, xo — 1) + (g + vi +v2)V(0, x2)
+ min{0, VZ(0, x2)}. (12)

Next, we show that, under condition (A2), idling the flexible server is not optimal
when there is at least one job in station 2. Actually, condition (A2) is the condition
under which it is optimal to use the flexible server when there are no jobs in
station 1. To see this, note that when there are no jobs present at one of the two
stations, we can derive the following expressions for the value function by condition-
ing on the time of the first service completion:

hxi + b1 x4 b
Vi, 0) = min{ B TR e e c‘} FVe -1, (3)
My My v
hoxs + by haxy + b
V(0, x) = min{ 22+ 0y HoXatOnt 62} L V0, x5 — 1). (14)
Mo Mo + 12

Therefore, when station 1 or station 2 is empty of jobs, idling the flexible server is
optimal for x, < X, and x; < X, respectively, where
X, = Cofy — bovy ’ X, = cipmy — by .
hyvy hyv

Therefore, if condition (A2) holds, idling the flexible server is not optimal when x; = 0.
We show in Proposition 2 that this is also true for x; > 0, provided that there are jobs in
station 2. First, we need the following lemma (for the proof, see Appendix A).

LemMA 1: Assume that condition (A2) holds. Then, for x, x, > 1,

hoxy + by + 2

Vxr, x) = Vx, x —1) >
My + V2
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ProprosiTiON 2: Condition (A2) is a sufficient condition under which the optimal
policy always uses the flexible server when there are jobs present in the downstream
station.

Proor: Lemma 1 and condition (A2) yield
W[Vx, x) = Vix, 2 = D] —c >0

[ie., V,@(xl, x) < 0], which by (10) implies that for x;, x, > 1, the policy that assigns
the flexible server to station 2 has no more cost than the one that idles the server. il

Assuming condition (A2) holds and using (6)—(8), optimality equations
(10)—(12) are reduced to the following. For x, x, > 1,

V(xi, x2) = hixy +hoxo +by + by +  Vixy — 1, xo + 1)
+ wyV(xy, xo — 1) +min{cy +v,V(x, x2 — 1)
+FiVx, x), cr + vV — 1Lxp +1) +vVix, x)}. (15)

For x, =0 orx; =0,

V(xi, 0) = hixi + by + i Ve — 1, D) + (uy +v2)V(x1, 0)
+ min{vV(x, 0), c; +v1V(x — 1, D}, 16)

V(0, x2) = haxo + ba + V0, x2 — 1) + (g + vV (0, x2)
+min{c; +v2V(0, x2 — 1), 12 V(0, x2)}. a7

The first (resp. second) argument in the minimization terms corresponds to
assigning the flexible server to station 2 (resp. station 1). When there are no
jobs present in a station, assigning the additional server to that station is equiv-
alent to idling. Although we have established that idling is not optimal when
condition (A2) is true, we have left the corresponding term in (17) to facilitate
subsequent analysis.

Based on (15)—(17), we define the decision function d(x;, x,) as follows:

d(x1, x2) = ca — ¢ + va[V(xy, x2 — 1) — V(x1, x2)]
+ [V, x2) = Vi — Lxa + D], xp, x> 1,
dx;, 0) =v[V(x, 0) =V — 1, D] —¢c1,  x121,
d0, x3) = va[V(0, x; — 1) — V(0, x2)] + c2, X, > 1.
The definition of the function d(x;, x,) implies that it is optimal to assign the flexible
server to station 1 (resp. station 2) when d(x;, x,) > 0 (resp. d(x1, xp) < 0); d(x1, x5)

denotes the incentive to have the flexible server work in station 1 instead of station 2 in
state (xq, Xp).
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Remark: We can explicitly determine d(x;, 0) and d(0, x,) using (13) and (14). We

have
h b —
g, 0) = ML TV 2 a18)
w + il > Xp)
h by —
d(0, xy) = — 212 T V2 T e 19)

Mo + 12

It can be easily verified that condition (A2) yields d(0, x,) < 0; that is, it does not pay
to idle the flexible server. Also, d(x;, 0) < 0 for x; < X; and d(x;, 0) > 0 for x; > X;.

Using optimality equations (15)—(17) and identities min(a, b) = b + (a — b)
and min(a, b) =a — (a — b)" for the first and second terms, respectively, of the
differences appearing in the definition of d(x;, x,), we obtain the following recursive
expressions for function d(xy, x,), x1, x, > 1:

d(x1, x2) = f(x1, x2) + vid(x1, X2)~ + vad(xy, x2) ", (20)

where

S, x2) =vilh — hy) —vahy + pid(x; — 1, x2 + 1) + ppd(xy, xp — 1)
+vid(x; — 1, x + DT +vad(x, x — 1)
+ Wiby — eI = 1) + (uycz — vabo)1(xy = 1). (21)

The expressions derived for d(x;, x,) provide an efficient way for the numerical
computation of the optimal policy; starting with the values of d(x;, 0) and d(0, x,)
obtained from (18) and (19), we can successively use (20) and (21) to compute
d(xy, x») for any xy, x, > 1. Furthermore, they provide the basis for proving qualitative
properties of the optimal policy. Specifically, the optimal policy is characterized by a
single switching curve (when the number of jobs present in the downstream station
exceeds a certain threshold, it is optimal to assign the flexible server to that
station), which is the main result of this section given in the following theorem.

THEOREM 1: Assume conditions (A2) and (A3) are true. Then, for each x; > 1, there
exists a positive integer t(x;) such that it is optimal to assign the flexible server to
the downstream station only when x, > t(x;). Moreover, t(x;) = 1 for x; < X,, and
the slope of t(x,) is greater than or equal to — 1.

Remarks: We believe that the slope of the switching curve ia actually nonnegative and
the lower bound of —1 is only the most we can prove. To verify our intuition, we used
(18)—(21) to determine the optimal policy for several thousand cases, where, for each
case, the parameter values were selected randomly. Not even one case exhibited a
decreasing switching curve. On the other hand, condition (A3) is not just a technical
condition needed for the proof. The following example illustrates that if condition
(A3) is not satisfied, the existence of a single switching curve is not guaranteed.
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Example: Consider a system with u; = 0.2, uo = 0.3, vy =v, =025, h; =2, h, =
1, by =6,b, =10, c; = 3, and ¢, = 4. It is easy to verify that condition (A2) is sat-
isfied, but not condition (A3). Using (18)—(21) to compute the decision function for
x; =1, we get d(1, 0)=3.1111, d(1, 1) = —0.1616, d(1, 2) = 0.0875, d(1, 3) =
0.1199, d(1, 4) = 0.0116, and d(1, 5) = —0.1529. We see that the optimal policy
is switching between stations 1 and 2 three times, so it is not characterized by a
single switching curve.

The proof of Theorem 1 requires the use of Lemmas 3-5, whose proofs are given
in Appendix A. Lemma 2 is an auxiliary result.

Lemma 2: Assume A— B=g+ MA~™ — B )4+ u@A" — B with 0 < A<1 and
0< u<1.Then A — B and g have the same sign.

Proor: Assuming that A # B, A<B, and A>B for g=0, g>0, and g <0,
respectively, we are led to contradictions. |

LemmMma 3: Forall x; > 1 and x, > 0,

d(xy, xo + 1) < d(xq, x2).

Lemma 4: For all x; > 0,

lim a’(xl, .XQ) = —00,

Xp—00

LemMma 5: For all x;, xo, > 1,

d(x, x2) > 0= d(x;, x) <dx; + 1, x —1).

Proor oF ThHeorem 1: For x; <X, we have d(x;,0) <0, which implies that
d(x1, x») <0 for all x, > 1 (Lemma 3). Therefore, #(x;) = 1, x; < X;. For x; > X;,
we have d(x;, 0) >0, d(x;, x,) decreasing in x, (Lemma 3), and d(x;, x,) <0
for x, sufficiently large (Lemma 4), so there exists an integer #(x;) such that
d(xy, x5) <0 for x, > t(x;). Finally, by Lemma 5, we have for any x;, x, > 1,

dxi, x)>0=dx +1,x —1)>0.
Therefore, the slope of the switching curve #(x;) defined by the optimal policy is

greater than or equal to — 1. |

We end this section by considering systems with no dedicated capacity at the
upstrean (resp. downstream) station. We show that the optimal policy assigns the
flexible server to the upstream (resp. downstream) station when the reduction in
holding cost rate resulting from the use of the flexible server is larger in that station.
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THEOREM 2: Let w; =0 and vi(hy — hy) > vohy. Then it is optimal to assign the
flexible server at station 1 for all x; > 0.

Proor: We will show that d(x;, x,) > 0 for x; > 0. From (20) and (21), we have for
X1, X2 Z 1’
d(xy, x2) = vi(h) — hy) — vaho + ppd(xy, x3 — 1)
+vid(xy — Lxy + DY +vidxg, xo — 1)~
+v1b11(x; = 1) + (U2 — 12bo)1(x2 = 1)
+v1d(x1, x2)” + vad(xy, x2) 7.
We prove the result by induction on x,. We start the induction by noting that

d(xy, 0)=hx; > 0. Then the induction step follows from condition (A3) and
Lemma 2. [ |

THEOREM 3: Let u, =0 and vi(hy — hy) < vohy. Then it is optimal to assign the
flexible server at station 2 for all x, > 0.

Proor: We show d(x;,x;) <0 for x, >0 by induction on x;. We have
d(O, .XQ) = —h2x2 < O, and for X1, X2 > 1,

d(xy, x2) = vi(hy — h2) — vahy + pyd(xr — 1, x2 + 1)
Fvid; — 1L, xo + DT +vd(xy, xo — 1)
+ (1by — pe)l(xp = 1) —vabol(xa = 1)
+v1d(x1, x2)” + vad(xy, 1)

The result is proven by the induction hypothesis, condition (A3), and Lemma 2. l

3. SYSTEMS WITH ARRIVALS

In this section we consider the previous model with Poisson arrivals of rate A. We
assume that condition (A1) holds and there are no operating costs for the dedicated
servers (by =b,=0). Let B, 0<B<1, be a discount factor. We define by
Vgﬁ (x1, x2) and Vf;(xl, X,) the expected n-step discounted cost and the expected infi-
nite horizon discounted cost, respectively, under policy 6 starting at state (xy, x,). We
also define the expected average cost under 6 by

6

Jxy, x2) = lim sup M .
n—o00

Our objective is to characterize an allocation strategy for the flexible servers that
minimizes the expected average cost. We were not able to do so for the general
model with dedicated servers in both stations, but for special cases with a dedicated
server in one of the two stations.
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Assuming that the uniformization rate is A + u; + u + v; + v, = 1, we obtain
optimality equations (22)—(24) for the three aforementioned problems. In deriving
these equations we have taken into account condition (Al), under which the
optimal policy prescribes the same action for all flexible servers, either idling them
or assigning them to the same station (the proof is along the lines of that of
Proposition 1).

Vg1, X2) = hixy + haxy + TgVi—1,g(x1, X2) (22)
Vp(x1, x2) = hixi + haxy + TgVg(xi, x2) (23)
J + wlxi, x2) = hyxy + hoxy + Tiw(xy, x2), (24)

where the operator T} is defined by

TgV(x1, x2) = BIAV(x1 + 1, x2) + i Vxr — 1, xo + 1)
+ ppVxr, xa — 1]
+ min{ B(vi + v2)V(x1, x2),
e+ BV — 1, x+ 1D+ 1 Vixg, x)l,
2+ B Vxy, x2 — 1) + v Vixg, x2)1}, (25)

TgV(x1,0) = BIAV(xi + 1, 0) + p Vx; — 1, 1) + w, V(xy, 0)]
-+ min{ B(v| + v2)V(xi, 0),
¢+ BviVx — 1, 1) + 1 Vixg, 0)1}, (26)

TBV(O, x2) = BIAV(L, x2) + w, V0, xp — 1) + u; V(0, x2)]
-+ min{ B(v; + v2)V(0, x2),
¢+ B2 V0, x2 — 1) + 11 V(0, x2)1}, 27)

TpV(0, 0) = BIAV(L, 0) 4 (g + pp 11 +v2)V(0, 0)]. (28)

The solution of (22) gives the minimum expected n-step discounted cost (with
Vo, g(x1, x2) = 0), whereas the solution of (23), if it exists, gives the minimum infinite
horizon discounted cost. Finally, if a solution (J, w) of (24) exists and 77 is the policy
that attains the minimum on its right-hand side, 7 is the optimal policy and J is the
minimum average cost satisfying

J= i%fJ"(xl, x) =J"(x1,x)  for all x; and x,.

Propositions 3 and 4 make statements about the existence of solutions to (23) and
(24), respectively, and their properties. For the proofs, we refer readers to Wu et al.
[25], where analogous results are proven for the problem with holding costs and
unreliable servers. The same arguments remain valid for our problem because
linear operating costs make a finite contribution to the infinite horizon discounted
cost and the average cost.
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ProprosITION 3: For 0 < B < I, (23) has a unique solution given by
Vp(x1, x2) = 1111}(}0 Vip(x1, x2).

We define the maximal throughput A as the largest value of the arrival rate that is
less than or equal to the average service rate at each station. The maximal throughput
can be obtained from the solution of the linear program

max A

st. A<u+vié,i=1,2,
o+ 6 <1,
01, & >0,

where 0; and &, are the proportions of time the flexible server is assigned to the
upstream and downstream station, respectively. It is straightforward to show that

M+ if py + v <y
A= 2ty if gy +v2 <y
v, + v Vv .
HaV2 F ik + Viv2 otherwise.
v+

ProposiTION 4: For A < A (24) has a solution (J, w), where J is given by lim,, .V, 1
(x1, x2)/n. Moreover, for a fixed state (x}, X5), there exists a sequence 3; — 1 for which

lim [Vig,(x1, x2) — Vi, (x], x)] = w(xy, x2).

We prove that when the reduction in holding cost rate resulting from using the
flexible server in the downstream station is larger than the corresponding operating
cost, idling the flexible server is not optimal when there are jobs present there.

PROPOSITION 5: Assume voh, > ¢5. Then idling the flexible server is not optimal for
X > 0.

Proor: We start by showing that for 8 sufficiently close to 1, the result is true for the finite
horizon problem, except for n = 1, in which case, idling the flexible server is optimal
because there is nothing to be gained in terms of potential holding costs savings. In par-
ticular, we will show that the policy that assigns the flexible server to station 2 has no more
cost than the one that idles the server, which by (25) and (27) implies that forn > 1,

Bya[Vig(x1, x2) — Vi plxr, x2 — 1] > . (29)
A sufficient condition for (29) to be true is
Viug(x1, x2) — Vi p(x1, x2 — 1) > hy, (30)

because then (29) would be satisfied for B > ¢,/v,h,. We prove (30) by induction on n.
For n = 1, it is satisfied with equality. For n > 1, we have from (22),

Vg1, x2) — Vi g(x1, Xo — 1) = hy + TgV,—1 g(x1, X2)
—TgVyi18(x1, x2 — 1).
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Using (25)—(28) and the induction hypothesis, we get by a straightforward term-by-term
comparison that TV, g(x1, X2) > TgV,,—1 g(x1, X, — 1), which completes the induc-
tion. Letting n — oo in (29) and applying Proposition 3, we obtain for 8 > ¢,/v,hs,,

Bva[Va(xy, x2) — Vplxy, x2 — 1] > c3. (31)
Applying now Proposition 4 to (31), we get
va[w(xy, x2) — wlxy, x2 — D] = e,

which by (24), (25), and (27) proves the result for the average cost problem. [ |

To further characterize the policy that minimizes the average cost, we determine
properties of the optimal policy for the finite horizon problem and then use
Propositions 3 and 4 to show that the same properties are valid under the average
cost criterion. We define decision function d, g(x;, x,) as in the previous section
for clearing systems:

dnpg(x1, X2) = 2 — ¢t + B{va[ Vi plxi, x2 — 1) — V,, g(x1, x2)] + v [V p(x1, X2)
— Vg1 — 1, xo + D]}, X1, x 2> 1,
dnp(x1,0) = Br1[Vopx1,0) = Vg1 = 1, DI —c1, x> 1,
dy (0, x2) = B2[V,, (0, x2 — 1) — V,, g(0, x2)] + ¢, X > 1
Under the assumption of Proposition 5, d,, g(x;, x»), n > 1, determines the optimal
policy at stage n + 1; the flexible server is assigned to the upstream station if
d,, g(x1, x2) > 0, and downstream otherwise. The following three lemmas characterize

that optimal policy for large values of the discount factor when there is no dedicated
capacity in one of the two stations. Their proofs can be found in Appendix B.

LEMMA 6: Let w; =0, ¢ < voho, and B > By, where

c 2c1 — ¢ .
= max s if 2c1 > ¢y,
By {Vzhz Vol — (V1 + pp)er + 2¢1 — 02} f2e0> 2
B = %, otherwise.

Then forn > 1, x; > 1, and x, > 0,

dng(x1, X2 + 1) < dy p(x1, x2).

LeEmmA 7: Let M1 = O, (&) < cr < V2h2 < V](h] - ]’lz), and B > B2, where

8 :max{ &) €2 —c }
2 vahy " vithy —hy) —vaha + 2 — 1 )

Then forn > 1, x; > 1, and x, > 0,

dypg(x1, x2) 2 0.
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LeEmma 8: Let Mo = 0, cr < Vzhz, Co < Cy, V](h] - ]’lz) < Vzhz, and B > B3, where

,8 ma { (&) Cl —C }

= max , .
: vohy voho —vi(hy —h) + ¢ —
Then forn > 1, x; > 0, and x, > 1,

dn p(x1, x2) < 0.

When there is no dedicated server in station 1, Lemma 6 implies that the gain
from having the flexible server work at station 1 is nonincreasing in the number of
jobs in station 2. According to Lemma 7, it is always optimal to assign the flexible
server at station 1 if the operating cost is smaller and the reduction in holding cost
rate is larger in that station. By reversing these conditions, we show in Lemma 8
that the optimal policy always assigns the flexible server at station 2. Theorems 4—6
are the counterparts of Lemmas 68 for the average cost criterion.

THEOREM 4: If wy = 0 and ¢, < v, hy, the incentive to use the flexible server at station
I does not increase as the number of jobs in station 2 increases.

Proor: Applying successively Propositions 3 and 4 to the result of Lemma 6, we get

¢ + va[w(xy, 0) — wixy, DI +vi[wlx, 1) —wx; — 1, 2)]
< viwlxy, 0) —wix; — 1, 1],

and for x, > 1,

va[w(xy, x2) — wlxy, X2 + D]+ vi[wlxy, x2 + 1) — wlx; — 1, x2 + 2)]
S valwlxg, x2 — 1) — wixy, x2)] + vi[w(xr, x2)
- W(xl - 19 X2 + ])]’
which in view of (24)—(26) proves the statement of the theorem. [ |

THEOREM 5: If g =0 and ¢y < ¢ < vyhy < v((hy — hy), the optimal policy gives
priority to the upstream station.

THEOREM 6: If puy = 0 and co < vohy, ¢ < c1, vi(hy — hy) < vyhy, the optimal policy
gives priority to the downstream station.

The proofs of Theorems 5 and 6 are based on Lemmas 7 and 8, respectively, and
are derived by identical arguments to that of Theorem 4.
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4. DISCUSSION

We considered scheduling a number of flexible servers in a two-stage tandem queuing
system with dedicated servers at each stage, where operating costs are incurred by the
servers during the time they work. Assuming a collaborative work discipline and
exponential service times, we showed that when operating cost rates due to flexible
servers are proportional to their speeds, we get an equivalent problem with one
flexible server. Furthermore, we identified conditions on holding costs, operating
costs, and service times (see Propositions 2 and 5) under which there exist optimal
nonidling policies for the flexible server when there are jobs in station 2. The analysis
in the article focused on deriving properties of the optimal policy when the conditions
that ensure the optimality of nonidling policies are satisfied.

For clearing systems, we showed that under condition (A2), allocating the flexible
server to the downstream station becomes optimal as the number of jobs there
increases. Moreover, the slope of the switching curve defined by the optimal policy
is greater than or equal to —1. When condition (A2) is not satisfied, in which case
idling is optimal for certain states of the problem, we have not been able to derive
any structural properties of the optimal policy. Recall that when there are no jobs
present in station 1 or 2, idling the flexible server is optimal when x, < X, and
x1 < X, respectively, where X and X, have been defined in Section 2. We conjecture
that when x, > X,, idling is not optimal for any number of jobs in station 1. We
believe this is true for the following reason. If idling is not optimal when station 1
is empty, there must be no issue with high operating costs in station 2, which is a
fact independent of jobs present in station 1. The reverse is not true, that is, when
x1 > X, idling might be optimal when there are jobs in station 2. This is the case
when holding and operating costs in station 2 are so large that it would not be
beneficial to send jobs to station 2 (a process that would be facilitated by the use of
the flexible server in station 1) or have the flexible server work in station 2.

For systems with arrivals, we showed the optimality of nonidling policies when
the reduction in holding cost rate is larger than the operating cost in station 2.
Moreover, we showed that the transition-monotonicity property of the optimal
policy for clearing systems remains valid when there is no dedicated capacity in
the upstream station. It is not clear whether or under what conditions this property
holds for the general model as well. However, some numerical experimentation
with the finite horizon problem seems to indicate that this might be the case.
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APPENDIX A
Proofs of Lemmas 1 and 3-5

Proor oF LEMMA 1: Let V™(xy, x5), i = 0, 1, 2, be the expected cost of a policy that at state
(x1, xo) idles the extra server, assigns it to station 1, or assigns it to station 2, respectively, and
proceeds optimally after the first service completion. Therefore,

Vx, x) — Vi, x — 1) = l_:%liflz (V7 (x1, x2) — V(x1, x2 — D}, (A.D)
Vi, x —1) <V, x — 1),
implying that

Ve, x) = Vi — D 2 min (V700 x) = V7, 0 = D). (A2)

For x;, x, > 1, by conditioning on the time of the first service completion, we derive the
following expressions:

h h b b
V(e ) = TR Dy P
Myt o M+ My
+ Ve, x — —E2 (A.3a)
Myt o
h h b b
VTG, ) = RO D e
Myt s+ 11 i
Mo
+ Vi, xn—1)—————— (A.3b)
b [ i
h h b b
VPG, ) — et thta y oy M
Myt T2 M+ o T2
M+
+Vix,x—1)———F—. (A.3¢)
b Myt ey + v
We will show that
h b
VTG, 1) — Vi, 0) > 25250 g, (Ad)
My + V2
h b
VG, am) — VG — 1) > 22 T2 T g0 01 (AS)
My + V2
which by (A.1) and (A.2) suffice to prove the statement of the lemma. From (A.3a)—-(A.3c),
we have
h h b b
V™G, 1) — Vi, 0) = TR IO E0 Ly 1) - Ve, 0 —P (Ad6a)
M+ My M+ o
h h b b
Ve 1) — Vi, 0) = i e F o b o
Myt ey Vg
+v
F IV —1,2) = Vi, 0] —2 22 (A.6b)
Sl e
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hixi +hy+ by +by+

V7=, D)= Vix, 0) =

Mty T2
VO — 1,2) = Vixy, 0)] —H—— (A.6¢)
My T+ ey V2
and for x, > 1,
VP (x1, x2) = VP(x, xp — 1) = F Ve —1,x+1) =V — 1, x)]
/-L1+I-L 1+M2
+ [V, 0 — 1) = V(xy, xo — 2)] (A.7a)
1+N2
s 7] h2
Vi, x0) = Vi, n—1)=————+ [V — 1L, + 1)
L o
Mt
-V —Lxn)]——+ [V, x — 1
(1 2)]l+2+v][(12 )
— V(xg, x )] ———— A.7b
(1, x2 —2)] 1+,U«2+V1 ( )
h
Vo, x) — VR, — D= ——— 4 [V — Lxy + 1)
Mty + 12
oo
— Ve = L,x) ———— F [V(x1, x5 — |
(x1 x2)]M1+ " [V, x2 — 1)
Vo -y (A70)
Myt sy + V2

The proof of (A.4) and (A.5) is by means of induction on x; and x,. First, we prove (A.4) for
x1 = 1. From (13) and (14) and condition (A2), we get

2y + b hy+b, h +b
V(0,2) - V(1,0)= 222 r o 2+Cz—min{ Lo ‘+C‘}:>
Mo + V2 M Myt V1
2y + b h +b
V(©0,2) - V(1,0 > 22t Eh (A.8a)
My + V2 1
dhy+by+cy hy+ by +c
V0,2) - V(1,0 > 22t te mEhta (A.8b)
My + V2 MtV

Substituting (A.8a) into (A.6a) and (A.6¢), (A.8b) into (A.6b), and taking into account
condition (A2) yields the result. To prove (A.5) for x; =1, we use induction on x,.
From (14) and condition (A2), we get

(o + 1)+ by + ¢

V@0, x4+ 1) = V(0, xp) = . (A.9)
Mo + V2

Applying the induction hypothesis (with the induction base, x, = 2, having been established by
the fact that the statement of the lemma has been proven to hold for x; = x, = 1) we also get

ho(xy — 1)+ b
Vxy— 1) = V(1 xy —2) > 22 = Dbt e (A.10)
Hy + 12
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Then the result follows from (A.7a)—(A.7c), (A.9), and (A.10). Next we prove (A.4) and (A.5)
for x; > 1 by induction on x;. Starting with (A.4), we have from (13),

Vixp = 1,2) = V(x,0) = V(x; — 1, 2)
. {hlxl +by hixi+by +c
— min ,
M Myt V1
2hy + by + ¢ . {hlx] +b1 hixy + by +Cl}
> C  min ,
Mo + V2 ey Myt V1
2h2 +b2 —+ _ hlxl + b]
Mo + V2 mo
2l +by+ 2 hixi+b +¢
Mo + V2 Myt

}—V(xl -1, 1

=V —1,2) = V(x,0) >

Vi —1,2) = V(x1, 0) >

where the first inequality is a result of the induction hypothesis. The rest of the proof is identical
to the one for x; = 1 with &, replaced by hx;. Finally, we prove (A.5) by induction on x,.
Applying the induction hypothesis, we get

hh(a+1)+by+c

Vi —Lx+ D=V —1,x) >

Mo + V2
(o —1)+b
Vi, =1 =V, xn —2) > 2o = Dt o
My + V2
so the proof is essentially identical to the proof for x; = 1. |
ProOF OF LEMMA 3: The proof is by induction on x,. First, we prove the result for x; = 1 by

induction on x,. We establish the induction base by showing that d(1, 1) < d(1, 0).

Case 1: X; > 1=d(1,0) < 0.
From (21) and (18), we get

S, 1) = =vihy — nahy +v2by — pyc2) + () + py +v2)d(1, 0) A1)
+ u,d(0,2) <0, )
because of condition (A2) and d(0, 2) < 0. Because f(1, 1) < 0, we get from (20) and Lemma 2
that d(1, 1) < 0, so by (20) and (A.11),
_ S D vihy = ahy 4 vaby — py) + pd(0, 2)

a1, 1) = +d(1,0) <d(1, 0),
1- Vi 1-— V1

where the inequality follows from condition (A2) and d(0, 2) < 0.

CASE 2: X; < 1=d(1,0) > 0.
From (21) and (18), we get

S, 1) = =vihy — hy + vaby — pyc2) + (g +vi + p)d(1, 0) + ,d(0, 2)  (A12)

The result is trivially true when f(1, 1) < 0 because in this case (20) and Lemma 2 imply that
d(1, 1) < 0. In the case f(1, 1) > 0, we get from (20) and Lemma 2 that d(1, 1) > 0, which by
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(20) and (A.12) yields

fa, 1) _ —vihy — (Vahy + vaby — pyea) + wyd(0, 2)

dl1,1) =~
( ) 1*1)2 171}2

+d(1,0) < d(l1, 0)

because of condition (A2) and d(0, 2) < 0.
The induction on x, is completed by proving that the result holds for x, =/ + 1 provided
that it holds for x, = [. We have

dl, 1+ 1) —d(1,I+2)=fA,1+1) - f(1, I+ 2)+vi[d{1, [+ 1)
—d(1, 14+2) 1+ wldd, [+ D" —d, 1 +2)"]. (A.13)
Using the induction hypothesis, the fact that d(0, x,) is decreasing in x, [(19)] and condition
(A3), we get f(1, [+ 1) — f(1, [ 4+ 2) > 0. Therefore, the result for x, =/ + 1 follows from
(A.13) and Lemma 2. Next, we show that the result is true for x; = k + 1 under the assumption

that it is true for x; = k and any x,. Again, we use induction on x,. To prove that d(k + 1, 1) <
d(k + 1, 0), we consider two cases.

Case 1: k+1<X;=dk+1,0)<0,dk, 0)<0.
From (18) and the induction hypothesis, we have
vihy = [dk + 1, 0) — d(k, 0)]uy, (A.14)
d(k,2) < dk,0) <0, (A.15)

respectively. Plugging (A.14) and (A.15) into (21), we get

ftk+1,1)=—vihy — (va2hy +v2by — uyc2)

(A.16)
+ (g vk + 1, 0) + py[d(k, 2) — d(k, 0)] < 0,

because of condition (A2) and (A.15). Because f(k + 1, 1) < 0, we get from (20) and Lemma 2
that d(k + 1, 1) <0, so from (20) and (A.16),

k+1,1
dik+1, n=LEFLD
1-— V1
_ —Vily = (aly 4+ vaby — pyca) + pld(k, 2) — d(k, 0)]
1-— V1

+dk+1,0) <dk+1,0),

where the inequality follows from condition (A2) and (A.15).

CASE 2: k+1>X,=dk+1,0)>0.

To prove that d(k + 1, 1) < d(k + 1, 0), we restrict attention to the case f(k + 1, 1) > 0 as the
case f(k+ 1, 1) <Ois trivial (f(k+1,1) <0=dk+1,1) <0 <d(k+ 1, 0)). For f(k + 1,
1) > 0, we have d(k + 1, 1) > 0, and by (20),

k+1,1
dk + 1, 1):f(+7’). (A.17)
1 - V2
In the case d(k, 0) > 0, (18) yields
vihy = [d(k + 1, 0) — d(k, 0)](w; + vy). (A.182)
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When d(k, 0) < 0, we have
vihy =dk+ 1, 0)(uw, + vi) — d(k, Q). (A.18b)
Then, we get from (A.17), (21), and (A.18a) and (A.18b)

dk+1,1) = +dk + 1, 0),

flk+1,1)
1-— 1%)
where
e+ 1,1) = —vihy — (Vahy + vaby — pyc2) + pyld(k, 2) — d(k, 0)]
+vild(k, 2)" — d(k, 0)]1(d(k, 0) > 0).

The result follows from fik + 1, 1) < 0, which is true because of condition (A2) and the induc-
tion hypothesis for x;(d(k, 2) < d(k, 0)). Finally, to prove the result for x, = [ + 1 assuming it is
true for x, = /, we obtain an equation analogous to (A.13) and use the induction hypotheses for
x; =k, x, = [, and condition (A3). | |

ProOF OF LEMMA 4: The proof is by induction on x;. We begin by noting that lim,,_, cd
(0, xp) = —oo (see (19)). To complete the induction, we need to show that the result is true
for x; = x] under the assumption that it is true for x; < xj.

Casi 1. xi < X,=d(x},0) <0, dxi —1,0)<0.
Because d(x;, x,) is a decreasing sequence in x, (Lemma 3), we have d(x}, x,) < 0 and d(x] —
1, x) < 0 for any x,, so (20) and (21) yield

d(x}, x2) = vihy — (v +v)hy + wd(x] — 1, x2 + 1) + pod(x}, x, — 1)
+vd(x], x2 — 1) +v1d(x], x2) + (1by — pe)l(x; = 1)
+ (02 — v2b)1(x2 = 1).

Taking limits on both sides and rearranging terms, we get
wy lim d(x}, x) = C + g lim d(x] — 1, x2),
Xp—00 Xp —00
where C is a constant. The result is a consequence of the induction hypothesis.
CASE 2: x7 > X,=d(x}, 0) > 0.

We claim that d(x7, x») < 0 for x, sufficiently large; if this were not the case [i.e., if d(x7, x,) were
bounded below by a nonnegative number], we would get from (20) and (21) that for x, > 1,

d(x}, x2) = vihy — (W1 +v2)hy + pd(x] — 1, x0 + 1) + pod(x], x, — 1)
+v1d(x — Lxy + DT 4+ 10d(x], x2) + (b — pyen)l(x] = 1).

Taking limits and using the induction hypothesis, we obtain

(uy +v1) Jim d(,x2) = C 4 pyy lim d(x; — 1. x2),

which, by the induction hypothesis, yields

lim d(x], x;) = —00,
Xy —00
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clearly a contradiction. Therefore, for x, sufficiently large,
d(x], x2) = vihy — (vi +v)hy + wdx] — 1, x0 + 1) + wod(x], x, — 1)
+v2d(x, X2 — 1)+ v1d(x], x2) + 1by — pye)lx) = 1)
= w; im d(x}, x) = C+ p; lim d(x] — 1, xp),
Xp—00 Xp—00

and lim,, . od(x7, x,) = — o0 follows from the induction hypothesis. |

ProoF oF LEMMA 5: For each integer K > 2, we introduce the function
dg(x)) =d(x;, K —x1), xy =0,1, ..., K.
Therefore, we need to show that for all K > 2,
dg(x1) > 0 = dig(x) < dg(x1 + 1).

Let

K = min {K:dg(x;) > 0 for some 1 <x; <K —1}
and

K = min {K > K:dg,1(x;) < 0 for all x; < K}.

It suffices to prove the result for K < K < K, as the same arguments can be repeated for K > K.
The proof is by induction on K (the inductive scheme is the one used by Wu et al. [26]). First,
note that when d(x; — 1, 1) > 0, it follows from Lemma 3 thatd(x; — 1,0) > d(x; — 1,1) >0,
implying x; — 1 > Xj, which by (18) yields d(x; — 1, 0) < d(xy, 0). Therefore,

d () — 1) > 0= dy, (x) — 1) < dy, (x)). (A.19)

To start the induction, we prove the result for K = K. If K = 2, in which case dg(K — 1) > 0, the
result is a special case of (A.19). Consider now K > 2. Because dg—(x;) < 0forx; <K — 2,
we have by Lemma 3 that dg(x;) < 0 for x; < K — 2. Therefore, dg(K — 1) > 0 and it suffices
to prove di(K — 1) < dg(K), which follows from (A.19).

To complete the induction, we assume that the result holds for K = k — 1, where K < k < K,
and prove it for K = k. Let x] = min{x;:di(x;) > 0}, so we need to show that dy(x]) < di(x] +
1) <--- <di(k — 1) < di(k). The last inequality has already been proven [(A.19)], so we only
need to consider 1 < x] < k — 2. We start by proving the first inequality di(x}) < di(x] + 1).
From (20) and (21), we have

di(x}) — di(x) + 1) = py[di(x] — 1) — die D] + vi[dex] — DY — ded) ]
+ poldi—1 () — di—1 (] + DI+ valde 1 (6]) ™ — dj—1 (6] + D71
+ Wiby — pe)1(x] = 1) — (uycy — vab)1(x] = k —2)
+v1[di(x})” = di(x] + D71+ voldi(x) T — dix + DT
(A.20)
By the definition of x7 and Lemma 3, we get
dk(x’f —1HN<0< dk(x]k) < dk,l(xT). (A.21)

Because d;—(x]) > 0, we can apply the induction hypothesis to get d;—(x7) < dy—;(x] + 1),
so from (A.20) and (A.21), condition (A3), and Lemma 2, we get di(x]) < di(x] + 1). Having
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proven that di(x] + 1) > 0, we can show that di(x] + 1) < dp(x] +2) < --- < di(k — 1) by
successive application of the same arguments. |

APPENDIX B
Proofs of Lemmas 6-8

Before we proceed to the proofs, we derive expressions for d,, g(x;, x»). Because V; g(x;, x2) =
hixy + hox,, we get, for n =1,

di g(x1, X2) = (2 — 1) + Blvi(h — hp) — valna], (B.1)
dig(x1, 0) = —c1 + Bvi(h — ha), (B.2)
d1 (0, x2) = c2 — Pvaho. (B.3)

For n > 2, we obtain the following recursive expressions from (22) and (25)—(28). For x, x, > 1,

dyp(x1, x2) = (1 = B)(c1 — c2) + Blvilhy — ha) — vaha — pycil(x = 1) + pwyel(x = 1)]
+ BlAd,—18(x1 + 1, x2) + pydy—1 g1 — 1, x2 + 1) + pody 1 plx1, X2 — 1)
+vidy1p00 — 1, x0 + DY +vad, 1 plxr, x2 — 1)
+vidu_1,0x1, x2)” + vady_1 g(rr, x2) 1], (B.4)

dyp(x1, 0) = —(1 — B)ey + Blvihy — ho) —vicr — wyclx) = 1) — w1 > 1)]
+ BlI(ry +v2)By1 + wy Bral(xy > DI[V,—1p( — 1, 1) = Vg gx1 — 1, 0)]
+ Adyo1,50c1 + 1, 0) + pydyr glr — 1, D1 > 1) + (uy + v2)dn—1,60x1, 0)
+vidy150n — 1, DY +vidyog gxy, 0)71, (B.5)

dn (0, x2) = (1 — B)cz + Bl — vaha + Acy + pyrc21(x = 1)]
+ BIBAV2 [V, 1 (1, x2 — 1) = Vi1 g(1, x2)] + (g + vi)du—1,6(0, x2)
+ [adn—1,600, x2 = 1) + vod,—1 g0, X2 — 1) 11(x2 > 1) + vady—1 50, x) " .

The last equation is not needed for the proofs that follow, as we have already shown in Proposition

5 that d, g(0, x,) < 0 for B > c¢,/voh,. However, we decided to include it in the article in order to
have a complete set of expressions for d,, g(x;, x2).

PRrOOF OF LEMMA 6: The proof is by induction on n. For any x, > 1, we get from (B.1) and
(B.2) that d; g(x;, x») is constant for x, > 1 and

dy p(x1, 0) — dy g(x1, X2) = Bvahy — c3,
which is nonnegative because 8 > B; > c,/voh,. Having established the induction base, we

assume that the result holds for n = k and prove it for n = k + 1. Equations (B.4) and (B.5)
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and the fact that dj g(0, x,) < 0 yield

dr1,8(x1, 0) — diy18x1, 1) = —(1 = B)2c1 — c2) + Blv2hy — (v1 + py)cz]

+ B{Aldig(x1 + 1, 0) — dig(x) + 1, 1)]
+ (y +v2) By [Viglx) — 1, 1) — Vi g(x — 1, 0)]
+vildeple — 1, )T —diplar — 1, 2) 110 > 1)
+ vildrpx1, 0)" — diplxr, 1)7]
+ valdi p(x1, 0) — di plx1, 0)™ — dip(x1, DT}

The combination of the first two terms of the right-hand side is nonnegative; it is positive when

2c¢; < ¢, and nonnegative when 2¢; > ¢, because

2c1 —
vohy — (v + o) +2¢) — ¢z

B>pB >

Noting that di g(x1, 0) — di g(x1, 0) = dj g(x1, 0)", we get from the induction hypothesis and
(30) that the remaining term is also nonnegative when 8 > B;. For x; > 1, djy1 g(x;, X2) —
diy1,8(x1, X2 + 1) > 0 follows in a straightforward manner from (B.4), di g(0, x,) <0, and
the induction hypothesis. ]

Proor oF LEMMA 7: By induction on n. From (B.2), we get d; g(x;, 0) > 0 because
(%) (&)

> >— >
B2bz s ™ vt —h
and from (B.1), we get d; g(x;, x2) > 0 for x, > 1. Assuming that di g(x;, x) > 0, we use (B.5)
and (B.4) to show that d; g(x;, x2) > 0 for x, = 0 and x, > 1, respectively. The sum of the
first two terms of the right-hand side of (B.5) is nonnegative because

B=pB >

(653 C1
vahy  vi(h — ) —viea + e

The last term is nonnegative by (30) and the induction hypothesis. Turning to (B.4), the sum of
its first two terms is nonnegative because
B=B =

Cy — (1
vilhy —hy) —vahy + ¢ — ¢

and the remaining term is nonnegative by the induction hypothesis. |

PrOOF OF LEMMA 8: The result has already been proven for x; = 0 (proof of Proposition 5).
For x; > 0, we use induction on n. Equation (B.1) yields d; g(x;, x;) < 0. By applying the
induction hypothesis to (B.4), we get d, g(x;, x,) < 0 because |

B>pBs >

Cc] —C
vahy —vi(hy —ha) + ¢ — ¢
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