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Abstract

Motivated by emerging applications in workforce management, we consider a class of revenue man-
agement problems in systems with reusable resources. The corresponding applications are modeled
using the well-known loss network systems.

We use an extremely simple linear program (LP) that provides an upper bound on the best achievable
expected long-run revenue rate. The optimal solution of the LP is used to devise a conceptually simple
control policy that we call the class selection policy (CSP). Moreover, the LP is used to analyze the
performance of the CSP policy. We obtain the first control policy with uniform performance guarantees.
In particular, for the model with single resource and uniform resource requirements, the CSP policy
is guaranteed to have expected long-run revenue rate that is at least half of the best achievable. More
generally, as the ratio between the capacity of the system and the maximum resource requirement grows
to infinity, the CSP policy is asymptotically optimal, regardless of any other parameter of the problem.
The asymptotic performance analysis that we obtain is more general than existing results in several
important dimensions. It is based on several novel ideas that we believe will be useful in other settings.
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1 Introduction

In this paper, we consider a class of revenue management problems that arise in systems with reusable
resources. The paper is motivated by several application domains, and, in particular, by several emerging
applications in workforce management. In many industries, a significant part of the workforce is hired ad-
hoc to perform a specific project. Thus, professional manpower services is a growing market that brings
up new challenges in workforce revenue management. Similar problems arise in large corporations, such
as IBM that need to manage their internal workforce in the face of dynamic and evolving tasks. The major
issue in all of these scenarios is how to manage capacitated resources over time in dynamic environments
with many uncertainties, specifically, how to choose the most profitable customers/projects to maximize the
resulting revenue. Other notable applications are hotel room booking and car rentals.

Typically, these systems consist of several capacitated resources that are used to serve multiple classes of
customers, each of which has different characteristics, such as arrival rate, price, resource and service time
requirements. The goal is to devise a policy that selects profitable customers and maximizes the resulting
revenue. There are three key characteristics of these systems. The first characteristic is the reusability of
resources. That is, resources that are allocated to serve a certain customer/project will become available to
serve other customers after the service/project is over. The second characteristic is that the decision whether
to serve customers should be made upon their arrival. In particular, if a customer is not served upon arrival,
either because the system decides she/he is not profitable enough, or because the available capacity in the
system is not sufficient to satisfy her/him, she/he is assumed to be lost and leaves the system. (In many of
the corresponding applications customers are not willing to wait or only willing to wait a very short time
relative to the service times.) The third characteristic is that the arrival process of customers, as well as their
service time requirements, are stochastic. This generates stochastic optimization models that are usually
computationally challenging.

In this paper, we model the corresponding revenue management problems as loss network models. These
are well-known models that have been introduced over four decades ago, and have been studied extensively
in the context of communication networks (see, for example, the survey paper by Kelly ([13])). The classical
loss network model consists of a system with several capacitated resources that faces multiple classes of
customers. Customers of different classes arrive according to mutually independent homogenous Poisson
processes, each of which requires a certain combination of resources for a time that is a-priori random
(with finite mean), and is willing to pay a certain price per unit of service time. Customers must be served
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of resources must be engaged for the (random) duration of the service time, and can not be used by other
customers until the service is over. The system may deny service from customers in order to keep the
capacity free for more profitable future customers. A customer can be served only if at the moment of arrival
the available capacity in the system is sufficient to satisfy her/his specific requirements. The goal is to find
an admission policy that maximizes the long-run revenue rate. Like many stochastic optimization models,
one can formulate the problem using a dynamic programming approach. However, even in special cases
(e.g., with exponentially distributed service times), the resulting dynamic program seems computationally
intractable as the corresponding state-space grows very fast. (This is known as the ‘curse of dimensionality’.)
Thus, finding provably good policies is a very challenging task.

We first focus on revenue management model with single reusable resource, where there is only a single
resource in the system that is used to serve multiple classes of customers as described above. (In the liter-
ature on loss network models this is sometimes called the stochastic knapsack problem.) We use a simple
knapsack-type linear program (LP) that provides an upper bound on the expected long-run revenue rate.
The LP can be easily solved, and the optimal solution is used to construct a conceptually simple admission
control policy for the original model; the policy is called the class selection policy (CSP). The LP optimal
solution guides the policy to select the more profitable classes. The CSP policy admits all the customers of
the selected (profitable) classes as long as capacity permits, and always rejects customers from other classes.

Moreover, the LP is used to analyze the performance of the CSP policy. We use the fact that the CSP
policy induces a stochastic process that can be reduced to a classical loss network model. Facilitating the
results from [21, 11, 10, 4, 23], which characterize the stationary distributions of the corresponding loss
network models, we are able to develop explicit expressions for the resulting blocking probabilities induced
by the CSP policy. That is, for each one of the profitable classes, we derive an exact expression for the
stationary probability that a customer arrives at some random time, and the available capacity in the system
is not sufficient to satisfy her/his requirement. We then bound the customer blocking probabilities and
analyze their asymptotic behavior as the capacity of the system grows large. In particular, the bounds on the
blocking probabilities are used to obtain uniform and asymptotic performance guarantees.

For the case, where all the classes requirements are identical, we obtain an explicit lower bound on the
ratio between the expected long-run revenue rate of the CSP policy and the best achievable rate. The bound
is a function only of the capacity of the system, regardless of the other parameters, such as arrival rates,
number of classes, prices and service time distributions. It is shown that this bound is at least 0.5, uniformly
for all capacity values, and that it approaches 1 as the capacity of the system grows to infinity. That is, the
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and it is asymptotically optimal as the capacity of the system grows large. To the best of our knowledge,
this is the first proof of uniform performance guarantees that hold for all capacity values.

These results are then extended to the more general case with arbitrary, possibly non-identical, resource
requirements. In this case, the underlying combinatorics of the blocking states is more complex, and hence,
it is much harder to bound the corresponding blocking probabilities. In particular, the lower bounds on the
ratio between the long run average revenue rate of the CSP policy and the best achievable rate depend only
on the ratio between the capacity of the system and the maximum resource requirement of a class raised
to the power of seven. Moreover, if the ratio between the capacity and the maximum resource requirement
raised to the power of seven grows to infinity, the CSP policy is asymptotically optimal, regardless of the
other parameters of the problem. For each fixed value of maximum resource requirement, it is possible to
derive uniform performance guarantees that depend only on the system capacity value.

The CSP policy and the asymptotic performance analysis can be extended to the revenue management
model with multiple reusable resources as long as the number of resources is bounded. In this case, the
resulting linear program is a packing-type LP that is again very easy to solve.

Finally, we incorporate static pricing to the single resource model. In this model we first determine the
respective prices that each class is charged. The respective arrival rate of each class depends on the price
it is charged. After the prices are set, we wish to find the best admission control policy that maximizes
the expected long-run revenue rate. The CSP policy and its performance analysis can be extended to this
more general model. However, the policy is derived based on a non-linear program (NLP). We show how to
simplify the resulting NLP, and discuss several scenarios in which it can be solved efficiently.

As we already mentioned loss networks have been studied extensively in the context of communication
networks, and there is a huge body of literature. The study of loss networks has been focused on two major
issues, the study of heuristics and sensitivity analysis.

Since it is apparent that computing optimal policies is likely to be intractable, researchers have proposed
different heuristics, studied their properties and analyzed their performance (see, for example, [17, 19, 14,
13, 8, 18, 7]). The knapsack-type LP used in this paper has been discussed by several researchers (see for
example, [14, 8]). In fact variants of the CSP policy have been discussed by Key [14] and Kelly [13], who
proposed the randomized thinning policy. Moreover, Key [14] has shown that the variant of the CSP policy
for the single resource case is asymptotically optimal, but in a very specific heavy traffic regime. (We discuss
this further in the next paragraph.) Iyengar and Sigman [9] have also used an LP identical to the one used in
this paper to devise a heuristic for the same model. However, the policy they have proposed is very different
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exploit exponential penalty functions to maintain the system as close as possible to the target mode. Another
policy that has been studied extensively is the trunk reservation policy. According to this policy, each class
of customers is associated with a trunk reservation level, and a customer of that class is admitted to the
system only if upon arrival the available capacity in the system exceeds the corresponding trunk reservation
level. Key [14] has shown that for the single resource model this policy is asymptotically optimal in the
corresponding heavy traffic regime. (It is interesting to note that the CSP policy can be viewed as a special
trunk reservation policy, where the trunk reservation of a class is either O or the capacity of the system.)
Other mathematical-programming-based approximation have been used to study models similar to the one
discussed in this paper (see, for example, Adelman [2]).

However, the performance analysis of the policies described above and their asymptotic optimality are
obtained only in very specific regimes, usually called heavy traffic regimes. Specifically, the capacity and
the arrival rates are scaled simultaneously at the same (linear) rate, while all the other parameters of the
problem, such as service time distributions, resource requirements, number of classes and price rates are
kept fixed. In some scenarios one also needs to assume that the service times are exponentially distributed.
Moreover, in models with multiple resources it was usually required to assume a very specific structure of
the different class resource requirements. The performance of the corresponding policies is then analyzed
in the resulting limiting regimes. While these might be reasonable assumptions in the context of communi-
cation networks, they are less likely to hold in the application domains that motivate this paper. In contrast,
our analysis provides uniform performance guarantees that hold for any capacity value. Our asymptotic
performance analysis holds under very general assumptions. Specifically, the asymptotic analysis holds for
general service time distributions, and only requires that the ratio between the capacity of the system and
the maximum resource requirement (raised to the power of seven) grows to infinity, allowing all the other
parameters of the problem to change arbitrarily. In addition, we can easily characterize the corresponding
rate of convergence. Thus, as a by-product of our work, we obtain generalizations for some of the results in
[14, 13].

The second major issue that has been studied is the sensitivity of the corresponding loss system to
changes in various parameters, especially the capacity and the arrival rates (see, for example, [20]). The
main effort has been to study changes in the resulting blocking probabilities. (By blocking we refer to the
event that a customer arrives at some random time, and can not be served upon arrival because the available
capacity in the system is not sufficient.) Since computing blocking probabilities is known to be # P-Hard
[16], there have been efforts to propose methods to approximately compute blocking probabilities and bound
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use linear and non-linear programs to bound blocking probabilities (see, for example, [15, 3]). One of
the key features in our performance analysis is the bounds that we develop on the corresponding blocking
probabilities induced by the CSP policy. The techniques that we use are significantly different than the
ones used in the existing literature, and we believe that they will have applications in other settings. It is
interesting to note that our asymptotic analysis in the multiple resources case captures the specific regime
analyzed by Kelly in [13], where he analyzed the blocking probabilities in loss network models with multiple
resources.

The rest of the paper is organized as follows. In Section 2, we provide the mathematical formulation
of the revenue management model with a single reusable resource. In Section 3, we develop the LP and
describe the CSP policy. In Section 4, we discuss the performance analysis of the CSP policy. Finally, in

Section 5, we discuss the extensions to multiple resources and static pricing.

2 Model Formulation

In this section, we provide a mathematical formulation of the revenue management model with a single
reusable resource discussed in this paper. Consider a system with a single resource pool of integer capacity
C < oo that is facing demands from M different classes of customers. The customers of each class i =
1,..., M, arrive according to an independent Poisson process with rate A;. Each class-¢ customer requests
A; € Z4 units of the resource for a certain period of time that is a-priori random and has finite mean ;.
During the time a class-i customer is served, the requested A; units can not be used by other customers; after
the service is over, the units become available again to serve other customers. (While a customer is served
we only know the conditional distribution of the residual service time of this customers.) In particular, we
allow generally distributed service times, and assume that service times are independent of the customer
arrival process and among different customers. If served, a class-¢ customer is willing to pay r; dollars per
time unit of service. A customer can be served only if the available capacity in the system at the moment
of her/his arrival is sufficient to satisfy its requirement. That is, a class-i customer can be served only if
there are currently at least A; units available in the system. However, customers can be rejected even if
the available capacity is sufficient to serve them. (Rejecting a customer now possibly enables serving more
profitable customers in the future.) The assumption is that customers that are not satisfied upon arrival,
either due lack of sufficient capacity or because they are rejected, are lost and leave the system immediately.
The goal is to find an admission policy that maximizes the expected long-run revenue rate.

For each policy m, let R (T) be the revenue achieved by policy 7 over the interval [0, 7']. Next define



R(7), the expected long-run revenue rate of a policy 7 as

R(m) = tim “rllix (], )

where the expectation E; is taken with respect to probability measure induced by policy .

At any point of time ¢, the state of the system is specified by the class of each customer currently being
served, as well as the time that elapsed from the moment of her/his arrival. Without loss of generality, we
restrict attention to state-dependent policies. That is, policies that are represented as measurable functions
from the state-space defined above to actions. (The actions are whether to accept a class-¢ customer in the
current state, for each 7+ = 1,...,N.) It is straightforward to verify that for each feasible policy, there
exists a state-dependent policy that achieves at least the same expected long-run average revenue. Note
that each state-dependent policy induces a Markov process over the state-space. Moreover, using analogous
arguments to those used in Theorems 4, 5 and 6 of [21], one can show that conditions in the statement of
Theorem 1 in [21] hold and, therefore, the Markov process homogeneous in time that is induced by the
state dependent policy has a unique stationary distribution which is ergodic. Thus, for each state-dependent
policy 7, the limit in (1) above is well-defined and the expectation in the numerator of (1) can be omitted.

As in most stochastic control optimization models, dynamic programming framework is the most com-
mon way to formulate the problem. However, it is straightforward to see that the corresponding state-space
of the underlying dynamics program is very large even for simple special cases. In particular, it seems com-
putationally intractable to solve the dynamic program and compute an optimal policy. For example, consider
the special case with service times that follow exponential distributions. The state in this case is specified
merely by the number of customers of each class currently being served. However, the corresponding state-

space grows exponentially fast in the capacity C, and becomes computationally intractable.

3 LP-Based Approach

In this section, we construct a simple linear program (LP) that provides an upper bound on the achievable
long-run average revenue rate. Our LP is identical to the one used by Key [14] and Iyengar and Sigman [9],
and it is also similar to the one used by Adelman [2] in the queueing networks framework with unit resource
requirements. We shall show how to use the optimal solution of the LP to construct a simple admission
control policy that is called class selection policy (CSP). Moreover, the LP will be used to analyze the
performance of the proposed CSP policy. In particular, we shall show that the expected long-run revenue

rate of the CSP policy is guaranteed to be near-optimal for any capacity value C' (above a certain threshold)



and that the policy is asymptotically optimal. More specifically, we shall show that
R(CSP) > B(C/AYR(OPT), )

where OPT denotes the optimal control policy, A denotes the maximum resource requirement (i.e., A =
77777 a A;) and B(C/AT) is a positive scalar for each value of C'/A7. (If no optimal policy exists, we
think about R(OPT) as the corresponding supreme of the achievable expected revenue rate.) Furthermore,
if the resource requirements of all classes are identical, i.e., A; = 1 foreachi =1,..., M, then 3(C) > 1/2
for all C' > 1. Moreover, as C' grows larger the CSP policy becomes asymptotically optimal. That is, 5(C)
approaches 1 as C grows to infinity, and this occurs irrespective of other model parameters, such as the
number of classes, arrival rates, service durations and price rates. For the model with non-uniform resource
requirements, we establish a similar results. The CSP policy is asymptotically optimal as C'/A” grows large.
That is, we show that 3(C /A7) approaches 1 as C'/A” grows to infinity. In addition, for each fixed value
A, it is possible to compute a threshold C, such that for each capacity values C > C, the CSP policy is

guaranteed to have expected long-run revenue rate at least half of the best achievable.

3.1 AnlLP

We have already discussed in Section 2 that any state-dependent policy induces a Markov process on the

state-space of the system with a unique stationary distribution that is ergodic. In particular, for each class
(m)

© and a given state-dependent policy 7, there exists a stationary probability «,; " for accepting a class-

customer, which is equal to the long-run proportion of accepted customers of class ¢ while running the policy

7. Thus, any state-dependent policy 7 is associated with the stationary probabilities oz(lﬂ), agT), cees agc,?.

(m)

Furthermore, by applying Little’s law, we can use the stationary probability ;" to express the expected

(m) _

number of class-i customers being served in the system under state-dependent policy 7 as \;ju;c; = =

piagﬂ). (Note that p; = \;u; is the expected number of class-¢ customers being served in the system with
infinite capacity and no rejections; in the context of communication networks it is usually called the traffic

intensity.) It follows that the expected long-run revenue rate of policy 7 can be expressed as

M M
Z riozz(“)/\mi = Z Tiagﬂ)pz\
i—1 i—1

Similarly, the overall expected long-run number of resource units being engaged to serve customers can be

expressed as

M
Z Oéz(ﬂ—)pZAl
=1



The physical constrains of the system discussed in this paper imply that, for any feasible policy, it is not
possible to find more than C' units being used to serve customers. We conclude that Zf‘il agﬁ) pid; < C

for any feasible state-dependent policy 7. This suggests the following LP:

M
1 Pq 3
3, D TP @
M
S.t. ZaiPiAi < C (4)
=1
0<a; <1,V1<i<M. )

Note that, for each feasible state-dependent policy 7, the corresponding vector

(m) (m)

) — (g ,agr), ...,a,, ) is a feasible solution for the LP defined by (3)-(5) above, and has objective

al
value that is equal to the expected long-run revenue rate of policy 7. In fact, the LP enforces the capacity
constraint of the system only in expectation, while in the original problem this constraint has to hold for
every sample path. It follows that the LP defined by (3)-(5) relaxes the original problem and provides an
upper bound on the optimal expected long-run revenue rate. Moreover, the LP defined above is a knapsack
LP. Thus, it can be solved optimally by applying the following greedy rule. Without loss of generality,
assume that classes are renumbered such that 71 /A; > ro/As > -+ > rpr/Ap. Then, for each i =
1,..., M, we set a; = 1 as long as constraint (4) is satisfied. In particular, the optimal solution has the
following structure: oy = ag = -+- = app_1 = 1, for some 1 < M’ < M; for M’ the corresponding
value of ay is possibly a fraction, i.e., 0 < app < 1; and, fori = M’ + 1,..., M, we have o; = 0.
Next we shall use the optimal solution of the knapsack LP defined above to construct an extremely simple
admission policy, and show that its expected long-run revenue rate is guaranteed to be near-optimal in the

sense defined in (2) above.

3.2 The Class Selection Policy

Let o = (af,...,a},) be the optimal solution of the knapsack LP defined by (3)-(5) above. We propose
the following policy that we call class selection policy:

Consider an arrival of a class-¢ customer (z = 1,..., M):

e Foreachi =1,..., M’ — 1, accept the customer as long as the available capacity in the system upon

arrival is sufficient (i.e., greater than A; units);

e If i = M’, accept with probability 0 < ap;s < 1 and as long as there available capacity in the system

upon arrival is sufficient (i.e., greater than A,/ units);



e Foreachi = M'+1,..., M, reject.

The CSP policy has a very simple structure. It always admits customers from the classes for which the
corresponding value o] in the optimal LP solution equals to 1, as long as capacity permits; it never admits
customers from classes for which the corresponding value o equals to 0; it flips a coin for the possibly one
class with fractional value a},;,. The CSP policy is conceptually very intuitive in that it splits the classes

into profitable and non-profitable that should be ignored.

4 Performance Analysis

In this section, we analyze the performance of the CSP policy. The special properties of the CSP policy
induce a well-structured stochastic process. Each class ¢ = 1,..., M generates an independent Poisson
arrival stream with respective rate o \;. Thus, each class ¢ with o = 1 generates the original process,
each class 7 with of = 0 can be ignored, and possibly one class with fractional 0 < a7}, < 1 generates
a thinned Poisson process. Moreover, the induced stochastic process can be described as a classical loss
network model with a single resource. There are C' servers that are used to serve M’ independent Poisson
streams of requests. The requests of stream (class) ¢ arrive at rate \;, and each requires A; servers for some
random service time with mean p;; whenever a request arrives and the number of idle servers is not sufficient
to serve it, the request is lost and leaves the system. It can be easily verified that the loss network model
described above is identical to the stochastic process induced by the CSP policy.

One of the natural questions studied in the context of loss networks is what is the stationary blocking
probability of a given request. That is, what is the stationary probability that a certain request arrives at
some random time and the number of idle servers in the system is not sufficient to serve it. The latter
question is directly related to the performance analysis of the CSP policy. Focus on the classes with positive
af, say there are M’ of them. Without loss of generality, assume that there is no fractional variable in

*

the optimal solution s, i.e., for each i = 1,..., M’, o;

1. (If o}, is fractional, we think of class
M’ as having an arrival rate )\3\4, = o}, A; and then eliminate the fractional variable from o*.) For each
i =1,..., M’ let P, be the stationary probability of rejecting a class-i customer under the CSP policy. It
is straightforward to verify that probability P; is equal to the stationary blocking probability of a stream-¢
request in the corresponding loss network model described above. Specifically, let X; be the the stationary

(random) number of class-¢ (stream-7) customers being served in the system at some random time under the



CSP policy. Then by the PASTA property (see [24]), it follows that, foreachi = 1,..., M":

M/
H:P(ZXkAk>C—Ai>. (6)

k=1
Moreover, since the corresponding stochastic process is ergodic, it follows that the long-run proportion of
class-¢ customers being served equals to 1 — F;. Thus, the expected long-run revenue rate of the CSP policy
can be expressed as

M’

Ml
> rafpi(l—P) =Y _ripi(l-P). (7
=1 =1

However, Zf\ill r;a; p; is the optimal value of the LP, which is an upper bound on the achievable expected
long-run revenue rate for any feasible policy. Thus, a key aspect of the performance analysis of the CSP
policy is lower bounding probabilities 1 — F;, or equivalently, upper bounding the probabilities P;. In
particular, (7) above implies that any uniform constant bound on these probabilities can be directly translated

to a performance guarantee of the CSP policy. Specifically, if 1 — P; > 3 foreachi = 1,..., M, it follows

that
M’ M’
R(CSP) =) riafpi(1—P) > > riafpiB > FR(OPT).
=1 =1

In the rest of the analysis, we shall establish upper bounds on the corresponding blocking probabilities
Py, ..., Py, and analyze their asymptotic behavior.

Recall that the CSP policy induces a stochastic process that can be reduced to a classical loss network
with a single resource. A central tool in our analysis is the result of Burman et. al. [4], who characterized the
stationary probabilities for general loss network models (see Theorem 2 in [4]). In fact, the result of Burman
et. al. [4] implies that the stationary probabilities of the corresponding loss network model can be expressed
through the counterpart system with no capacity constrains. That is, consider an infinite capacity system
that faces Poisson streams of requests/customers of class 1,..., M’, with respective rates A1, ..., Ay and
service time distributions with respective means pq, ..., v, and accept all the requests/customers. In
particular, for eachi = 1,..., M’, let Y; be the stationary number of class-i customers being served in the

infinite capacity system described above. Then, for eachn =0, ..., C, we have

M’ P (M ALYy =
P<2Akxk=n>: (A ) ®)

IP’( fkﬁ’lAkYkgc)'

k=1
Equation (8) is very useful, since the variables Y7, ..., Y, are independent of each other, and for each
i=1,..., M, therandom variable Y; follows a Poisson distribution with parameter p;. Thus, in conjunction

10



with (6) above, we get that, foreach: =1,..., M’

Yng!
ZC Z i ﬁ
n=C—A; LsyeY(n) yi! """ yppy!
B = Yar! ? (9)
Y1 M
ZC 3 P P
n=0 yeV(n) y! - Yppr!

where we define Y(n) = {y € Z}" : Zj\/lel Ajy; = n}.
Next we use the explicit expression in (9) and the LP Constraint (4) to uniformly bound customer

rejection probabilities, and obtain uniform and asymptotic performance guarantees of the CSP policy.

4.1 Identical Resource Requirements

In this section, we discuss the special case, in which the resource requirements of all classes are identical;
without loss of generality, A; = 1, foreach ¢ = 1,..., M. In this special case, in view of (6), the rejection
probabilities are identical for all classes 1,..., M’. Specifically, P, = P( éw:/l X = C), where Xy, as
before, denotes the stationary (random) number of class-k customers being served in the system under the

CSP policy.

Lemma 4.1 Consider the revenue management model with a single reusable resource and identical re-
source requirements, i.e., A1 = Ao = --- = Ay = 1. Without loss of generality, assume that there is no
fractional variable in the solution *, and that for each classi = 1,..., M' (M' < M), we have o} = 1.

Then, foreachi = 1,..., M’, the blocking probabilities P; has the following properties:
(i) P; <0.5 for all capacity values C' > 1.

(ii) The probability P; diminishes to 0 as C' grows to infinity, regardless of other parameters of the problem

such as the price rates, service time distributions and number of classes.

Proof: Recall that, in view of discussion above, probabilities P;s are the same and equal to blocking
probabilities in the corresponding loss network model described above. That is, P, = P( kai’ 1 X =0O).

We use the following identity

Z Pil Al _ (pr+ -+ par)"”

Y

R !
yey(n) Y1: Ym n
that holds for eachn = 0, ..., C. In conjunction with (9) above we obtain
(prt-tpp)©
Pi — Cl

ZC (p1tetppy)™ "
n=0 n!
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P
f(z) is increasing in z on (0, C]. This and Constraint (4) imply that

Consider the function f(z) = By looking on the derivative it is straightforward to check that

CC
P< . (10)
Cn
Zn =0 n!

_ccC
However, from the properties of the Poisson distribution, it follows that function g(C) £ ;L —a

Ynooe %
is decreasing in C'. One way to show this is by replacing z! using identity 6.1.38 from [1] first, and, then,
showing that function log(g(C)) is decreasing since its derivative with respect to C'is negative for all C' > 1.

More specifically, for any = > 0,
ol = V2ma e (1)

for some 6 € (0, 1). Then, it is not hard to show that, for all C' > 1,

1 1

< —
ac 18O = —55+ 5 <0

Thus, in view of the previous observation, the maximum value of g(C') is g(1) = 1/2. Moreover, expression
ZS:O %6*0 approaches 0 as C' grows to infinity (see 6.5.34 of [1]). Using Stirling approximation, we can

characterize the rate of convergence. Specifically, we know that

C
G 21
C Ck
k=0 kT \F
for large values of C'. This concludes the proof of the lemma. [

We have obtained the following theorem.

Theorem 4.2 Consider the revenue management model with a single reusable resource and identical re-

source requirements, i.e., Ay = Ay = --- = Ap; = 1. Then, for each capacity value C' the long-run
—ccC

e - .
CLew of the best achiey-
T

C
Zn:O €

able long-run expected revenue rate. In particular, the long-run expected revenue rate of the CSP policy

expected revenue rate of the CSP policy is guaranteed to be at least g(C') =

is guaranteed to be at least half of the best achievable, for all capacity values C' > 1. Moreover, the CSP

policy is asymptotically optimal as capacity C' grows to infinity.

In light of Theorem 4.2 above, we note that if C' = 1, it is usually straightforward to compute the optimal
policy. In fact, one can improve the performance guarantee of the CSP policy by solving the problem exactly
for small values of C, and apply the LP-based policy only for values of C, where it becomes computation-
ally intractable to compute the optimal policy. Taking this strategy will improve the overall performance

guarantee.
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We also note that the bound in Theorem 4.2 above is tight with respect to the LP defined by (3)-(5)
above. Specifically, consider the case where there is a single class with p;y = 1 = C. Clearly, the optimal
policy is to accept every customer as long as capacity permits. It can be verified that the expected long-run
revenue rate of the optimal policy is half the optimal value of the LP. Thus, there is no hope of proving
uniform performance guarantees stronger than half using the LP as the only upper bound.

Finally, note that the performance analysis presented above still holds if the price rate of each class is a

random variable with mean r;.

4.2 Non-identical Resource Requirements

In this section, we consider the case, where each class may have different resource requirement A; € Z..
Again, we assume without loss of generality that there is no fractional variable in a*, the optimal solution
of the LP, and that there are M’ < M classes with positive o variable. That is, o = 1, for each i =
1,..., M’ Ttis now clear that the respective rejection (blocking) probabilities P, . . ., Py are not identical.

In particular, by Theorem 2 of [4], for each i = 1,..., M’, the rejection probability P; can be expressed as

(M/ ) P(C— A<M Vidy <C)
Pi=P(Y XA >C— 4| = , . (12)
k=1 P(Zﬁl Vi Ag < C)

It follows that if A; > A; then P; > P;.

However, the analysis in this case is more involved compared to the analysis in the case with identical
resource requirements. The main difficulty comes from the fact that if there are several classes with different
resource requirements, then 224:/1 Y Ay, follows a compound Poisson distribution, whereas in the case of
identical requirements it follows a Poisson distribution. (In the latter case we can assume that all the resource
requirements are equal 1.) This makes the analysis significantly harder. Nevertheless, we will show that the
CSP policy is asymptotically optimal, even if the resource requirements are not identical.

Let A = max;—; v A; be the maximum resource requirement by a class. We shall show that all
blocking probabilities P, ..., Py diminish to zero as ratio C'//A” grows to infinity. In light of (12) and

the monotonicity of the blocking probabilities in the respective class resource requirement, it is sufficient

P(C—A<TM v, 4,<0)
P, YiAR<C)

we will show that P(C — A < Zﬁil YirAr < C) diminishes to 0, and that P(Zg; YiAr < C)is

to show that diminishes to 0 as the ratio C'/A” grows to the infinity. Specifically,

asymptotically at least 0.25 as the ratio C/A” grows to infinity. Indeed, this implies that the blocking
probabilities P, . .., Py diminish to 0 as the ratio C'/A” grows to infinity. We first focus on the case where

A= Zf\i/l pi > %. That is, the total traffic intensity is relatively high.

13



Lemma 4.3 Assume that A > %. Then probability P(C — A < Z]kvil Y Ax < C) diminishes to 0 as the

ratio C'/A* grows to infinity.

Proof: Without loss of generality, we assume that M’ < A. Otherwise, there are two classes with the same
resource requirement, and we can consider them in the analysis as one class with intensity equal to the sum of
the intensities of the original classes. (This will not change the probability P(C' — A < ZQ/; YiAr < C))
Thus, Amax; p; > \ > % and, therefore, there exists at least one class with p; > %; without loss of
generality, assume that M’ is that class. Let S be the set of all feasible states. Thatis, S = {y € Zﬂ\r/[ '
0< Zf\ill y;A; < C}. Let B C S be the set of all blocking states. That is,
M
B= {yGZ]f/ P C— A< ik gc}.
i=1
Let SM’ be the projection of S onto the space of the variables (y1, . .., yar—1). Specifically,
M'—1
SM’Z{yezf’—l NESY yiAigC}.
i=1
For each y € SM' let P(y) = Pr(Y1 = y1,...,Yar—1 = yar—1). Focus now on i/ € SM' and
consider the set of values of y,/, for which state (v, yas/) is a blocking state, i.e., (¢, yp) € B. Denote
this set by BM'(y/). By definition BM (i) = {yap € Zy : C — A < 25\1’1—1 YA + yur Ay < CY

We conclude that the set B’ (y/) consists of at most (ﬁ} < A consecutive integers. Moreover, since the

random variables Y7, ..., Y, are independent, it follows that
M/
P(c—A<ZYZ—Ai§C> = D P Y. PMuw=uyw) (13)
i=1 yesSM’ Y €BM (y)
ppzv{/
< maxP(z—A<Yy <z)< AM_ =P
z>0 pM/!

The first inequality follows from the fact that for each y € SM ", the set BM /(y) consists of at most A

consecutive integers and » yesSM’ P(y) < 1. (This is the sum of probabilities of disjoint events.) The second

inequality follows from the properties of the Poisson distribution. In particular, the maximum probability
Part ,

assigned to a specific value is at most %e*pM /, and as we have already seen, the set BM () contains at

most A values.

A Z 5. . . .
= Zre”? is monotone decreasing in z. This

Finally, it is straightforward to check that function h(z)
would follow from identical arguments used to justify monotonicity of function g(z) in the proof of Lemma

4.1. Then, since pp; > %, we obtain

M C gz
P(C—A<ZYZ~A1~§C>§A2A2€' e 347, (14)
i=1 2A%°
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where, for any positive z, z! satisfies identity (11). Moreover, using Stirling approximation, we know that
C
_C_ 542
the function 2453—¢ ~5az behaves like Vors
2A2 2 A

as C/A? grows to infinity. Therefore, as C/A* grows to

infinity, probability P(C' — A < Zle Y;A; < C) diminishes to 0. This concludes the proof of the lemma.

Next, we show that as C'/A7 grows to infinity, probability P(0 < Zf\ill Y;A; < C) is asymptotically at
least 0.25.

Lemma 4.4 Assume that X > %. Then probability P(0 < Zﬁﬁl Y A < C) is asymptotically at least
0.25 as C /A" grows to infinity.

Proof: Recall that random variable E,]ﬂvjz/l Y1 Ay, follows a compound Poisson distribution. Let W be a
Poisson random variable with parameter A = ng pi, and let @ be a discrete random variable that takes
value Ay, with probability pi /), foreach k = 1,..., M’. Next, we express random variable Z;:i/ 1 Yi Ay as
Z ~o @i, where {Q;}92, is a sequence of independent and identically distributed random variables equal
in distribution to @, and are independent of W. (It is easy to verify that random variable Zi:O Q; has the
same distribution as nyz/l Y. AL)

In order to prove the lemma, we develop two lower bounds for probability P(0 < Z}/ZO Qi < C); one
of the bounds is based on the Central Limit Theorem and the other on Chebyshev inequality. Then, we show
that, as the ratio C'/A” grows to infinity, at least one of the two lower bounds is asymptotically at least 0.25.

Clearly,

w w
P(ZQ@C) > P(W < \)P (ZQ¢§C|W§A> (15)
=0

=0
[A]
> PW < AP ) Qi<CW <A
1=0
[A]
= P(W < AP ZQl <C

The first inequality follows from the fact that we restrict attention only to event [W < A]. The second
inequality follows from the fact that @);’s are nonnegative, W is an integer-valued random variable and we
restrict attention to event [W < \|. The equality follows from the fact that W is independent of 21@0 Qi.
First, consider the last expression in (15) above. Focus on term P(W < \). By the properties of the
median of the Poisson distribution (see [22]), we know that P(W < \) > 0.5 — 0.5P(W = [A]). However,
we have already seen that probability P(WW = [A]) diminishes to 0 as A > % grows to infinity. Thus, it

follows that as % grows to infinity, probability P(T/ < \) is asymptotically at least 0.5.
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Next, focus on term ]P’(ZZLiJO i < C). From Constraint (4) it follows that C' > AE[Q1] > M| E[Q1],

and we obtain

(A 1)
YQi<c| =P (> (Qi-E@])<0

i=0 i=0
However, the random variables ;s are independent and identically distributed and |\| > % grows to
infinity. Thus, a Central Limit argument can be applied. In particular, we use the well-known Berry-
Essen bound to express deviation from the Normal distribution (see, for example, [5]). Specifically, let

02 = Var|Q] be the variance of Q and v = E[Q?] its third moment. (Both exist and are finite.) Then,
[AJ ~y
P (Qi—E[1]) <0) = @(0) 10—/
; CARVARY
i
= 05— 1——,
'S VIA

where 79 > 0 is a universal constant independent of @), and ®(x) is the cumulative distribution function of

(16)

the standard normal distribution. Since v < A3, we can extend (16) above to get ]P’(ZL)‘J (Qi — E[Q1]) <

0) > 0.5 — U;(\’;lm. Since A > £ 57 it follows that, as C/AT grows to infinity, and unless o2 is going to 0
faster than (C//A7)~1/2, the lower bound developed in (15) above approaches 0.25.

Note that we only assume that the ratio C'/A” grows to infinity, irrespective of other parameters of the
model (which can be arbitrary). In particular, we can not assume that o is a bounded from below. Indeed
the bound in (16) above becomes meaningless when o approaches zero faster than (C /A7)_1/ 2. Thus,
we develop the second lower bound for P(ZZO Qi < C) that is based on Chebyshev inequality, and is
strong when o is close to 0. Using similar arguments to those in (15) above, we can condition on event

[W < X — /)], and obtain

w A=V
P(Z@SC) > P(WgA—ﬁ)P Y <o), (17)
=0 =0

Focus on the first term P(W < A — v/A). We claim that, as A > % grows to infinity, the probability
P(W < X — /) approaches A = 0.5 — \/% We have already seen that P(W < \) approaches 0.5. Thus,
it is sufficient to show that P(A — v/A < W < \) is asymptotically at most \/%? However, by arguments
identical to the one used in the proof of Lemma 4.3 above, we obtain that POA—v/X < W < ) < &e_)‘\f)\.
Using Stirling approximation, we conclude that, indeed, P(A — v/ A < W < \) approaches W as A > 26;4
grows to infinity.

Now, we focus on the second term PP (E VAl Qi<C ) Observe that C > AE[Q)], the expectation
[ZM f } IA — VAJE[Q] and the variance Var [ZL)‘ VAl QZ} = |- ﬁj(ﬂ . Thus, by
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applying Chebyshev inequality, we derive

A=VAJ A=V
Pl > @>C| < P Y (Q—E@))>|VAEQ] (18)
=0 =0
(A= VA)o®

= Ao AEQ)?
< VAd?/(VA—-1),

where the last inequality follows from the fact that E[Q] > 1.
Now, if vVAo?/(VX — 1) < 1 —0.25/A, it follows that the lower bound developed in (17) above

approaches 0.25 as C'/A grows to infinity. Otherwise, we get

V=1
o

and the lower bound developed in (15) above is asymptotically at least 0.25 as C'/A7 grows to infinity. This

02> (1-0.25/A)

concludes the proof of the lemma. [

Lemmas 4.3 and 4.4 imply the following theorem.

Theorem 4.5 Assume that \ > 2%. Then the blocking probabilities P, . . ., Pyy diminish to 0 as the ratio
C/AT grows to infinity.

Finally, we discuss the case where A = Zﬁl pi < %. Using the notation introduced above, we wish

to show that probability P(ZZVL Q; > C — A) diminishes to 0 as ratio C'/A grows to infinity. Indeed,
P, Qi > C—A) <P(W > CA). i W < A it is clear that SW. Qi < C — Asince Q <
A.) However, by the properties of Poisson random variable (see 6.5.34 of [1]), it follows that probability
P(W > CTTA) diminishes to O as % grows to infinity. (The mean of W is at most %.) We have obtained

the following theorem.

Theorem 4.6 The CSP policy is asymptotically optimal for the revenue management model with single

reusable resource as the ratio C /A7 grows to infinity, regardless of other parameters of the problem.

We note that, for each fixed value of A one can use Lemmas 4.3 and 4.4 to derive uniform performance
guarantees similar to the one developed in Theorem 4.2.
4.3 A Comparison of the Performance Analysis with Existing Approaches

Next we would like to contrast our performance analysis with existing literature. As already mentioned,

there are several results that establish the asymptotic optimality of different policies. However, most if not
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all of the existing results assume at least one of the following: (i) simultaneous scaling of the arrival rates
and the capacity (That is, we set C,, = nC' and \,, = n), and let n grow to infinity.); (ii) other parameters
of the problem, such as the number of classes and resource requirements and service time distributions, are
kept fixed; (iii) (in some cases) exponentially distributed service time.

In contrast, our analysis holds for general service time distributions, and it only requires that the ratio
C/A” grows to infinity, letting other parameters of the problem, such as arrival rates, number of classes and
resource requirements, be arbitrary. The analysis highlights the fact that the most important characteristic of
the problem is the ratio between the capacity and the resource requirements of different classes. Moreover,
the fact that our performance analysis relies on the LP-based upper bound enables us to compute explicit
and uniform performance bounds. As we shall show in the next section this analysis extends to models with

multiple resources.

5 Extensions

5.1 Revenue Management Model with Multiple Reusable Resources

In this section, we show how to use ideas analogous to those used in the single resource case to extend the
CSP policy and the performance analysis to models with multiple resources. We present a packing-type LP
that provides an upper bound on the best achievable revenue rate and use its optimal solution to construct the
CSP policy and analyze its performance. As before we can use general Erlang formulas (see, for example,
Burman et. al. [4]) to express the stationary class rejection (blocking) probabilities. This is again used to
show the asymptotic optimality of the CSP policy in a way similar to the analysis of the single resource case
discussed in Section 4 above.

Let C; be the capacity of resource j = 1,..., N, and let A;; € Z, be the number of units of re-
source j requested by class 7. One can write a packing-type LP that provides a similar upper bound on
the best achievable revenue rate. Specifically, the objective is the same as (3), but we have a constraint
Zij\il a;p;Ai; < O, foreach j = 1,..., N. This LP can be solved and one can derive the CSP policy that
accepts class-¢ customer with probability «; as long as there is sufficient amount of available resources to
satisfy her/his requirement. In view of the discussion at the beginning of Section 4, one can extend the same

arguments to this case as well, and express the rejection probability of a class £ < M customer as

b P (Uﬁ-vzl{cj — Ay < 2pL YAy < Cﬂ‘) (19
k = )
P (ﬂﬁ-vzl{Zi”:l Yidyj < Ca‘})

where Yi, 1 < k < M, are independent Poisson random variables with mean values agpr, 1 < k <
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M. Next, note that for every 1 < 5 < N, random variable Zli\/[: 1 YkAkj follows a compound Poisson
distribution. Let W be a Poisson random variable with parameter A = Zle picy;, and let Q(j), 1<5<
N, be a discrete random variable that takes value Aj; with probability p/A. Next, we express random
variable Zgil YA, 1 < j < N, as Zzl ng), where foreach 1 < j < N, {Ql@ 20, is a sequence
of independent and identically distributed random variables equal in distribution to QUY) and independent of
wW.

First, we show that the numerator in (19) diminishes to zero as min; C;/ A;* approaches infinity, where
A; = maxi<k<n Axj. By union bound,

M N W
(o< Sas<al) <Soefa-a <3 o <a)

k=1 =0

Using arguments analogous to one used in the proof of Lemma 4.3, each summand on the right hand side
of the previous expression approaches zero as min;<;<n(Cj/ A4) approaches infinity. Since the number of
resources N is a finite constant, we obtain that IP’(UN G — A < Zk 1 Y Ag; < Cj}) diminishes to
zero as min; <j<n (Cj/AjJ) grows to infinity.

Next, we show that the denominator in (19) can be bounded by some positive constant as min; <<y C} / AJ7.

approaches infinity. In view of the previous discussions,

M w
P <m§_\/1 {ZYkAk] < CJ}) =P (ﬂjyl {Z Ql(]) < CJ}) )
k=1 =0

and, similarly as in (15), we lower bound this expression by conditioning on event [ < X — f(N)V/A],
)

with f(N) = N9, where a is the smallest positive real number such that N max; ® ( g ) < 1. (We use
®(x) to denote the tail of the standard normal distribution at z.) Therefore, we obtain
W A=F(NVA]
P <m§v_1 {Z QY < q}) >P(W < A— f(N)VAP | NN, SV <] o
1=0 i=0

Furthermore, by applying the union bound, we further lower bound the left hand side of (20) and get

[A=F(N)VA]

w
P(GL{ZQY)S@}) >P(W < A— f(N 1—211” Z QW >c;||. e
=0

Next, we show that both terms on the right hand side of (21) can be lower bounded by positive constants
as min; C; /A; approaches infinity. Before proceeding, we will differentiate between two cases: (i) A >
min; Cj/2A;, and (ii) A < min; C}/2A4;.

We first focus on the first case. Since W is a Poisson random variable, the probability P(WW <
A — f(N)VN) > P(Zzzzf (NVA] € > A), where {€;}i>1 is a sequence of independent exponentially
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distributed random variables with mean 1. Thus,

A= F(N)VX]
P(W <A — f(N)VA) > P doE@=A
=1
[A=F(N)VX]
> P Y (a—1)=f(N)VA
=1

(ZD\ fN)\f1( 1) ( ) \/X )
f(N
VA= f(N VA= F(N)VA]
f(N)ﬁ o
A= F(NWVA) A= FNVA -

where in the last inequality we applied Berry-Essen inequality analogously as in (16). Now, if min; C;/ AJ7-

>

grows to infinity, then A\ > min; C;/2A; grows to infinity as well, implying that P(TW < X\ — f(N)V\)
approaches ®(f(N)). Finally, since the number of resources N is finite, ®(f(N)) > 0.

Next, we shall show that the sum in the second term of (21) can be upper bounded by a constant less than

1 as min; C; /A7- approaches infinity. In particular, we upper bound each summand P(Z}i{f (N)VA] Ql(j ) >

Cj), 1 < j < N. Define a = Var[Q(j)]. Then, similarly as in the proof of Lemma 4.4, depending

—-1/2

on whether a]- approaches zero faster than (C) /A;) , or not, the upper bound is based on Chebyshev

inequality, or Berry-Essen bound. In particular, by Berry-Essen inequality and AE[Q()] < C, we obtain

A=F(NVA] A—f(NVAL
P S QVsc| <P S (@Y —EQY)) > F(N)VAEQUY)] (22)
=0 =1

SRIVIN QW) _g[QW)))  f(N)VARQY)]

o;l\/A = F(IN)VA oiv/A— F(NVA
(N)WVA

>
- NIVAE[QW) A3
_gSOOVABRQULY A
oA — F(N)VA a3 A= F(N)VA
Now, when A > C;/2A; and O’? does not go to zero faster than (C;/ A;-)*l/ 2, we apply the bound in (22)
and obtain that P° (ZL)‘ SNV Ql(j ) > Cj> does not exceed ®(f(N)/A;) as C; /A]7 approaches infinity.

<P

On the other hand, if oj approaches zero faster than (C;/ A;) —1/2 we apply Chebyshev inequality (using
the facts that AE[QU)] < C; and E[Q\)] > 1) to obtain

A—F(NVA] A—F(NVA] | |
P SV sc|<p S QY —EQY)) > F(N)VAEQUY)] (23)
=0

< 7\&_ f(N)Jz.
T (F))PVA
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It follows that if 0]2- satisfies

(VA= 1N) _ (f(zv))
(FIN)AX Aj )
then bound (23) implies that the probability [P (Z}iaf (NIVAJ ng ) > Cj> does not exceed ®(f(N)/A;) as
C;/ A]7- approaches infinity. Otherwise, the same asymptotic upper bound holds by (22).
Finally, we show that when A > min; C;/2A; and min; C; /A]7 approaches infinity, then for each 1 <
j < N, the probability P (Z}iaf (N)VA] Q,Ej ) > Cj) does not exceed asymptotically ®(f(N)/A;). Given
the assumption that N max; ®(f(N)/A;) < 1, the asymptotic lower bound for P(W < X — f(N)V\)
derived above, and (21) above, it follows that P (ﬂévzl {szzo Ql(j ) < C}}) can be lower bounded by a
positive constant as min; C; /A]7 approaches infinity.
In a way similar to one used in the case with a single resource with non-uniform requirements, we show
that when A < min; C;/2A,, then for each 1 < j < N, the probability P(Y1Y, Q) > C}) < P(W >
C;/A;) diminishes to zero as C'j /A; approaches infinity. This implies that the probability P (ﬂéyzl {ZIVL Ql(j) < Cj })
1-— Zjvzl P (ElVL Ql(j ) < Cj) approaches 1 as min; C} /Aj7 approaches infinity. This concludes the anal-

ysis in the multiple resource case.

5.2 Price-Driven Customer Arrivals

In this section, we consider an extension of the model discussed in Section 2, in which the arrival rates of
the different classes of customers are affected by prices. Specifically, consider a two stage decision. At the
first stage we set the respective prices 71, . . ., 7ps for each class. This determines the respective arrival rates
A1(r1)y .., Apr(rar). (The rate of class i is affected only by price 7;.) Then, given the arrival rates, we wish
to find the optimal admission policy that maximizes the expected long-run revenue rate. In particular, we
assume that \;(r;) is nonnegative, differentiable and decreasing in r; for every 1 < ¢ < M. In addition,
there exists a price, say ', such that for each ¢ = 1,..., M, we have \;(r) = 0 for r > 7.

Using arguments analogous to the discussion in Section 3, we construct an upper bound on the achievable

expected long-run revenue rate through the following nonlinear program (NLP1):

M
M
S.t. ZO&Z‘,OZ' (T’l)Al <C (25)
=1
0<ap<1, V1I<i<M. (26)
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As before, for each i = 1,..., M, define p;(r;) = A;(r;)u;. In particular, it can be verified that any
optimal solution of (NLP1) has only nonnegative prices. Also, observe that for any fixed prices 71, ..., 77,
the corresponding solution of ay, ..., aps has the same knapsack structure defined above. We renumber
the classes according to decreasing order of ratio 7;/A;, 1 < ¢ < M, and denote the optimal prices by
r* = (r],...,ry). Leta® = (of,...,aj};) be the corresponding optimal « values. Then, for some

M’ < M, the vector o* has the following structure:
aj=1,...,ay_ 1 =10< o}y <L, aqp =0,...,05, =0. (27

Note that if one can solve (NLP1) and obtain the solution (7*, &™) then one can construct a similar CSP
policy that will be amenable to the same performance analysis discussed in Section 4 above. However,
solving (NLP1) directly may be computationally hard. Next, we show that under relatively mild conditions
imposed on the functions \1(71), ..., Ay (7ar), one can reduce (NLP1) to an equivalent nonlinear program
that is more tractable and we denote by (NLP2). (By equivalent we mean that they have the same set of

optimal solutions.) consider (NLP2) as follows:

M
ipi(Ti 28
2 ripi(ri) e8)
M
sty pi(r)A; <C (29)
=1

It can be readily verified that as long as p;(r;) is nonnegative (and decreasing) it is always optimal to have

nonnegative prices.

Lemma 5.1 The programs (NLP1) and (NLP2) are equivalent.

Proof: First, we show that for each solution r = (r1,...,ry) of (NLP 2), we can construct a solution of
(NLP1) with the same objective value. Specifically, consider solution (r/, &), such that 7’ = r and o, = 1
if and only if 7;p;(r;) > 0. It can be verified that the resulting solution is feasible for (NLP1) and has the
same objective value.

Next, we show how to map optimal solution (7%, a*) of (NLP1) to a feasible solution of (NLP2) with the
same objective function. Foreachi =1,..., M’ —1,setr; = rf, and foreachi = M'+1,..., M setr; =
Too- It is clear that, for each i £ M’ — 1, the resulting contributions to the objective value and Constraint (29)
are the same as in (NLP1). Consider now possibly fractional ;. The respective contribution of class M’ to
the objective value is o}, 77}, paar (13,). Similarly, the contribution to Constraint (29) is o}, par (rj‘vp)A M-
Thus, it is sufficient to show that there exists a price 7, such that rap par (rae) > oy pae (7h,) and

o (g ) A < Ny PMY (T’}F\/[/)AM/.
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Since vy, pa (Thy) > i P (), by the continuity and monotonicity of Apg/(ras), we know

that there exists 7 € [r},/, 7o) such that 7oy (7) = a7 par (73). Note that 7 > 773/, and, therefore,

we obtain
o (T) < Tpa (T) = iy par (Tage)-
We conclude that pys/ (7) < oy par (1734/), which concludes the proof of this lemma. |

Lemma 5.1 above implies that instead of solving (NLP1) we can, instead, solve (NLP2). However,
(NLP2) is computationally more tractable, and can be solved relatively easy in many scenarios. Specifically,
if we Lagrangify Constraint (29) with some Lagrange multiplier O, then, the resulting problem is separable

inry,...,ryp. Specifically, we obtain

max Z (ri — ©A;)pi(ri).

ri€lOAire) ) S

If the separable maximization problem from above can be solved and the resulting solution is feasible
with respect to Constraint (29), we obtain the solution to the KKT conditions. (Observe that the linear
qualification constrains always hold in this problem.) In fact, one aims to find the minimal © for which the
resulting solution satisfies Constraint (29), and this can be done by applying bi-section search on interval
[0, 7o0]. The complexity of this procedure depends on the complexity of maximizing (r; — ©A;)p;(r;) for

each 1 <1 < M. It is not hard to check that there are at least two tractable cases are:
e p;(r;) is a concave function on [0, 7] for every 1 < i < M;
e p;(r;) is convex, but r;p;(r;) is a concave function on [0, 7], for every 1 < ¢ < M.

In both of the two previous cases, objective functions (r; — O A;)p;(r;), 1 < i < M, are concave and could

be solved using standard methods.
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