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Abstract

We consider a call center model with a callback option, which allows to transform an inbound call
into an outbound one. A delayed call, with a long anticipated waiting time, receives the option to be
called back. We assume a probabilistic customer reaction to the callback offer (option). The objective of
the system manager is to characterize the optimal call scheduling that minimizes the expected waiting
and abandonment costs. For the single-server case, we prove that non-idling is optimal. Using a Markov
decision process approach, we prove for the two-server case that a threshold policy on the number of
queued outbound calls is optimal. For the multi-server case, we numerically characterize a switching
curve of the number of agents reserved for inbound calls. It is a function of the number of queued
outbound calls, the number of busy agents and the identity of jobs in service. We also develop a Markov
chain method to evaluate the system performance measures under the optimal policy.

We next conduct a numerical study to examine the impact of the policy parameters on the system
performance. We observe that the value of the callback offer is especially important for congested situ-
ations. It also appears that the benefits of a reservation policy are more apparent in large call centers,
while they almost disappear in the extreme situations of light or heavy workloads. We moreover observe
in most cases that the callback offer should be given upon arrival to any delayed call. However, if balking
and abandonment are very high (which helps to reduce the workload) or if the overall treatment time
spent to serve an outbound call is too large compared to that of an inbound one, there is a value in

delaying the proposition of the callback offer.

Keywords. Call centers, callback option, routing optimization, queueing systems, Markov chains,
Markov decision processes, switching curve, reservation policy, blending operations, performance mea-

sures.

1 Introduction

Context and Motivation. Call centers serve as the public face in various areas and industries: insurance
companies, emergency centers, banks, information centers, help-desks, tele-marketing, just to name a few.
The success of call centers is due to the technological advances in information and communication systems.
The most used form of communication is the telephone. However, in the context of highly congested call

centers, the use of alternative service channels can be proposed to customers so as to better match demand



and capacity. Alternative channels could be email, chat, blog, or postponed callback service. We focus on
this last alternative. The idea is that customers, who are expected to experience long waiting times, receive
the option to be called back later. This leads to a contact center with two channels, one for inbound calls
(inbounds), and another for outbound calls (outbounds). The recent study of ICMI (2013), based on the
analysis of 361 large contact centers, reports that 76% of them use the outbound channel.

The flexibility of the callback option comes from the willingness of some customers to accept future
processing. The call center can then make use of this opportunity to better manage arrival uncertainty,
which in turn would improve the system performance. An illustration of callback option benefits is provided
in Figure 1. The figure gives simulated performance measures of a call center example with various levels
for the use of the callback option. We consider a non-idling system where inbounds have a non-preemptive
higher priority over outbounds. We observe that the expected waiting times of inbound and outbound calls
are considerably improved by using the callback option. For instance, the expected waiting time of inbounds
could be divided by around 20 (it decreases from 8 minutes and 55 seconds to 23 seconds) while only 10%

of arriving calls choose to be called back.
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Figure 1: Effect of the callback option on performance (arrival rate = 5.5, service rate = 0.2, number of
agents = 28)

The unpredicted and flexible call center environment offers the potential for a routing optimization that
would lead to a significant operational improvement. It is a non-expensive approach compared to staffing
optimization (Gans and Zhou, 2003; Aksin et al., 2007). One important question for managers in our context
is how should be the routing rule of jobs that would ensure non-excessive waiting times for both job types,
i.e., upon a service completion, should the agent handle an inbound or an outbound call? when should
be proposed the callback offer? We address these questions under a queueing modeling framework and a
probabilistic customer reaction to the callback option.

A call center where agents simultaneously handle inbound and outbound calls is commonly referred to as
call blending. The key distinction of call center problems with blending comes from the fact that outbound
tasks have less urgency relative to inbound calls. Blended operations problems have led to research on
performance evaluation (Bernett et al., 2002; Pichitlamken et al., 2003; Deslauriers et al., 2007), staffing
(Pang and Perry, 2014) and analysis of blending policies (Gans et al., 2003; Bhulai and Koole, 2003; Armony
and Maglaras, 2004a; Armony and Ward, 2010; Legros et al., 2013, 2015b). Because of the lack of service level



requirement on outbounds, it is best to give higher priority to inbounds. Moreover, to reduce the number
of inbounds who may experience long waiting before service, one has to guarantee that there is sufficient
idleness in the system. In the patent of Dumas et al. (1996), based on extensive simulation experiments,
it is shown that blending inbound and outbound calls and employing a threshold policy, ensure that the
outbound throughput rate is met while waiting times of inbounds are very short. It is also shown that
blending the two types of calls in one pool requires less agents than employing two distinct pools. Bhulai
and Koole (2003) and Gans and Zhou (2003), prove this optimal control, which is of threshold type, when
the service rates of the two types of jobs are equal. More precisely, they show that it is optimal to schedule
outbound tasks only when no outbounds are in the queue and the number of idle agents exceeds a certain
threshold.

In the case of a callback option, this policy can not be directly applied. The reason is that the above
literature considers an infinite amount of non-priority jobs. In a call center with a callback option, the
number of customers waiting to be called back has to be finite in order to avoid infinite waiting. The routing
policy should then account for the length of the callback queue. Another difference, compared to cases with
classical infinite amount of outbound tasks, is that inbound and outbound arrivals are negatively correlated.

This requires further analysis, and may lead to different managerial recommendations.

Contributions. We consider a call center with a single customer type. A delayed call, with a long antici-
pated waiting time, receives the option to be called back. We develop a modeling that accounts for balking,
abandonment, probabilistic customer reaction to a state-dependent delay information, unequal service re-
quirements for job types, and the eventual non-availability of a called back customer. The objective of the
system manager is to find the optimal call scheduling policy that minimizes the expected operating costs of
inbounds and outbounds. The control actions concern the number of agents reserved for inbounds and the
system state situations at which the callback offer should be proposed.

We distinguish three main contributions. The first contribution is related to the agent reservation policy.
We prove for the single-server case that non-idling is optimal. Using a Markov decision process (MDP)
approach, we prove for the two-server case with equal service requirements that a threshold policy on the
number of queued outbounds is optimal. Based on the two-server result, we conjecture for the multi-server
case that the optimal policy is of switch type. The number of agents to reserve for inbounds depends on the
number of queued outbounds, the number of busy agents and the identity of jobs in service. Moreover, we
examine the impact of the system exogenous parameters on the agent reservation policy. We observe, for
example, that a reservation policy is not likely to be used under light or heavily loaded situations.

The second contribution is the performance analysis under the optimal reservation policy. The perfor-
mance measures of interest are related to the job type waiting times and abandonments. We develop a
controlled numerical approximation to obtain these performance measures for the general modeling. For
various particular cases, using a Markov chain method, we go further by providing either exact numerical
algorithms, or closed-form expressions for the performance analysis.

The third contribution is the analysis of the impact of the policy parameters on performance. We derive



the first and second monotonicity results in the number of agents for the performance measures in the
non-idling case. These results support that the benefit of a reservation policy is more apparent in large
call centers. Moreover, in most cases, the callback offer should be given upon arrival to any delayed call.
We prove this result in the non-idling case using first order monotonicity results. However, if balking and
abandonment are very high (which helps to reduce the workload) or if the overall treatment time spent to
serve an outbound call is too large compared to that of an inbound one, there is a value in delaying the

callback offer to all customers.

Literature Review. There is a rich literature on the operations management in call centers. We refer the
reader to the two surveys by Gans et al. (2003) and Akgin et al. (2007). For a background on the specific
context of multi-channel call centers, we refer the reader to Chapter 7 in Koole (2013).

As mentioned above, there are only few papers dealing with routing strategies in the context of a finite
amount of callbacks. The first two papers directly addressing the problem of the callback option are by
Armony and Maglaras (2004a,b). The authors consider a model in which customers are given a choice of
whether to wait online for their call to be answered or to leave a number and be called back within a specified
time or to immediately balk. Upon arrival, customers are informed (or know from prior experience) of the
expected waiting time if they choose to wait and the delay guarantee for the callback option. Their decision
is probabilistic and based on this information.

Under the heavy-traffic regime, Armony and Maglaras (2004a) develop an estimation scheme for the
anticipated real-time delay. They also propose an asymptotically optimal routing policy that minimizes
real-time delay subject to a deadline on the postponed service mode. In Armony and Maglaras (2004b),
the authors develop an asymptotically optimal routing rule, characterize the unique equilibrium regime
of the system, and propose a staffing rule that picks the minimum number of agents that satisfies a set
of operational constraints on the performance of the system. To the contrary to Armony and Maglaras
(2004a,b), we account here for the feature of abandonment, unequal service requirements and the possible
non-availability of an outbound call. Yet, our modeling is restricted to policies with strict non-preemptive
priority for inbounds. Armony and Maglaras (2004a,b) consider instead a state-dependent priority policy.

Two recent papers are by Kim et al. (2012) and Dudin et al. (2013). Kim et al. (2012) consider a call
center model with a callback option where the queue capacity for inbounds is finite. As in our modeling,
customer balking and abandonment are allowed. The authors provide an efficient algorithm for calculating
the stationary probabilities of the system states. Moreover, they derive the Laplace-Stieltjes transform of
the sojourn time distribution of virtual customers. Dudin et al. (2013) consider a slightly different modeling,
where lost customers are called back. There are two agent teams, one that handles in priority inbounds, and
another one that handles in priority outbounds. They compute the stationary probabilities, and deduce the
system performance measures. They also numerically address the staffing issue for the two teams.

Our approach differs from those in Armony and Maglaras (2004a,b); Kim et al. (2012); Dudin et al. (2013)
since we allow for agent reservation strategies. We also allow to control the proposition of the callback offer,

whereas in all above references this option is proposed to all customers. Other papers considering finite



amounts of outbound tasks are Armony and Ward (2010) and Gurvich et al. (2009). They study call centers
that exercise cross-selling. The cross-selling phase is initiated by the agent and can thus be considered as a

type of outbound work in finite number. However, these are less related to our specific context of callbacks.

Structure of the paper. The remainder of this paper is structured as follows. In Section 2, we describe
the call center model with a callback option. In Section 3, we address the optimal routing problem for
outbound calls. In Section 4, we evaluate the performance measures under the optimal reservation policy.
In Section 5, we use the optimization and performance measures results to examine the impact of the policy
parameters on performance. We then provide conclusions and highlight future research directions. Part of

the proofs of the results of the main paper are given in the appendices and the online supplement.

2 Model Description

We consider a call center modeled as a multi-server queueing system with s identical, parallel servers (agents).
The call center handles two types of jobs: inbound calls (type 1 jobs or inbounds) initiated by customers,
and outbound calls (type 2 jobs or outbounds) initiated by agents. Each agent can handle both types of
jobs. Type 1 jobs request for a real-time service, while type 2 jobs are customers with a postponed service.
A job 2 customer is originally a job 1 customer that has chosen to be called back. The real-time service
is more important in the sense that the waiting time of an inbound call should be in the order of seconds
or minutes, whereas the postponed service could be delayed for several hours. This is the attractive aspect
for using the callback option. It allows to create a flexibility by delaying some of the workload for future
processing, which would improve the system performance.

The arrival process of inbounds is assumed to be a homogeneous Poisson process with rate A\. Inbound
calls arrive at a dedicated first come, first served (FCFS) queue with infinite capacity, denoted by queue
1. We assume that the service times for inbounds are i.i.d. and exponentially distributed with rate ;.
Customers in queue 1 can be impatient. After entering the queue, a customer will wait a random length of
time for service to begin. If service has not begun by this time, the customer will abandon. Times before
abandonment for inbounds are assumed to be i.i.d. and exponentially distributed with rate 8. Because of
the flexibility of type 2 jobs, the system manager allocates more capacity to real-time service. Type 1 jobs
have therefore a strict non-preemptive priority over type 2 jobs, which means that if an agent is busy with a
job 2, the agent will finish first this job before turning to a newly arrived job 1. The non-preemption priority
rule is coherent with the common call center practice, where it is not appropriate to interrupt a conversation
with a low priority customer. In addition, we allow for agent reservation policies for inbounds. In other
words, we allow an agent to remain idle when queue 1 is empty and queue 2 is not. This may reduce the
waiting time of future inbound arrivals. For similar multi-channel call center situations, agent reservation
policies have been shown to be efficient (Bhulai and Koole, 2003; Legros et al., 2013).

If a customer accepts to be called back, she virtually joins a FCFS queue, denoted by queue 2. Due
to the nature of the outbound demand, we consider for this customer, the three possibilities as follows.
With probability 71, she has exactly the same need as the one she had when she first made her call. In

this case, the service time is assumed to be exponentially distributed with rate p; (similarly to an inbound



customer). With probability ro (11 4+ r2 > 0), she has already resolved her problem or a part of it. Hence,
her service time may be shorter. We assume in this case that the service time is exponentially distributed
with rate ps (ug > p1). Finally, with the remaining probability 1 — r; — 79, the outbound customer is not
available, and an agent will try again to call her back later on. To handle such a situation, we assume that
the agent spends a random duration assumed to be exponentially distributed with rate ps. This duration
corresponds to the required time to leave a message to the customer, and to place her back in the queue

at the last position (she will be called back when she will again reach the first position under the FCFS rule).

Description of the call back option. The state of the system at a given time ¢ is defined by four variables:
T, Y, S2, S3, where x is the number of inbounds in queue 1 or in service plus the number of outbounds in
service with the same service time requirement as inbounds (service rate u1), y is the number of outbounds in
queue 2, s is the number of agents busy with outbounds that require a fast service (service rate p2), and s3
is the number of agents handling non-available outbound situations (rate usz), for z,y > 0 and 0 < s5, 83 < s.

Consider a newly arriving inbound call. If at least one agent is available, the customer immediately
starts service. If all agents are busy and the number of waiting calls in queue 1 is strictly lower than a given
threshold, denoted by k € N, a delay information is announced to the customer. The delay information
is based on the system state. We do not restrict the model to a specific type of information: it could be
the length of queue 1, the expected value or some quantiles of the waiting time, etc. The new inbound
customer then reacts to the delay information. She either balks (immediately leaves the system) with
probability ag s,,s,, or joins queue 1 with probability 1 — oy s, s, Where she may abandon or start service
after some time duration. We assume that the probability o, s, s, increases in the announced delay, i.e.,
Olpt1,50,55 = Olp 59,55, 10T 8 < T+ 82+ 53 < s+ k, 0 < sg,s3 <s. Note that the probability ay s, s, could be

chosen constant for the case with no delay information.

N
k
X,S2,53 ﬁ
A
U1, Uy

Queue 1

Qx,s,,55
A4
Queue 2

Figure 2: The callback option model

If the number of waiting calls in queue 1 is higher than or equal to k, the system provides a delay infor-
mation as well as a callback option. Exceeding the threshold k& captures the fact that customers are likely
to experience too long waiting times in case they would request for a real-time service. The delay informa-

tion is system state-dependent. Concretely, the new inbound customer have the following three possibilities



upon her arrival: she balks (immediately leaves the system) with probability o s, ss, Or she chooses the
callback option and virtually joins queue 2 with probability ¢, s, s,, or she joins queue 1 with probability
1 — Gp,s0,85 — Oz 55,85, TOT T + 52+ 53 > s+ k, 0 < 59,53 < 5. Again, we assume that op41,sy,65 > O sy,s4
and ¢z41,sy,55 = Qv,59,55 10T T+ 52+ 53 > s+ k and 0 < s9,53 < s. Also, the quantities o 5, s, and ¢z s, 55
could be chosen constant for x + so + s3 > s+ k, 0 < s3,s3 < s. In such a case, we will then simply write

them as « or ¢ to simplify the presentation. An illustration of the model is given in Figure 2.

Problem formulation. Let us first define the performance measures of interest. We denote by Wy, Wy
and W the random variables measuring the stationary waiting time of served inbounds in queue 1, the
stationary waiting time of outbounds in queue 2, and the unconditional stationary waiting time in the queue
of an arbitrary job (inbound or outbound), respectively. We also denote by P, the stationary proportion of
inbounds that leave the system without service either by abandoning queue 1, or by balking upon arrival.
The stationary proportion of inbounds that balk upon arrival is defined as P,. We finally denote by 1 the
stationary probability that a new inbound call becomes an outbound one.

We consider an economic framework based on the holding costs of jobs 1 and 2, and the cost of lost calls
(because of balking or abandonment). The objective of the system manager is to characterize the optimal

routing policy which minimizes the expected system cost, denoted by SC, and given by

SC = ’ylE(Wl) + ’)/QE(WQ) + ’)/3Pa,

where 71, 72 and 3 are the cost parameters, and where E(Z) is the expected value of a given random
variable Z. We assume that v; > 72 to give more importance to the waiting time of inbounds than that
of outbounds. The control parameters for the call center manager are the threshold k£ for queue 1 which
characterizes the callback option, and the agent reservation policy for inbounds.

For a given state (z,y,s2,s3) (0 < x4 s9 + s3 < s and y > 0), there are two possible actions: the
first one is to serve an outbound call and move to state (z + 1,y — 1, s2, s3) with probability 71, or to state
(x,y — 1,82 + 1, 83) with probability o, or to state (z,y — 1, s2, s3 + 1) with probability 1 — r; — ro; the
second one is to keep the first outbound in line in queue 2 and stay at state (x,y, s2,s3). The knowledge
of the optimal actions at each state defines a function denoted by c(z,y, s2,s3). The curve of this function
separates the states where the optimal action is to serve an outbound call from those where it is optimal to
keep an outbound call in queue 2. The function c¢(z,y, s2, s3) defines therefore the agent reservation policy.
It will be characterized in Section 3. A summary of the model notations is given in Table 1.

The call center model described above is referred to as Model G (general model). Because of its complexity,
we define submodels that correspond to various special cases, for which it is easier to observe and prove
insights. We denote by Model A the submodel where outbounds have the same service rate as inbounds and
these are available when they are called back (r; = 1 and ro = 0), by Model B a submodel of Model A
where inbounds are infinitely patient (8 = 0), by Model C a particular case of Model B where the balking

and callback parameters are assumed to be constant (for example when no information is given to arriving



Table 1: Model notations

System state description

T Number of inbounds in queue 1 or in service plus number of outbounds (with the same service
requirement as inbounds) in service
y Number of outbounds in queue 2
S2 Number of agents handling fast-served outbounds
53 Number of agents handling non-available outbound situations
Exogenous parameters
A Arrival rate of inbounds
s Number of agents
1 Probability that an outbound call has the same service requirement as an inbound one
9 Probability that an outbound call has a shorter service requirement than an inbound one
1—7r1—1r2 Probability that an outbound call in queue 2 is not available
n1 Service rate of inbounds, and also a part of outbounds with the same service requirement
2 Service rate for fast-served outbounds
w3 Service rate for handling non-available outbounds
B Abandonment rate for each inbound call in queue 1
Q. 59,53 Probability that a new inbound call balks upon arrival
Q.55 Probability that an inbound call accepts the callback offer upon arrival
Control parameters
k Threshold on the length of queue 1, at which we start to propose the callback offer

c(x,y, s2,53)

Curve for the agent reservation policy

Performance Measures

L4

Proportion of inbounds that accept the callback offer

P, Proportion of inbounds that leave the system without service (after a balking or an abandonment)
E(Wh), E(W2), E(W) | Expected waiting time for served inbounds in queue 1, expected waiting time for outbounds in
queue 2, and unconditional waiting time in the queue of an arbitrary job (inbound or outbound),
respectively

customers). We also define Model NI (non-idling model) a submodel of Model G where idling is not allowed
(i.e., the first outbound call in queue 2 starts service as soon as an agent becomes available and queue 1 is

empty). An illustration of the submodels is depicted in Figure 3.

Non Idling

Model A

Model NI

Model G

Figure 3: The submodels

Markov decision process approach. For Model G, we formulate the routing problem as a Markov
decision process (MDP). Since we are considering long-term average performance, it is optimal to schedule
jobs at arrival, service completion or abandonment times. If it is optimal to keep a server idle at a given

time, then the action remains optimal until the next event in the system. This result follows directly from



the continuous-time Bellman equation (Puterman (1994), Chapter 11). Therefore, it suffices to consider the
system only at arrival, service completion or abandonment times. Due to the call abandonment in queue
1, the total event rate is not bounded. We therefore use the traditional approach where we assume that
queue 1 has a limited capacity N (N > 0). The parameter N is chosen high enough to approximate the
real system. The total event rate is then uniformly bounded by A 4+ smax(u1, 12, u3) + N3, and without
loss of generality, we assume that it is equal to one. We next use the well known uniformization technique
(Puterman (1994), Chapter 8), which allows to apply discrete-time dynamic programming to characterize
the optimal routing policy.

The possible actions for an agent just after a service completion (and queue 1 is empty) are either to
remain idle, or to serve an outbound call if queue 2 is not empty. We choose to formulate a 2-step value
function, in order to separate transitions and actions and simplify the involved expressions. We define the
sequences U, (z,y, $2, s3) and V;,(x,y, s2, s3) over n steps, for n,z,y > 0 and 0 < s9,83 < s. For n > 0, we

have

Un+1(2,y, 52,83) = 71(z + 52 + 53 — 8) " + 72y (1)
+ A [1(0§I+52+53<S)Vn(z +1,y, s2,s3)
1 (s<atsotsz<stk) (1 = Qzsp,55)Va(T + 1,y,52,83) + Qz,59,55 (Va (2,9, 52, 53) +73))
+ L(sth<atsotss<stN)(@o,52,53 Vo (T, Y + 1,82,83) + Q59,53 (Va (2, ¥, 52, 53) + 73)
+ (1 = gu,s9,55 — Qa,s9,53)Vn (2 + 1,9, 52, 53))
F1l(atogtsz=stN)(AN=1,50,55 Va (@, ¥ + 1,82, 83) + (1 — qN—1,5,55) (Ve (@, ¥, 52, 53) + 73))]
+ B(z + s2 + s3 — 5)+(Vn(z —1,y,52,83) +7v3) + min(s — s2 — s3, )1 Va(z — 1, vy, s2, $3)
+ sop2Vn(z,y,s2 — 1,83) + sapusVn(z,y + 1,852,853 — 1)

+ (1 —A—B(x+s2+s3 —s)T —min(s — sz — s3, )1 — Sap2 — 53,u3) Va(z,y, s2,s3), for z,y >0, and 0 < s2,s83 < s,
where 1(,¢ 4) is the indicator function of a subset A, and

Vn+1($, Y, 52, 33)

=min(riUn41(z + 1,y — 1,82,83) + roUnt1(z,y — 1,52 + 1,83) + (1 = r1 — ro)Upy1(z,y — 1, 52,53 + 1), Upy1(x, y, s2,53)),

fory > 0and 0 < z+s24s35 < s and V,,11(,y, S2, 83) = Uny1(2,y, S2, $3) in the remaining cases. We choose
Vo(z,y, s2,83) = Up(z,y, s2,83) =0, for x,y > 0, and 0 < s5 + s3 < s. The transitions at boundary states
T+ s+ s3 = N are chosen such that the monotonicity properties of the value functions are maintained. The
value of this choice is proven in the proof of Theorem 1 in Section 3.2. Another possibility to maintain the
monotonicity properties is to use the smoothed rate truncation as proposed by Bhulai et al. (2014), however,
this would imply a more complicate expression of the value functions in our setting.

The long-term average optimal actions can be obtained through value iteration, by recursively evaluating
V., using Equation (1), for n > 0. As n tends to infinity, the minimizing actions converge to the optimal
ones (Puterman, 1994). For 0 < x4 s2 + s3 < s and y > 0, the minimizing action is chosen between keeping
an outbound call in queue 2 or starting the service of this call. For x + so + s3 > s, we do not consider any

control action because of the priority for inbounds (i.e., no possibility of having an idle agent while a call is



waiting in queue 1).

3 Optimal Agent Reservation Policy

We consider the single, the two-server and the multi-server cases. For the multi-server case of Model G, we
first prove a preliminary result stating that when all agents are idling and queue 2 is not empty, then it is
optimal to serve at least the first outbound call in line. A corollary of this result is that non-idling is optimal
in the single-server case. In the two-server case, we prove in Theorem 1 the optimal reservation policy for
Model A. It is a threshold policy on the number of waiting outbounds in queue 2. For the multi-server cases
of Models A and G, we conjecture that the optimal routing follows a state-dependent threshold policy, i.e.,
a switching curve. For Model A, the switching curve is only based on the number of outbounds in queue 2
and the number of busy agents. In addition to that, for Model G, the optimal policy depends on the number
of each job type in service.

The result for the multi-server case is intuitive and a standard extension, in MDP problems, of the
proved result in the single and two-server cases. It is however very hard to obtain a proof because of the
growing dimensionality of the underlying state space and the problem set down by the departure term.
This proof is related to a well known fundamental queueing control problem, for which no rigorous proof
does exist yet. We believe that our proof for the two-server case should give some indications that would
motivate future research. This open question consists in showing the propagation of a monotonicity relation
through the minimizing operator. In Remark 1 inside the proof of Theorem 1 in Appendix A, we provide
the mathematical details of what should be proven to rigorously obtain the multi-server result. It reduces to
that for the well known routing problem in the heterogeneous multi-server queue, where the objective is to
find a non-preemptive routing policy that minimizes the long run average time in the system (Hajek, 1984;
Lin and Kumar, 1984; de Véricourt and Zhou, 2005). For a background on this question, we refer the reader

to Koole (2007).

3.1 Preliminary Result

Proposition 1 provides a preliminary result for Model G.

Proposition 1 In the multi-server case of Model G, if all agents are idling and queue 2 is not empty, then

it is optimal to serve at least an outbound call.

Proof. For v, > 0, it is clear that an outbound call in queue 2 has to be served at one point. Otherwise,
queue 2 would contain an infinite number of outbounds due to the FCFS rule. Therefore, a policy which
would not serve an outbound call can not be optimal. We next prove that the best situation for the service
of an outbound call is when all agents are idling. Serving an outbound call always improves the performance
of outbounds whether this outbound call is served when all agents are idling or in another situation. An
outbound taken in service would deteriorate the performance of inbounds if new inbounds arrive at a busy
system while this outbound call is still in service. The lowest value of the probability of such an event is
reached in the case this outbound call has been taken in service when all agents are idling. Moreover, an
outbound call service duration does not depend on the system state. Thus, serving an outbound call when

all agents are idling improves the performance of outbounds and has the smallest probability to deteriorate
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the performance measures of inbounds. Since all outbounds has to be served at one point, an optimal

state-dependent policy forces the service of outbounds, if any, when all agents are idle. a

We next deduce the optimal agent reservation policy for the single-server case of Model G.

Corollary 1 In the single-server case of Model G, the optimal agent reservation policy is the non-idling

policy.

The proof of Corollary 1 directly follows from Proposition 1. In Section 1 of the online supplement, we

propose another proof of this corollary for Model A using an MDP approach.

3.2 Two-server Result for Model A

In the two-server case, using Proposition 1, we never encounter situations for the optimal policy where the
two agents are idling and at least one outbound call is in queue 2. When one server is busy, we prove in

Theorem 1 that the optimal policy in Model A is of threshold type for the reservation of the other server.

Theorem 1 In the two-server case for Model A, when one agent is busy, there exists a threshold on the
number of outbounds in queue 2, at and beyond which it is optimal to serve the first waiting outbound in

line, and it is optimal to not serve outbounds in the remaining cases.

The proof is given in Appendix A. It is based on the propagation of monotonicity results of the value function
as defined in Section 2. This type of proofs is standard in MDP problems (Koole, 2007). Yet, our result
can not directly follow from Koole (2007) for the following reasons. The existing results concern mostly the
single-server-one-dimensional case. Less is doable in the multi-dimensional case for the propagation of the
results through the minimizing operator. Moreover, abandonment from queue 1 is allowed here, a feature
that often breaks the monotonicity properties when space truncation is required. We show in our proof that
the monotonicty properties are maintained. Finally, the complexity of the proof comes from the arrival term,
which is specific in our model and requires a special consideration, because the two queues are involved and

the customer reaction is state-dependent.

3.3 Multi-Server Conjecture

Let us now comeback to the multi-server case. Using the value functions defined in Section 2, we conjecture
that the optimal policy is of switch type. For both Models A and G, we conduct a numerical study from
which we deduce the switching curves which separate states where it is optimal to serve an outbound call

from those where it is not. We also examine the impact of the system parameters on the reservation policy.

3.3.1 Switching Curves for Model A

For Model A, we do not need to distinguish between inbounds and outbounds in service. Let us rewrite the
value functions for Model A (1 = pg = p, 71 = 1). We have for n > 0,

U”H'l(xv y) =M (x - 8)+ +72y+ A {1(0§z<s)vn(x +1, y) +1(s§z<s+k) ((1 - aI)Vn(x +1, y) + aZ(V"(wv y) + ’Y3))
+ Lsth<a<stN) (@ Vo (@, y + 1) + e (Va(z,y) +73) + (1 — go — az)Va(z + 1,9))
Flamstmy (anv—1Va(z,y + 1) + (1 — qv—1) (Vo (2, ¥) +73))]

+ B(z — )T (Va(z — 1,9) +73) + min(s, z)uVn(z — 1,3) + (1 = A = (& — 5)T — min(s, z)p1) Va(z,y), for z,y >0,
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with
Vn+1(x,y) = min(Un+1(w +1y— 1)7 Un+1(.’E, y)):

fory > 0and 0 < z < s and V,41(2,y) = Uyy1(x,y) in the remaining cases. We choose Vy(z,y) =
Uo(z,y) =0, for z,y > 0.

We conjecture that the optimal policy is a function of x (number of calls in service plus number of
inbounds in queue 1) and y (number of outbounds in queue 2). Figure 4 gives various optimal switching
curves to illustrate the impact of the system parameters on the optimal policy. The abscissa axis in each
figure represents the overall number of jobs in the system (number of outbounds in queue 2 plus number
of calls in service) and the ordinate axis represents the number of calls in service. We only consider states
where 0 < z < s. For the remaining states, the only possible action is to keep outbounds in the queue. The
optimal actions can be read from the figures. Consider a given point (z +y,z) (0 <z < s and y > 0). If
this point is strictly under the curve, then it is optimal to serve an outbound call and therefore move from
(x+y,z) to (x+1+y—1,2+1) = (x+y,z+1). If this new point is strictly under the curve then the optimal
action is to serve another outbound call. We continue to take the decision to serve by moving on a vertical
line until we reach the curve. On the switching curve or above, the optimal action is to keep outbounds in
the queue. The value to choose x + y in abscissa instead of y is to observe the evolution from a non-optimal
point to the optimal one on a vertical line instead of a diagonal one. The curves in dashed lines represent
the non-idling policy.

We observe that when = 0 and y > 0, the optimal action is always to serve an outbound call (this holds
from Proposition 1). Given that the switching curve is increasing in x + y, it is an increasing step function.
It is given by

c(x+y) =minyo, z + y) + Laty>yy) + Lary>y) + - + Loty>y, o) (2)

where 1 < yo < y1 < y2 < -+ < Ys—y,- The parameters yog, ..., Ys—y, are the levels that represent
the changing points of the switching curve. Using Proposition 1, we have yy # 0. Equation (2) can be
interpreted as follows. Assume we have x + y jobs in the system (z busy agents and y outbounds in queue
2). If x +y < y1, then it is optimal to have at most yo tasks in service, i.e., if x < yo we move from
state (z,y) to state (min(yo,x + y),y — (min(yo,z + y) — x)), and if > yo we stay in state (z,y). If
y1 < z+y < yo, then at most yg + 1 jobs should be in service, i.e., if z < yg + 1 we move from state
(z,y) to state (min(yo + 1,2 + y),y — (min(yo + 1,z + y) — x)), and if z > yo + 1 we stay in state (z,y),
and so on. Finally, if y > ys_,,, then at most yg + s — yo = s jobs should be in service. In other words,
when « + y > ys_,,, Do agents are reserved for inbounds and it is optimal to move from state (z,y) to
state (min(s,z + y),y — (min(s,z + y) — z)). A qualitative interpretation of Equation (2) is that the more
numerous queued outbounds and the less busy are the agents, the more likely the optimal decision would be
to serve an outbound call.

This switch type policy in the multi-server case is a standard extension of the threshold policy in the
two-server case. The new element in the multi-server case is that the decision to serve an outbound call

should no longer only depend on the length of queue 2, since more than one agent might be involved. For
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Figure 4: Optimal switching curve (1 =0.2,r1 =1, s =28, 71 =1, k =5, v3 = 0.5)

a given situation with = busy agents and s — = idle agents, the optimal policy is a threshold policy on the

length of queue 2. This leads, as a consequence, to a switch type policy.

We next examine the impact of the parameters on the reservation policy. In Proposition 2, we prove that
the more importance is given to inbounds and the less customers are likely to accept the callback offer, the

higher should be the reservation for inbounds.

Proposition 2 Consider two situations with identical arrival and departure parameters (A, ay for x > s,
B, s and p). The first situation has the cost parameters v1, v2 and 3 and the second one has ¥y, ¥4 and
~4. The callback parameters are constant for both situations. They are ¢ and q + ¢’ for the first and second

situations, respectively.
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If vi >4, v2 <%, v3 > 7%, ¢ > 0, then the first situation requires more reservation than the second

one. In other words, the switching curve is lower for the first situation.

The proof of this proposition is given in Appendix B. The impact of the cost parameter 7, is illustrated in
Figure 4(a), i.e., the switching curve increases (the reservation decreases) in 5. The opposite is true when
~1 or 73 increases. Figure 4(b) illustrates the impact of a constant callback parameter (¢, = ¢ for z > s+ k).
It shows that the more customers are likely to accept the callback option, the higher is the switching curve
(less reservation for inbounds). The same observation holds when g, is not constant (Figure 4(c)). The key
factor, wether the callback parameter is constant or not, is the proportion of outbounds.

A less intuitive observation is that the switching curve is not monotone in the workload, defined as \/u
(Figure 4(d)). We observe that reservation does not happen in the extreme situations of light or heavy
workloads. For light workload situations, the system capacity is high enough, such that both call types
experience small waiting times. Then, the reservation for inbound calls does not need to be substantial.
For high workload situations, queue 1 is often long. Thus, a high proportion of customers would choose the
callback option and join queue 2. Given that queue 2 is also long, the system should not further deteriorate
the waiting of outbounds by reserving agents for jobs 1. However, for an intermediate situation, with a
moderate workload, jobs 2 are less numerous, and do not therefore need to have access to all agents. The
system may then consider agent reservation for jobs 1.

Figure 4(e) reveals that the impact of the balking parameters «, and the abandonment parameter 3 are
not similar to that of the workload. For high values of «, or 3, the system capacity is high enough to achieve
small waiting times. However, the proportion of abandonment is high, so, the reservation for inbounds needs
to be important to avoid too much abandonment. For low values of a, or 3, the reservation policy mainly

depends on the workload A\/u (see Figures 4(e) and 4(f)).

3.3.2 Switching Curves for Model G

We now consider Model G. Figures 5 and 6 illustrate the switching curves for the optimal policy in Model
G. Again, the curves in dashed lines represent the non-idling policy.

As expected, we observe that the optimal decisions are not only based on the number of outbounds in
queue 2 and the number of busy agents as for Model A, but also the identity of the jobs in service. We
distinguish three different zones delimited by two switching curves. A first switching curve is defined for the
case where all busy agents are busy with rate p; (s2 = s3 = 0). This situation is the worst for the occupancy
of the agents, because u3 > s > 1. Thus, under this first switching curve, for any state with less busy
agents or more outbounds in queue 2, the optimal decision is to serve an outbound call (if any), i.e., we move
from state (x+y—+sa+s3, x+s2+53) to state (x+1+y—1+s9+s3, x+14+52+53) = (x+y+s2+s3, z+1+s9+53).
A second switching curve is defined for the cases were all busy agents are busy with rate us (x = so = 0).
This situation is the best for the occupancy of the agents. On and above this second switching curve, for any
state with more busy agents and less outbounds in queue 2, the optimal decision is to keep all outbounds in
queue 2.

The ordering pg > pe > py justifies that the first switching curve is below the second one. Even in the
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case p3 = pa, the second switching curve (z = s = 0) is still higher than a switching curve where all busy
agents are busy with rate us (x = s3 = 0). The reason is the high need of serving outbounds when all agents
are busy with rate ps. If the agents are all handling a non-available outbound situation, they would not
reduce the number of outbounds in the system, so, the need for serving outbounds does not reduce.

Yet, for situations with small number of customers in the system or high number of customers in queue
2, the two extreme switching curves (corresponding to sy = s3 = 0 and = s = 0) coincide. Therefore,
there only exists a finite number of states where the optimal decisions depend on the identity of the jobs in
service. Figure 6(a) reveals that the two extreme switching curves get closer to one another as rq, s, or s
increases. The reason is the similarity between the service requirements of inbounds and outbounds. Figure
6(b) reveals that as r1 +ry decreases, the two extreme switching curves get higher, i.e., less agent reservation.
The reason is related to the difficulty of serving an outbound call. When agents are often handling non-
available outbound situation, it is difficult to reduce the length of queue 2, therefore, outbounds should

benefit from more availability of the agents.
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(a) Example with r1 = 80%, r2 = 5%, p1 = 0.2, u2 = 0.5 (b) Example with 71 = 10%, r2 = 10%, p1 = 0.2, uo =1
and p3 = 10 and pu3 = 10

Figure 6: Optimal switching curve (A = 3.8, ¢ = 40%, a =58=0,7 =1, 72 = 0.05, k = 5, s = 28)

Similarly to Model A, since the switching curve is increasing in = + y + s2 + s3, it is an increasing step

15



function. Given that agents handle 3 different types of jobs, we define the 3 variables increasing function
b(x, s2, s3) which gives the “busyness” of the agents team. Because the number of agents is finite, we assume
without loss of generality that 0 < b(z, s2,s3) < 1. This busyness function corrects the switching curve,

defined for Model A, into

e +y+s2+53) =min(yo, 2 + ¥ + 52 4 53) L(o(,50,50) <bo) T Latytsatss>y) Lb(,52,5)<b1)

F Loty tsotss>yo) Lib(a,sz,s)<bo) T F 1(x+y+32+532ys—y071)l(b(1132753)gbsfy0—1) + 1(x+y+32+832ys7y0)’

where 1 < yo < y1 < y2 < -+ < Yoyo and 0 < by < by < --- < by_y,—1 < 1. The parameters y;,
0 < i < s— 1y, have the same signification as those for Model A. The parameters b;, 0 < i < s — yp, are
the levels of change of the busyness of the agents team. The values of the b;s can be determined using value
iteration.

From the numerical experiments, we observe that the values of the b;s are different than one only for
small values of ¢. This implies that the busyness of the agents team affects the optimal decisions only when
the number of busy agents is low. The reason is related to the blocking risk for an inbound call. When most
of the agents are idling, the decision to serve an outbound call would most likely not block the agents team.
In such a situation, what affects the decision is then the identity of jobs in service. In the opposite case,
when most of the agents are busy, the service of an outbound call could easily lead to a blocking situation

(waiting time for inbound calls). In such a situation, what affects the decision is then the total number of

busy agents (z + s2 + s3) and the length of queue 2 (y), more than the identity of the jobs in service.

4 Performance Analysis

We compute the stationary performance measures. In Section 4.1, we profit from the constant transition
rates and propose an exact algorithm for Model C. In Section 4.2, we provide a controlled approximation
based on value iterations for Models A and G. In Section 4.3, we consider special cases of agent reservation
for Model C (Section 4.3.1) and the non-idling case for Model A (Section 4.3.2). This allows to obtain

closed-form expressions for the bounds of the performance measures of Models A and C.

4.1 Model C

We compute here E(W7), E(Ws), P, and ¥. Our approach is based on the analysis of the underlying Markov
chain. We compute the stationary probabilities of the system states by solving a system of linear difference
equations. We do so by solving the involved homogeneous equations defined on the set of complex numbers.
Although some quantities contain infinite summations, we provide a method that allows to do the exact
computation within a finite number of calculations.

Consider the stochastic process {(x(t),y(t)),t > 0}, where z(¢) denotes the number of calls in queue 1
(jobs 1) or in service (jobs 1 or 2); and y(t) denotes that in queue 2 (jobs 2) at a given time ¢ > 0. We
have z(t),y(t) € {0,1,2,...}, for t > 0. As inter-arrival and service times are exponentially distributed,
{(z(t),y(t)),t > 0} is a Markov chain. An illustration of this Markov chain in given in Figure 7.

We denote by p,, the stationary probability to be in state (z,y), for z,y € N. In what follows, we
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Figure 7: Markov chain for Model C (¢’ = ¢ + «)

compute the stationary probabilities, from which we thereafter deduce the system performance measures of

interest. To simplify the presentation of the analysis, we divide it into the following 7 steps:
e Step 1. We provide the set of equilibrium equations relating the stationary probabilities.

e Step 2. We simplify the expressions of p; ,, for x < s+k and y > 0, by expressing them as a function

of only two state probabilities from the row y in the Markov chain.
e Step 3. We show how p,, ., for x > s+k and y > 0, can be computed as a function of ps .0, Ds+k,15 " > Dstk,y-
e Step 4. We evaluate all stationary probabilities for x > 0 and y = 0 as a function of pg g.

e Step 5. For y > 0, we develop a recurrence method to compute all stationary probabilities of row
y + 1 in the Markov chain as a function of the previous rows. Thus all stationary probabilities can be

derived as a function of pg o.

e Step 6. Although pg o involves an infinite summation, we provide a method to compute it within a

finite number of calculations.
e Step 7. We finally derive the system performance measures as a function of the stationary probabilities.

The details for each step are given in Appendix C.
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4.2 Models A and G

We compute here E(W;), E(Ws), P,, and ¥. We propose a numerical method based on the iterative

computation of the dynamic programming operators.
For Model A, assuming the switch policy as defined in Section 3.3.1, the value functions can be rewritten,
forn >0, as

Vat1(@,y) = 71(x = )T + 729 + X [Lococs) Val(@ + 1,y) +1(scacsir) (1= az)Valz +1,9) + ao(Va(z,y) + 73))
+ Lsth<acstn) (@e(Val(,y +1) +71) + az(Vale,y) +73) + (1 = ¢z — az)Va(z +1,9))
FLamar ) (av—1(Va @,y + 1) +74) + (1 — av—1) (Va(2,9) +3))]
+ Bz — )T (Vi(z — 1,9) + 73)
+ min(s, z)p [1(y>0)(1(m+yﬁy1,xSyo) + 1y <aty<ys,e<yo+) T Lya<aty<ys,a<yot+2) +oF l(yS”v‘O <etyege)Val(®y —1)
+ (1 — 1(y>0)L(ary<yre<yo) T Ly <a+y<yz.o<yo+1) T Lya<oty<ysa<yo+2) T+ Lys—yo <z+y’$§3>)> Vale = 1,y)]

+ (1 =X—=B(z—s)" —min(s,2)p1) Va(=,y), for z,y >0,

with Vo(z,y) =0, for 2,y > 0.
For Model G, assuming the switch policy as defined in Section 3.3.2, the value functions can be rewritten,
for n >0, as

Unt1(z,y, 82,83) = 71 (2 + 52 + 53 — )T + 72y

+ A [L(0<atsotss<s) Va (@ + 1,9, 52, 53)
tL(s<atsotsz<stk) (1 — Qa,sp,83) V(@ + 1,y, 52,83) + Q55,55 (Vn(T,Y, 52, 83) + 73))
1ot k<ot satss<stN) (@asonss (Va (@, y + 1, 52,53) + 74) + 0,05 (Ve (2, 9, 52, 53) + 73)
+ (1 = gz,s5,55 — Qa,s9,53)Vn(z + 1,9, 52,53))
F1 (ot sotsg=st N) (AN —1,50,55 (Vo (@, + 1,52, 83) +74) + (1 — qN—1,50,53) (Ve (2, ¥, 52, 53) + 73))]

+ Bz + 52453 — )T (Va(z — 1,y,52,53) + 73)

+ min(s — s2 — 53, 7)1 [1(y>0)(1(Z+y+52+535y1,I+52+53§y0,b(1‘*1782,SS)SbO) t 1y <otytsatsz<yz,atsatss<yo+lb(a—1,s2,53)<b1)
4+ 4 1(y87y0<x+y+s2+s3’x+32+s3gs))(r1Vn(:ﬂ, y—1,82,83) +raVp(z — 1,y — 1,82 + 1, s3)
+(1—=r1—ro)Vp(zx—1,y —1,s2,83 + 1))
+ (1 - 1(y>0)(1(Z+y+52+535y1,w+52+535y01b(93*1,52,53)550) + Ly, <atytsotsz<ys,z+satss<yo+1,b(x—1,52,53)<by)
+o 1(ys,y0<m+y+52+53,x+52+33gs))> Va(z — 1,9, s2, 83)}

+ 5242 [1(y>0)(1(Z+y+52+53Syl7z+82+53Syoyb(zyszflysai)ﬁbo) + 1y <atytsotss<ys,atsatss<yotlb(z,s2—1,53)<b1)
et 1(%7!’0<m+y+s2+53’x+32+s353))(mVn(a: +1,y—1,s0 —1,83) + raVp(z,y — 1, 52, 53)
+(1—r1—ro)Vp(z,y—1,820 — 1,53 + 1))
+ (1 - 1(y>0)(1(I+y+52+53ﬁy1qz+52+53Syoyb(1752*1753)ﬁb0) t 1y, <aetytsatsz<yz,atsatss<yo+1,b(w,sz—1,53)<b1)
toe Tt l(ys—yo<1+y+52+5317/’+32+33ss))) Va(z,y,s2 — 1, 83)}

+ s3p3 [1(y>0)(1(I+y+82+53§yl,z+82+83Syoyb(%szyss*l)ﬁbo) + 1y <atytsotss<yz,atsatss<yot1,b(z,s2,83—1)<b1)
et 1(y37y0<z+y+52+53’z+52+5355))(7"1Vn(x +1,y—1,s82,83 — 1)+ raVy(z,y — 1,52+ 1,83 — 1)
+(1—7r1 —r2)Vp(z,y — 1, s2,53))
+ (1 - 1(y>0)(1(I+y+52+53§y1,z+52+53Syoyb(fﬂ»szy%*l)ﬁbo) + Ly, <otytsatsa<yz,atsatss<yo+1,b(w,sz,53—1)<b1)
+oF 1(ys—y0<1’+y+52+53,1‘+52+sgfs))) Vo(z,y, 82,83 — 1)}

+ (1 —A—B(z+s2+s3 —s)T —min(s — sa — s3, )1 — Saps — 53;13) Va(z,y, s2,s3), for z,y >0, and 0 < sg2,s3 < s,
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with Vy(z,y, s2,83) =0, for z,y > 0 and 0 < s9, 83 < s.

In both cases (Models A and G), the standard way of obtaining the long-term performance measures
is through value iteration, by recursively evaluating V,,, for n > 0. As n tends to infinity, the difference
Vis1(z,y, s2,83) — Va(x,y, s2, s3) converges to the desired metric. Thus, we stop the iteration until the

following criterion is met

max {Vn+1 (.’I}, Y, S2, 83) - Vn<.'L', Y, S2, 83)} — min {V’I’L+1(x) Y, S2, 83) - Vn(xa Y, S2, S3>} < €,
T,Y,52,53 Z,Y,52,83

for some given small e.

In what follows we precise the parameters in the value functions which allow to compute the desired
performance measures. One can calculate the expected number of customers in queue 1, say E(N;), by
letting v1 = 1,72 = 0,73 = 0,74 = 0 in the value function; the expected number of customers in queue
2, say FE(Na), by letting 71 = 0,72 = 1,73 = 0,74 = 0; the proportion of customers who abandon the
system, P,, by letting v4 = 0,72 = 0,73 = 1/A,v4 = 0; the proportion of customers who choose the callback
offer, ¥, by letting 3 = 0,72 = 0,73 = 0,74 = 1/A. Using next the Little law, we obtain the expected
waiting time for served customers in queue 1, E(W;) = %; and the expected waiting time in queue

2, B(Ws) = E2.

4.3 Special Cases

We consider here some special cases of agent reservation for Model C and the non-idling case for Model A.

4.3.1 Special Reservation Cases for Model C

We define for Model C the threshold yy on the number of busy agents. If the number of busy agents is lower
than or equal to yo (1 < yp < s) and at least one outbound call is in queue 2, then we serve this outbound
call. In the remaining cases, we do not serve outbounds. Therefore, the switching curve of this policy is
ez +y) = min(@ + y, yo).

Since the optimal action is to serve an outbound call when all agents are idling (Proposition 1), the worst
policy for outbounds (the best case for inbounds) consists of serving an outbound call only when all agents
are idling. We refer to the latter as the highest reservation policy. It corresponds to the case yo = 1. As for
the non-idling policy, it corresponds to the case yy = s.

The analysis of this policy is a deduced from that of Section 4.1. In Corollary 2, we give closed-form

expressions for E(W7), P, and ¥ as a function of yg. The proof is given in Section 2 of the online supplement.

Corollary 2 For 1 <y < s, we have
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In Appendix D, further simplifications of the above expressions are given for the multi-server special

cases: yo = 1 (highest reservation) and yo = s (non-idling).

4.3.2 Non-idling Case for Model A

We provide in Proposition 3 closed-form expressions for E(W7), Py, P, and . The proof is given in Section

3 of the online supplement.

Proposition 3 For the non-idling case, we have
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5 Numerical Experiments

We investigate the benefits of the callback offer and the impact of the policy parameters on the system
performance. The policy parameters are the state-dependent number of agents reserved for inbounds, and
the threshold k for the callback proposition. Because of the analysis complexity, the conclusions we derive
are mainly based on numerical observations. For some particular cases, we develop analytical results that

provide better understanding and support the conclusions.

5.1 Benefits of the Callback Offer

We evaluate the benefits of the callback offer on the performance measures, in relation with the system
workload. We consider the single-server non-idling case (optimal policy, Corollary 1) of Model C with k =0
(optimal k, Proposition 5). The objective is to provide a simple closed-form expression of the difference
between the system cost in two situations; with and without the callback offer. Using Corollary 2, for
Yo = s = 1 and k = 0 (situation with the callback option), we obtain P, = 175, ¥ = I, E(W;) =
1 (1-g—a)a and E(Ws) = 1 1ta(a/g)(1-—a)(1—(1—g—a)a)

u(1=(1—q—a)a)(1-qa)’ ¥ Aa(l-aN(-(-g-aja - Tor ¥ =s=1and k = oo (itua;tion

without the callback option), we obtain after simplification P, = 24 ¥ = 0 and E(W;) = im

1+aa’
The last situation reduces to an M/M/1 queue with balking. We do not provide for it the expression of

E(W3) because outbounds do not exist when the callback option is not offered (it is simply considered as
zero). The difference in system costs between the two situations (without the offer minus with the offer),
denoted by A(a), is then

( (I1-aa (I1-g—a)a )_121+a(oz/q)(1*a)(1*(lqua)a).

- i (d-a(l—a)(1-(1-q-a))

_mn
A= 0 we) -0 ¢ a0 g

I

This difference can be either positive or negative.

In Figure 8, we illustrate the impact of the arrival rate on the system cost in the two situations (with and
without the callback offer). Figure 8(a) reveals that the callback option can improve the system cost when
the arrival rate is high. Since we have A(0) = —%2 < 0, under light workload, the callback option should
not be provided. Roughly speaking, if a call goes to queue 2, then this call would loose priority. This is not
useful because calls in queue 1 have anyway short waiting times.

Under a heavy workload situation, the preference is not always for using the callback option. As a
_ 14 aa
tends to ﬁ, A(a) becomes equivalent to % This expression can either be positive or negative

depending on the sign of its numerator. The higher v; or ¢ are in comparison with 72 and «, the more likely
this expression would be positive. More qualitatively, this implies that the callback offer has a positive effect

only if a high importance is given to inbounds and if customers would easily accept the callback offer (Figure
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Figure 8: System cost with and without the callback offer (non-idling case of Model C, s = 1, k = 0,
SC = E(W1) 4+ 0.1E(W>))

8(a)). In the case where customers are more likely to balk than to accept the callback offer (Figure 8(b)),
providing a callback offer would deteriorate the system cost.

Finally, we numerically observe that the function |A(a)| is increasing in a. This induces that the benefits
or the loss due to the use of the callback option would be more apparent under a heavy workload situation.

This is precisely the value of the callback offer, that could better manage congested situations.

5.2 Impact of Agent Reservation
We examine here the impact of the reservation on the system performance. We first consider the two-server

case in Section 5.2.1, and second the multi-server case in Section 5.2.2.

5.2.1 Two-Server Case

The reason for considering the two-server case is to allow the reservation policy to be only dependent on
one parameter; the threshold gy that defines the limit on the length of queue 2 at and above which no agent
should be reserved for inbounds. An illustration of the effect of yy on the performance measures is given for
Model C in Figure 9.

The reservation for inbounds increases in yo. Therefore, E(W7) and P, decreases in yo (Figures 9(a) and
9(c)), and E(W>) increases in yo (Figure 9(b)). We observe from Figure 9(b) that reservation deteriorates
the overall expected waiting time, E(W). This is related to two reasons. The first one is that agent
reservation creates unproductive idling situations with one agent idle while queue 2 is not empty. The latter
deteriorates the overall performance of the system. The second reason is related to the reduction of balking
and abandonment of inbounds. Since reservation induces more availability of agents for inbounds, it reduces
the proportion of lost inbounds (P,). Agents have then to treat more tasks (recall that outbounds do not
abandon) as shown in Figure 9(d). This deteriorates the overall expected waiting time. It is the negative

effect for reducing the proportion of abandonment.
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Figure 9: Effect of yo (s =2, A=1.9, uyy = ps =1, « = ¢ = 30%, r, = 100%, k=0, 8 =0)

5.2.2 Impact of the Call Center Size

We investigate the impact of the call center size s on the performance measures and its relation with the reser-

vation policy. Consider Model C with k = 0 (optimal k, Proposition 5) and let us define p as p = %1 Propo-
sition 4 provides convexity results justifying that reservation policies bring higher improvement in large call
centers than in small ones (recall that non-idling is optimal in the single-server case). For large call centers,
these results support therefore the well known notion that only limited server pooling/flexibility /availability

is needed (Bassamboo et al., 2010; Legros et al., 2015a).

Proposition 4 Consider the non-idling case of Model C. For the optimal threshold on queue 1 (k=0), P,

U, E(W1) and E(W) are decreasing and convez in s, when p = a/s and X are held constant.

The proof of the proposition is given in Appendix E. Table 2 illustrates for Model C the behavior of the
performance measures as a function of s, when p is held constant and equal to 0.99. In the second and third
columns, we give the upper and lower bounds of E(W7) using the results of Section 4.3.1, respectively. The
upper bound is obtained in the non-idling case and the lower bound is obtained in the highest reservation
case. In the fourth column, we compute the relative difference between the upper and lower bounds of E(W7)
so as to assess the possibilities of performance improvement for inbounds. We observe that the higher is s,
the more it is possible to improve E(W7). In the fifth column, we give the lower bound of E(W3) obtained in
the non-idling case. We do not give upper bounds of E(W>) from the extreme reservation case, since these
are too high and do not provide interesting situations for the optimization problem. In the sixth column, we

give the total expected system cost in the non-idling case. We observe that the expected total cost decreases
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in s. In the seventh, eight and ninth columns, we give the optimal performance measures obtained via the
algorithm proposed in Section 4.1, under the optimal reservation policy. In the last column, we compute the
relative difference between the optimal system cost and that obtained in the non-idling case. We observe
that the larger is the call center, the higher is the agent reservation for inbounds. For small call centers (for
s <5 in Table 2), non-idling is optimal. As s increases, we observe for the optimal reservation policy that
E(W7) moves from the neighborhood of its upper bound to that of its lower bound, and that E(W5) remains
relatively close to its lower bound. This implies that the relative difference between the system cost in the

optimal case and that in the non-idling case increases in the call center size.

Table 2: Effect of s (p=0.99, p1 =pa =1, 71 =1, a =B =0, ¢ = 30%, k = 0, SC = E(W;) + 0.01E(W>))

S ‘ E(Wl)max E(Wl)min rd ‘ E(W2)min SCNI ‘ E(Wl)op E(W2)opt SCopt ‘ rd

1 3.178 3.178 0% 289.36 6.07 3.178 289.36 6.07 0.00%
2 1.584 1.367 -14% 145.57 3.04 1.584 145.57 3.04 0.00%
5 0.628 0.510 -19% 68.16 1.31 0.628 68.16 1.31 0.00%
10 0.304 0.170 -44% 26.09 0.56 0.250 29.04 0.54 -4.27%
20 0.150 0.063 -60% 13.17 0.28 0.098 15.12 0.25 -11.48%
50 0.058 0.018 -69% 6.39 0.12 0.029 6.45 0.09 -23.28%
100 0.028 0.005 -82% 3.93 0.07 0.009 4.04 0.05 -26.11%
500 0.004 0.001 -89% 0.70 0.01 0.001 0.71 0.01 -29.22%

In summary, the main conclusion of this section is that reservation has more potential of improvement

in large call centers, since large call centers allow for less flexibility than small ones.

5.3 Impact of the Threshold k

We examine the optimization of the threshold k. We also investigate the relation between reservation and
k. Finally, the policy of a fixed threshold k is evaluated in comparison with a state-dependent k.

5.3.1 Exogenous Parameters and Threshold k&

Proposition 5 gives, for the non-idling case for Model C, first order monotonicity results in k.

Proposition 5 In the non-idling case for Model C, P, is insensitive to k, ¥ is decreasing in k, E(W1) and
E(W5) are increasing in k, for k > 0.

The proof of the proposition is given in Appendix F. A consequence of the monotonicity results of F(W7)
and E(W5) is that k£ = 0 is optimal for non-idling Model C. Yet, k = 0 is not the optimal value for Models
A, B and G because of inbounds balking, abandonment and/or the possible non-availability of a called back

customer.

Balking and call acceptance parameters for Model B. We consider the impact of o, and ¢, (z > s)

on the monotonicity of the performance measures in k for Model B. In Figure 10, we consider three numerical

cases:
e Case 1: ¢, = 0.4 and o, = min(0.5,0.05z),

e Case 2: ¢, = min(0.4,0.052) and «, = 0.5,
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e Case 3: ¢, = 0.1 and a, = min(0.5,0.05z2),

for x > s. Cases 1 and 3 illustrate situations with non constant balking parameters and Case 2 illustrates a
situation with non constant callback acceptance parameters. The monotonicity results in k in Cases 1 and 2
are identical to those derived for the non-idling case of Model C. However, in Case 3, E(W7) is non-increasing
in k.

When a is strongly increasing in z (Case 3), the inbounds expected waiting time can be non-increasing
in k (Figure 10(a)). The proportion of inbounds increases in k. Therefore, inbounds arrive more often at
a long queue 1 (large values of x), and the balking would then be more important (large values of ).
Although increasing k has the negative effect of increasing balking, it also has the positive effect of reducing
the system workload by reducing arrivals that enter the system. This can improve the expected waiting time
of inbounds. From the numerical experiments, we however observe that g, do not impact the first order
monotonicity results in k. This is related to the fact that ¢, has no effect on the system workload, and that

the callback offer is only proposed for = > k.
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Figure 10: Impact of balking and call acceptance parameters (s = 1, A = 0.5, uy = 1, 11 = 100%, non-idling
case)

Abandonment for Model A. Figures 11 and 12 illustrate the impact of k£ on the performance measures,
for different values of the abandonment rate 5. We observe that the abandonment in queue 1 only affects
the monotonicity properties of E(W7) and E(W5). This explains why & = 0 is no longer necessarily optimal.
Two phenomenons are in competition when 8 > 0. From the one hand, increasing k reduces the number of

callbacks and increases thus the proportion of inbounds, which would in turn increase E(W;) and E(W3).
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From the other hand, the increasing of the number of customers in queue 1 increases also the departure rate
(after abandonment or service) of inbounds from the system, which makes the system more efficient and
may decrease E(W;) and E(W3). The first (second) phenomenon is predominant for small (large) values
of B. We observe that the non-increasing of E(W5) requires higher arrival or abandonment rates than the
non-increasing of E(W;) (Figure 12). The behavior of the other performance measures is more intuitive; the

proportion of abandonment increases in k, and the proportion of callbacks decreases in k.
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Figure 11: Impact of abandonment (s =1, A=1.2, u; = 1, a = g = 30%, m1 = 100%)
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Figure 12: Impact of abandonment (s =10, A =12, u3 =1, 8 =3, a = 10%, ¢ = 30%, r1 = 100%)

Outbound service process for Model G. Let us define T, a random variable, representing the total

time spent by the system capacity to serve an outbound call. For a given outbound call, this corresponds to
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the summation of the durations spent by agents to handle eventually its non-availability situations plus its
service duration.

The case k = 0 is also not necessarily optimal when the overall expected time spent to serve an outbound
call is larger than the expected time to serve an inbound one. In Proposition 6, we give the expected value

and the standard deviation of the time spent by the system capacity to serve an outbound call.

Proposition 6 The random time T has a phase type distribution with expected value

71 1 T2 1 l—Tl—Tgi

ri+reopr 1+ re e rL+re U3

and standard deviation

(T) T‘1(4 — 37‘1 — 27‘2) 7“2(4 — 3T2 — 27“1) (1 -7 — T‘2)<4 - 71— 7“2)
g = .
pi(re+ro)(2—ri—ra)  pa(ri+r2)(2—ri—r2) 3 +re)(2 -1 —72)

The proof of this proposition is given in Appendix G. From Proposition 6, we deduce that outbounds
require a larger expected time of treatment than that of inbounds if and only if

1*”777"2>r2(i7i). ®)

M3 M1 K2
Inequality (3) simply states that if the time lost in handling a non-available situation is larger than the
time saved due to fast outbounds (those who have already resolved a part of their problem), then outbounds
require a larger expected time of treatment.

Figure 13 illustrates a situation where the overall expected time of an outbound treatment, E(T), is
larger than that of the service time of an inbound, 1/u;. We observe that the monotonicity properties in k
of the performance measures F(W1), P, and ¥ are not affected by the parameters of service of outbounds,
because of the higher priority given to inbounds. The reason is that, during their sojourn in the queue, the
latter will only assist at service durations that are exponentially distributed with rate p; (1 = 1,2,3). We
observe that E(W5) is either strictly increasing in k or decreasing then increasing. The second situation
occurs when outbounds are treated within a much larger time than that of inbounds. Two phenomenons are
in competition; the first one already mentioned earlier is that increasing & reduces the number of outbounds
which would suffer from the high proportion of prioritized inbounds. The second one is that if &k is too small,
the proportion of outbounds can be too important for the system capacity. It might then take too long time

to serve them.

5.3.2 Reservation and Threshold &

We investigate here the relation between the agent reservation policy and the choice for the threshold k. We
proved in Proposition 2 that for Model A, the higher is g, the less agents should be reserved for inbounds. The
reason is the low proportion of inbounds. The impact of k is similar to that of ¢. Increasing k is equivalent
to decreasing ¢, therefore the higher k is the more agents should be reserved for inbounds. This observation
agrees with the classical idea in control problems stating that the longest queue should be preferred: through

the choice of the reservation level in our model.
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Figure 13: Impact of the service process (s =1, A =0.75, u; = 1, s = 1.5, ug = 10, a« = 8 = 0, ¢ = 30%,
T = O%, To = 7%)

However, Table 3 reveals that this observation is no longer true when Model G is considered. In this
table, we provide the performance measures for different values of k. Similarly to Table 2, we provide the
upper and lower bounds for E(W;) and P, to examine the possibilities of improvement. We also compute
the lower bound for E(W53). In the presented numerical illustration, the two extreme situations are again
the non-idling case and the extreme reservation case. In the last five columns, we give the optimal values
of the performance measures. We also compute the relative difference found in the comparison between the
non-idling case and the optimal case.

On the contrary to what one would expect, we observe here that agent reservation decreases in k. For
example in Table 3, when k£ > 6, non-idling is optimal. The reason is related to two phenomenons. The
first one is the possible non-availability of outbounds (20% are not available). The second one is the smaller
impact of outbounds in service on inbounds performance when r; < 1 than when r; = 1 (50% of outbounds
occupy agents a shorter time than inbounds). The low priority of outbounds together with their non-full
availability make queue 2 difficult to reduce, especially when inbounds are numerous in the system (i.e., when
k is high). Therefore, the increasing of E(W2) in k is strong (see column 8) and reservation for inbounds
should not be provided when k is high. Because outbounds occupy agents a shorter time than inbounds
when r; < 1, outbounds have less impact on E(W7) in Model G than in Model A. Thus, the effect of k£ and
the agent reservation on E(W7) is weaker for Model G than for Model A (see columns 2 and 3). Increasing
reservation when k is high has a strong impact on E(W53) but a small one on E (W), which advocates for
a non-idling policy. The deterioration of E(W>) with reservation is weaker when k is small, so, reservation

should be provided in this case to reduce E(W7).

5.3.3 Value of a Fixed Threshold &

We have defined the threshold parameter £ on the number of calls in queue 1 to control the decision of
proposing or not the callback offer. We have shown that k = 0 is optimal for the non-idling case of Model C.
In other words, the callback offer should be proposed to all delayed customers. It is also the case for Models
A, B and G in most cases. Yet, with significant abandonment or large treatment time for outbounds, k = 0

may not be any longer optimal. In the modeling, the value of a fixed threshold k& comes from its simplicity
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Table 3: Impact of k (A =49.5, s =50, p11 = 1, pip = 1.5, g = 10, ry = 50%, r2 = 30%, o = 10%, ¢ = 30%,
B =05, 5C = E(W;)+0.01E(W>) + P,)

E | EMW)max  E(W1)min rd | Papax  Payy rd | E(W2) SCnr
0 0.013 0.010 -21.16% 4.85% 4.04%  -20.13% 0.343 0.065
1 0.015 0.012 -19.68% 5.02% 4.20%  -19.62% 0.497 0.070
2 0.018 0.015 -18.81% 5.21% 4.44%  -17.50% 0.656 0.076
3 0.020 0.017 -18.34% | 5.32% 4.56% -16.87% | 0.799  0.081
4 0.023 0.019 -17.76% 5.43% 4.68% -16.17% 0.918 0.086
5 0.025 0.021 -17.34% 5.52% 4.77%  -15.80% 1.039 0.090
6 0.027 0.023 -17.18% 5.56% 4.82%  -15.22% 1.158 0.094
7 0.029 0.025 -15.65% 5.69% 4.96%  -14.78% 1.247 0.098
8 0.031 0.027 -12.55% | 5.74% 5.08% -13.06% | 1.349  0.102
9 0.032 0.029 -9.63% 5.82% 5.28% -10.23% 1.444 0.105
k| E(W1i)opt E(WQ)opt Pa e SCopt rd

0 0.011 0.456 4.12% 0.057 -12.07%

1 0.014 0.594 4.26% 0.063 -10.69%

2 0.017 0.687 4.48% 0.068 -10.44%

3 0.019 0.861 4.63% 0.074  -9.72%

4 0.021 0.963 4.80% 0.079 -8.84%

5 0.024 1.087 4.99% 0.084 -6.83%

6 0.027 1.158 5.56% 0.094 0.00%

7 0.029 1.247 5.69% 0.098 0.00%

8 0.031 1.349 5.74%  0.102  0.00%

9 0.032 1.444 5.82% 0.105 0.00%

and from the analysis tractability for the performance evaluation. However, a fixed threshold £ may not be
optimal. It is then also interesting to evaluate the performance of our fixed-k policy in comparison with a

state-dependent-k policy for the proposition of the callback offer upon arrival.
For Model A with constant balking and callback acceptance parameters, the value functions defined in
Section 2 can be rewritten, for n > 0, including the decision to propose or not the callback offer through the

operator W,,, as

Unt1(z,y) = 71(z = 8) + 729 + AWa(@,y) + Bz — )T (Va(z — 1,y) + 73) + min(s, 2)uVa(z — 1,y)

+ (1 =X=B(z—s)" —min(s,z)u1) Va(z,y), for z,y >0,
with
Vati(z,y) = min(Unt1(z + 1,y — 1), Unt1 (2, 1)),
fory>0and 0 <z < sand V,11(x,y) = Uny1(x,y) in the remaining cases, and

Wn+1(xzy) = min(a(U’rH»l(m: y) + 73) + (1 - a)Un+1(x +1, y)a a(UnJrl(xyy) + 73) + qUn+1($7 Y+ 1) + (1 —q— CY)U,L+]_($ +1, y)):

for x > s and W, 41(x,y) = Upt1(z,y) in the remaining cases. We choose Wy (z,y) = Vp(z,y) = Us(x,y) =
0, for x,y > 0.

In Figure 14, we present the optimal decision found through value iterations. We only present the states
where an action on the callback offer has to be taken (z > s). We observe that the optimal decision for the
callback offer if of switch type. The optimal decision for the points on the curve is not to propose the callback
offer. To the contrary to the reservation policy found in Section 3, the switching curve is not monotonous
inx orin y.

We observe that if the optimal decision in a given state (x,y) is not to propose the callback offer, then
the same decision should be taken in state (z,y+1). The reason is related to the congestion of queue 2. The
decision not to propose the offer is taken in order to use call abandonment in queue 1 which decreases the

system workload. Therefore, if the system is too congested with y outbounds in queue 2, it would also be
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Figure 14: Optimal switching curve for the callback offer (A = 1.2, u3 = 1, ¢ = a = 30%, 8 = 1,
SC = E(W;1) +0.0006E(W2) +0.1P,, r1 =1, s = 1)

with y 4+ 1 outbounds in queue 2. The decision as a function of = is more complex. For small values of z, the
decision is more likely to give the offer so as to reduce the number of customers in queue 1. This decision
can be taken because the system is not congested. For higher values of z, the offer can be interrupted to
reduce the workload in the system by letting customers abandon from queue 1. For even higher values of
x, the proportion of abandonment and the waiting time in queue 1 can be so significant that the decision is
again to propose the callback offer even if it would increase the system workload.

One can compare between the two modelings, with a fixed or a state-dependent k using simulations.
The optimal fixed-k is assumed to be a real number in order to achieve a lower system cost than if & would
be an integer (in practice, this means that randomization between two adjacent thresholds is allowed). For
various settings, Table 4 reveals that the difference between the optimal system cost and the cost found with
a fixed-k is not important. However, it is notable that the optimal state-dependent policy improves E(Ws)

and almost do not affect the other metrics.

Table 4: Comparison between the two threshold modelings (u; =1, r1 = 1)

Cases Parameters
s B a q SC

1 1.2 1 1 30% 30% E(W1) + 0.0005E(W>2) + 0.1

2 0.99 1 2 0% 80% E(W1) + 0.00004E(W>) + 0. 1Pa

3 0.8 1 1.5 10% 40% E(W7) 4 0.0001E(W>2) + 0.01P,

4 12 10 3 10%  60% E(W1) + 0.0001E(W2) + 0.2P,

5 120 100 3 10% 60% E(W7) 4 0.0000001E(W2)

Cases Optimal fixed-k policy Optimal state-dependent-k policy
k E(Wy) E(W») P, sC E(Wy) E(W») P, sC

1 3.1 0.095 39.200 46.8% 0.161 0.095 36.100 46.8%  0.160
2 3.9 0.020 897.980 42.2%  0.060 0.021 464.260 41.3%  0.044
3 6.8 0.030 61.878  40.7%  0.041 0.031 35.689  40.8%  0.038
4 1.2 0.044 3.338 20.1%  0.085 0.044 3.338 20.1%  0.085
5 0.9 0.014 580.393 12.0% 0.014 0.014 542.040 12.0% 0.014

For Model G, the optimal decisions for the callback offer can be obtained using the same approach.

However, further assumptions should be made on the balking parameters when the callback option would
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be proposed or not. For instance, it seems appropriate to assume that the callback offer would reduce the
balking behavior. In this case, the conclusion derived above are still valid. The callback offer reduces then at
the same time balking, abandonment and the waiting time in queue 1, but it increases the system workload.
For Model G, either the treatment time of outbounds is shorter than that of inbounds and k£ = 0 is thus

optimal, or it is not and the conclusions derived above are also still valid.

To conclude Section 5.3, k = 0 is optimal when the balking parameters are constant (o, = «, = > s),
no abandonment is considered (5 = 0), or the treatment time of an outbound call is lower or equal than
that of an inbound one (E(T) < 1/u1). Increasing k increases the size of queue 1. When «, is strongly
increasing in x, this also increases the balking proportion which reduces the effective arrival rate. When
B > 0, call abandonment helps to reduce the length of queue 1. If much more importance is given to the
waiting time in queue 1 than that to abandonment (y; >> v3), then & > 0 is useful to discharge the system.
If the treatment time of an outbound call is large, it is also useful to have k& > 0 in order to avoid too high
proportion of outbounds. The relation between the optimal reservation policy and the optimal k depends
on the service process of outbounds. If this one is identical to that of inbounds (Model A), then more agents

should be reserved for inbounds as k increases.

Summary of Section 5 results. Table 5 summaries the impact of the parameters on the objective

function components. We use the sign “4” for a positive effect and the sign “-” for a negative one.

Table 5: Impact of the parameters

| EW1) E(W,) P
Increasing s + + +
Increasing the agent reservation + - +
Increasing k - - -
Increasing k with a high balking/abandonment parameters + =+ - -
Increasing k with a high difficulty to serve outbounds - +,- -

In most observed situations, k = 0 is optimal and the reservation policy can be obtained via the MDP
approach from Section 3. In the remaining cases, a finite number of steps should be done to find the optimal
value of k with its corresponding reservation policy (by starting from the case k = 0 and by incrementing k
by one at each step). The number of tests is finite because the deterioration of E(W5) in k after a given value
of k is much faster than the eventual improvement of E(W7) in k. Beyond this value of k, any reservation
policy would anyway further deteriorate E(W5). Moreover, P, deteriorates with k. Hence, after a given
value of k, the total expected system cost only increases in k and the search for the optimal value of &£ should

be stopped at that point.

6 Conclusions and Future Research

We considered a call center that offers two channels: real-time telephone service and postponed (callback)
service. Customers choose which channel to use based on a probabilistic choice model. We demonstrated
the operational advantages of agent reservation in this context.

The key operational findings of this paper are that (1) the value of the callback option is more significant
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under heavily loaded situations, (2) the benefits of agent reservation are more apparent in large call centers
than in small ones, (3) reservation increases the agent utilization due to the abandonment reduction, (4)
reservation is not likely to be used under light or heavily loaded situations, (5) the callback offer should be
proposed to all delayed customers except when the abandonment is significant or when the overall treatment
time of an outbound is much larger than that of an inbound. These operational findings came together with
theoretical contributions. The major ones are (1) the proof that non-idling is optimal in the single-server
case, (2) the proof of the optimality of a threshold policy in the two-server case, (3) the algorithm proposed
for the performance evaluation when transition rates are assumed to be constant.

Several interesting areas of future research arise. It would be useful to empirically validate the customer
reaction model to the callback offer through real data analysis. It is also interesting to extend the proof
of the optimal policy for the two-server case to that for the multi-server case. Another research avenue is
to consider other optimization problem formulations, for example in terms of quantiles on the waiting time
distributions of inbound and outbound calls. Finally, it would be interesting to consider non-stationary

arrival parameters and investigate its impact on job scheduling.
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Appendix

A Proof of Theorem 1

We first rewrite the value functions in the two-server case for Model A (u1 = pe = u, r1 = 1). So as to
simplify the presentation of the proof, we redefine the states as follows. The parameter z denotes the state
of the agents team (z = 0 when both agents are idle; z = 1 when only one agent is busy with an inbound or
an outbound call; and z = 2 when both agents are busy), « is redefined here as the number of inbounds in

queue 1 and y is the number of outbounds in queue 2. We have for n > 0,

Un+1(0,0,y) = 72y + AVi(1,0,9) + (1 = A)V,(0,0,y), for y >0,

Up+1(1,0,y) = 72y + AV, (2,0,9) + pV,(0,0,9) + (1 = A = u)Vi(1,0,y), for y > 0,

Unt1(2,2,y) = 12 4+ 72y + A (Lo<acn) (1 — @2)Va(2,2 + 1,9) + e (Vo (2, 2,y) + 73))
FLp<aan) (@ Va2 2,y + 1) + 0o (Va(2,2,9) +73) + (1 — ¢ — 00) V(2,2 + 1y))
+1en) (an=1Va(2, 2,y + 1) + (1 — gn—1) (Vo (2, 2,9) +73)))

+ B2(Va(2,2 = 1,y) +73) + 21 (La=0)Va (1,0, 9) + L(zn0y V(2,2 — 1,))

+ (1 - _BI - 2#) Vn(27xay)7 for T,y > 07

with V,41(0,0,y) = Up41(1,0,y — 1) for y > 0 (recall that we assume that it is optimal to serve an
outbound call when all agents are idling); V;,+1(1,0,y) = min(U,+1(2,0,y — 1), U,+1(1,0,y)) for y > 0; and
Vas1(z,2,y) = Upt1(z,2,y) in the remaining cases. We choose Vy(z,z,y) = Up(z,2,y) =0, for z = 0,1,2
and z,y > 0.

We define a class of functions F from {0, 1,2} x N2 to R as follows: f € F if

2,z +1,y) > f(2,2,9), (4)
f(1,0,y) = £(0,0,y), (5)
£(2,0,y) > f(1,0,y), (6)
f2zy+1) = f(2,2,y), (7)
f(0,0,y+1) = £(0,0,y), (8)
f(1,0,y+1) = f(1,0,y), (9)
f2,zy) + f(2,2+ 1L,y +1) > f(2,2+1,y) + f(2,2,y + 1), (10)
f(0,0,y) + f(1,0,y + 1) > f(1,0,y) + f(0,0,y + 1), (11)
f(L,0,9) + f(2,0,y +1) > f(2,0,y) + f(1,0,y + 1), (12)
Fzy+2)+ f2a+1,y) > f.a,y+ 1)+ f(2,2+1,y+1), (13)
f(0,0,y+2)+ f(1,0,y) > f(0,0,y + 1) + f(1,0,y + 1), (14)
f(L,0,y+2)+ f(2,0,y) > f(1,0,y + 1) + f(2,0,y + 1), (15)
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for 2,y > 0. Relations (4) and (7) define a class of increasing functions in # and in y. Relation (10) defines
supermodularity for z = 2. By summing up Relations (10) and (13) we obtain f(2,z,y) + f(2,z,y + 2) >
2f(2,z,y + 1), by summing up Relations (11) and (14) we obtain f(0,0,y) + f(0,0,y +2) > 2f(0,0,y + 1),
and by summing up Relations (12) and (15) we obtain f(1,0,y) + f(1,0,y +2) > 2f(1,0,y + 1). Thus if
f € F, then f is convex in y. Relation (13) means that the function f(2,z,y+1)— f(2,z+1,y) is increasing

in y.

Remark 1 For the multi-server case of Model G, we need to add another relation to the class of functions
defined below. The additional relation is f(x+2,y, s2,83)+ f(x,y+1,892,83) > f(x+1,y,5s92,s3)+ f(z+1,y+
1,89,83). It is required to prove that the relation f(xz,y+ 2,s2,s3) + f(x 4+ 1,y, s2,53) > f(x,y+ 1, 59,53) +
flz+1,y+1,s9,s3) propagates through the minimizing operator. The proof through value iteration is hard
to do for the arrival term if x = s+ k — 2, and for the service term if 0 < x + so + s3 < s — 2. It is however

doable for the remaining cases.

To simplify the presentation, we denote by “serve” the decision action to serve an outbound call, and by
“keep” the decision action to keep an outbound call in queue 2. The proof of the optimality of the threshold
policy reduces to show that Relation (13) is true for U,, n > 0. We next prove by induction on n that both
V, and U, are in F. We divide the proof into the following 5 steps:

e Step 1. We prove that Vy, Uy € F.
o Step 2. We prove that if U,, € F, then V,, € F, for n > 0.
e Step 3. We prove that the cost term G(z,x,y) = y1@ + Yoy is in F.

e Step 4. We prove for a given n > 0 that if V,, € F, then the following arrival term is also in F:

An(2,2,y) = Lo<a<k) (1= ax)Vu (2,2 + 1,y) + ax(Va(2,2,y) +73))
+1(k§m<N) (qmvn(vavy + 1) + am(Vn(zvxay) + 73) + (1 — Gz — az)Vn(27x + 17y))

+ 1(x=N)(QN*1Vn(27xay + 1) + (]‘ - qul)(Vn(vaay) + 73)),
for z,y > 0, A,(1,0,y) = V,,(2,0,y) and A,(0,0,y) = V,(1,0,y) for y > 0.

e Step 5. We prove for a given n > 0 that if V,, € F, then the following departure term is also in F:

Dn(2a a:,y) = ﬁx(Vn(va -1, y) + '73) + 2/1' (l(z:O)Vn(lvovy) + 1(z>0)Vn(27$ - 1ay))

for z,y > 0, Dy (1,0,y) = uV,(0,0,y) + (1 — A — p)V;(1,0,) and D,(0,0,y) = (1 — A)V,,(0,0,y) for
y > 0.

The proofs for the previous five steps are given below.
Step 1. For z,y >0and 2=0,1,2, Vo(z,z,y) = Us(z,x,y) = 0. Then V,Uy € F.
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Step 2. Assume that for a given n > 0, U,, € F. We only consider the non-trivial cases where z = 0 or
z=1and y > 0. In the other cases U,, = V,,. Therefore we only need to show Relations (5), (6), (8), (9),
(11), (12), (14) and (15).

- For Relations (5) and (8), we have

V,.(0,0,y) =U,(1,0,y — 1), for y > 0. (16)

If “keep” is optimal in (1,0,y), then V,,(1,0,y) = U,(1,0,y). Combining Equation (16) with Relation (9)
for U, leads to V;,(0,0,y) < V(1,0,y) and proves Relations (5) for V,,. If “serve” is optimal in (1,0, y), then
Vn(1,0,9) = U,(2,0,y—1). Combining Equation (16) with Relation (6) for U,, leads to V,(0,0,y) < V(1,0,y)
and proves Relations (5) for V,.
We have V,,(0,0,y+1) = U,(1,0,y). Combining Inequality (16) with Relation (9) for U,, leads to V;,(0,0,y) <
V(0,0,y + 1). Therefore in all cases, Relations (5) and (8) hold for V,.

- For Relations (6) and (9), we have

Vn(1707y) S Un(2507y - 1)7 for Yy > Oa (17)

Vn(1707y) S Un(1707y)a for Y Z 0. (18)

Observe that V,(2,0,y) = U,(2,0,y). Combining Inequality (17) with Relation (7) for U,, proves Relation
(6).
If “keep” is optimal in (1,0, y+1), then V,(1,0,y+1) = U,(1,0,y+1). Combining equality (18) with Relation
(9) for U, proves Relation (9) for V,,. If “serve” is optimal in (1,0,y + 1), then V;,(1,0,y + 1) = U,(2,0,y).
Combining equality (17) with Relation (7) for U, proves (9) for V;,. Therefore in all cases, Relations (6) and
(9) hold for V,.

- For Relation (11), we have

Va(1,0,9) + Vo (0,0, + 1) < 2U,(1,0,y) for y > 0, (19)

Va(1,0,9) + Va(0,0,y +1) < Un(2,0,y — 1) + Un(1,0,y) for y > 0. (20)

If “keep” is the optimal action in state (1,0,y+ 1), for y > 0, then V,(0,0,y) 4+ V,,(1,0,y + 1) = U,,(1,0,y —
1)4U,(1,0,y+1). Thus, combining the convexity in y of U,, and Inequality (19) proves Relation (11) for V,,,
for y > 0. If “serve” is the optimal action in state (1,0,y + 1), for y > 0, then V,,(0,0,y) + V,(1,0,y + 1) =
Un(1,0,y—1)+U,(2,0,y). Combining Relation (12) for U,, and Inequality (20) proves Relation (11) for V,,,
for y > 0. In all cases, Relation (11) then holds for V;,.

- For Relation (12), we have

Vin(2,0,y) + Vo (1,0,y +1) < Un(2,0,y) + Upn(1,0,y + 1) for y > 0, (21)

Va(2,0,y) + Vo(1,0,y + 1) < 2U,(2,0,y) for y > 0. (22)
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If “keep” is the optimal action in state (1,0,y), for y > 0, then V,,(1,0,y) + V,(2,0,y + 1) = U,(1,0,y) +
Un(2,0,y + 1). Thus, Relation (12) for U,, and Inequality (21) prove Relation (12) for V,,, for y > 0. If
“serve” is the optimal action in state (1,0,y), for y > 0, then V,,(1,0,y) + V,(2,0,y + 1) = U,(2,0,y — 1) +
U.(2,0,y + 1). Combining the convexity in y of U, and Inequality (22) proves Relation (12) for V,,, for
y > 0. In all cases, Relation (12) then holds for V.

- For Relation (14), we have

V(0,0,y + 1) + Vo, (1,0,y + 1) < U,(1,0,y) + Uy,(1,0,y + 1) for y > 0, (23)

Vi(0,0,y +1) 4+ Vo (1,0,y + 1) < U,(1,0,y) + Un(2,0,y) for y > 0. (24)

If “keep” is the optimal action in states (1,0,y), for y > 0, then V;,(0,0,y + 2) + V,,(1,0,y) = U,(1,0,y +
1) + U,(1,0,y). Inequality (23) proves Relation (14) for V,,, for y > 0. If “serve” is the optimal action in
state (1,0,y), for y > 0, then V,,(0,0,y 4+ 2) + V,,(1,0,y) = U,(1,0,y + 1) + U,,(2,0,y — 1). Combining next
Relation (15) for U,, and Inequality (24) proves Relation (14) for V,,, for y > 0. Finally in all cases, Relation
(14) is true for V,,.

- For Relation (15), we have

Vo(1,0,y +1) + Vo (2,0,y +1) < Un(1,0,y + 1) + Un(2,0,y + 1) for y > 0, (25)

Vo(1,0,y+ 1)+ V,(2,0,y +1) < U, (2,0,y) + Un(2,0,y + 1) for y > 0. (26)

If “keep” is the optimal action in states (1,0,y+2), for y > 0, then V,,(1,0,y+2)+ V,(2,0,y) = U, (1,0,y +
2) 4+ U,h(2,0,y). Combining next Relation (15) for U,, and Inequality (25) proves Relation (15) for V,,, for
y > 0. If “serve” is the optimal action in state (1,0,y + 2), for y > 0, then V,,(1,0,y + 2) + V,(2,0,y) =
Un(2,0,y + 1) + U,(2,0,y). Inequality (26) proves Relation (15) for V,,, for y > 0. Finally in all cases,
Relation (15) is true for V,.

Step 3. The step is easy to prove and directly follows from Koole (2007) page 33.

Step 4. Assume that V,, € F, for a given n > 0. We now prove that A, € F. In Relations (5), (7), (8),
(9), (11) and (14), « is constant and the arrival of a new call has the same effect on each term of the relation
(either increasing the number of customers in queue 1 by one, or changing z into z 4+ 1). Moreover, since the
transition rates are constant, the induction from V,, to A,, is straightforward (see Koole (2007) page 35).
Next, the other relations have to be shown to prove the induction from V;, to A4,,. For Relations (4), (7),
(10) and (13), the case < k — 1 is a simplification of the case k < < N — 1 because the possibility of

going to queue 2 is not considered. We therefore only show the case k <x < N — 1.
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- For Relation (4), if z = k — 1, then

An(2, 2+ 1,y) — An(2,2,y) = Vo (2,2 + Ly + 1) + (Ve (2,2 4+ 1,9) +93) + (1 — ap — qr)Va (2,2 4+ 2,y)
— (I =ap-1)Va(2,x+ 1,y) — ap_1(Va(2,2,y) +73)
=q (Vn(2,2+1Ly+1) = Vo(2,z+1,9) + ar_1(Va(2,2 + 1,y) — Va(2,,y))

+ (1 —ar —qp)(Va(2,2+2,y) = Va(2,2 + 1,y)) + v3(ar —ax—1) >0,

since V,, is increasing in x and in y.
If k <z < N -1, then
An(2,2+1,y) — An(2,2,9) = @o+1Va(2, 2+ Ly + 1) + @11 (Va(2,2 + 1,y) +73) + (1 — agt1 — at1)Va (2,2 + 2,y)
— Va2, 2,y 4+1) —ax(Va(2,2,9) +73) — (1 — @z — ¢2)Va (2,2 + 1,9)
=qz (Va(2,2+Ly+1) = Va(2,z+ Ly)) + (qet1 — ¢=)Va(2,z+ Ly + 1)
+az(Vn(2,2+ 1,y) — Va(2,2,9) + (a1 — az)Va (2,2 + 1,y) + v3(0at1 — aa)
+ (1= oet1 = Get1)(Va(Z, 2+ 2,9) = Va2, 2+ 1,9)) + (02 + go — dot1 — Ga+1)Va (2,2 + 1,y)

> (q:c+1 - qIL‘)(V’ﬂ(27x +1,y+ 1) - Vn(va"" ]-:y)) >0,

since V, is increasing in y and g, is increasing in x.
If z =N —1, then
An(2,2+1,y) — An(2,7,9) = Va2, 2+ Ly +1) + (1 — g2)(Va(2, 2 + 1, y) + 73)
— Va2, 2,y +1) —ae(Va(2,2,y) +73) — (1 — 0w — ¢2)Va(2,2 4+ 1,y)
= aI(V"(27I + 17y + 1) - Vn(2,:c,y)) + qI(Vn(27x + 17y + 1) - V’ﬂ(27xay + 1))

+73(1 =gz —ag) >0,

since V,, is increasing in = and in y. Finally in all cases, Relation (4) is true for A,.
- For Relation (6), we may write

ATL(2707 y) - An(lvo» y) = (1 - aO)VTL(27 Ly) + ao(Vn(2,0,y) +’Y3) - Vn(2,0,y)

= (1 —a0)(Va(2,1,9) — Va(2,0,y)) + aoys > 0,

since Relation (4) is true for V,,. Hence, Relation (6) is true for A,.

For the following relations, we do not write the terms in -3 since the do disappear in the considered
differences.

- For Relation (10), if z = k — 1, then
An(2,2,y) + An(2,2+ 1L,y +1) — Ap(2,z,y + 1) — An (2,2 + 1,y)
=ap Va2, + (1 —ar_1)Va 2,2+ Ly) + Vo (2,2 4+ 1L,y +2) + ax Vo (2,2 + Ly + 1) + (1 —ap — q)Va (2,2 + 2,y + 1)
—op1Va(2,2,y+1) - (1—og-1)Va(2,2+ Ly + 1) =@ Va2 + Ly +1) — V(2,2 + Ly) — (1 — o — qi)Va (2,2 + 2,9)
=1 (Va2 24+ 1Ly+ 1)+ Val(2,7,0) = Va(2,24+ 1,y) = Va(2,2,y + 1))
+ g (Va(2,2+ 1L, y+2)+ V(2,2 +2,y) — Vo (2,z+ 2,y +1) — V(2,2 + 1,y + 1))

+ (1 - ak)(Vn(27x+2’y+ 1) + V’ﬂ(27x + 17y) - Vn(27x+ 1’y+ 1) - VW(Q»I + 2ay))

The term proportional to ai_; is positive since Relation (10) holds for V,, the term proportional to g is
positive since Relation (13) holds for V,,, the term proportional to 1 — vy, is positive since Relation (10) holds

for V,,. Hence, Relation (10) is true for A4,, for z =k — 1.
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If k<xz< N —1, then

An(2,z,y) + An(2,2+ 1,y +1) — Apn(2,z,y + 1) — An(2,z + 1,y)

=@Va2,2,y+ 1)+ acVa(2,2,9) + (1 — ¢z — 02) V(2,2 + 1,y)

+ger1 Va2, 2+ 1L, y+2)+oazr1 Va2, 24+ 1,y+ 1)+ (1 — got1 — @zt+1)Va(2,2+ 2,y + 1)
—@Va(2,2,y+2) — e Va(2,z,y+1) — (1 — g —az)Va(2,z+ 1,y + 1)

—Ger1Va(2, 2+ Ly+1) — et 1Va(2, 2+ 1,y) — (1 — a1 — cet1) V(2,2 + 2,9)

= (Va(2,z,y+ 1) + Vo (2,2 + L,y +2) — Vo (2,2,y + 2) — V(2,2 + 1,y + 1))
+az(Va(2,2,y) + Va(2,z+1,y+ 1) — Va(2,z,y + 1) — V(2,2 4+ 1,y))

+(1=azt1 —qat1)(Va(yz+ L, y) + Va2, 2+ 2,y+1) = Vi (2,2 4+ 1L,y + 1) — Vi (2,2 4+ 2,9))

+ (@241 = ¢2)(Va (2,2 + L,y +2) + Vo (2,2 + 1,y) — 2Va (2,2 + 1,y + 1)).

The terms proportional to ¢, a, and 1 — gz4+1 — @41 are positive since Relation (10) is true for V,,, the
term proportional to g,+1 — ¢, is also positive since V, is convex in y. Hence Relation (10) is true for A,
fork<z<N-—-1.

If £ = N —1, then

An(2,2,9) + An (2,2 4+ 1,y +1) — An(2, 2,y +1) — Ap(2, 2+ 1,y)

=¢Vn(2,2,y+ 1)+ acVn(2,2,9) + (1 = @z — a2)Va (2,2 + 1,y) + @2 Va (2,2 + 1,y +2) + (1 = ¢2)Va (2,2 + 1,y + 1)

— V(2,204 2) — V(2,2 + 1) — (1= gz — ax) V(2,2 4+ Ly +1) —quVa (2,2 + Ly + 1) — (1 — q2) Vi (2,2 + 1, y)
=¢(Va(2,2,y+ 1)+ Va(2,z2+ 1L, y+2) — Vu(2,z,y +2) — Vi (2,z + 1,y + 1))

+as(Va(2,z,y) + Va2, 2+ 1,y + 1) = Va(2,z,y+ 1) = V(2,2 + 1,y)).

The terms proportional to ¢, and «, are positive since Relation (10) is true for V;,. Hence Relation (10) is
true for A, forx = N — 1.
- For Relation (12), we have for y > 0,
An(l, 0, y) + An(Q»Ozy + 1) - An(27 0, y) - An(l’ Ovy + 1)
= Vn(27 0, y) + aOVn(27 0,y + 1) + (1 - aO)V’ﬂ(27 Ly+ 1) - OlOVn(27 0, y) - (1 - aO)Vn(27 17y) - Vn(27 0,y + 1)

= (1 - Oé())(vn(Q,O, y) + Vn(2717y+ 1) - Vn(27 lay) - Vn(2707y+ 1)) >0,

since Relation (10) holds for V;,,. Hence Relation (12) is true for A,.

- For Relation (13), if # < k—1 the transition rates are constant and the induction from V,, to A,, follows.
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If t =k —1, then

An(2,z,y+2)+ An(2,2 4+ 1,y) — An(2,z,y + 1) — Ap(2,z + 1,y + 1)

=ap aVa(2,7,y+2)+ (1 —ap-)Va(2,2+ Ly +2) + pVa (2,2 + Ly + 1) + a4 Va (2,2 + 1,y) + (1 — ap — qp)Va (2,2 + 2,y)
—ap 1 Va(2,2,y+1) — (1 —ap—)Va(2,z+ Ly +1) — Va2, 2+ Ly +2) — o Va (2,2 + 1,y + 1)
—(1 -k —aq)Va(2,z+2,y+1)
=ap1(Va2,2,y+2) + Va2 2+ 1Ly +1) = Va(2,z + 1L,y +2) = Vo (2,2,y + 1))

+oar(Va(2,z 4+ 1L,y) + Va2, +2,y+1) — V(2,2 +2,y) — Vi(2,z + 1,y + 1))

+@(Va(2,2+ Ly+ 1)+ Va(2,z+ 2,y + 1) — Va(2,2 4+ 2,y) — V(2,5 + 1,y + 2))
+Vn(2,x+2,y) +Vol2,z+1,y+2) - Vo2, 2+ 1,y+1) — Vn(2,$+2,y+ 1)

=(ak —ar_1)(Va(2,z+ L, y) + Va(2,2+ 1L,y +2) — 2V (2,2 + 1,y + 1))

+oak—1(Va(22,y +2) + Va(2,2+ L,y) = Va(2,2,y + 1) = Vo (2,2 + 1,y + 1))

A—gr — ) Va2, +2,9) + Va2 + 1L,y +2) —+Va(2, 2+ 1,y +1) — Va(2,2 4+ 2,y + 1)).

The term proportional to ay — c—1 is positive since V,, is convex in y, the term proportional to cg_1 is
positive since Relation (13) is true for V,,, the term proportional to 1 — gx — « is positive since Relation

(13) is true for V,,. Hence Relation (13) is true for A, for v =k — 1.
Iftk<xz< N —1, then

An(2,z,y+2)+ An(2,2+ 1,y) — An(2,z,y+1) — Ap(2,z+ 1,y + 1)

=@ Va(2,2,y+3) +xVa(2,2,y+2)+ (1 — gz — 02) V(2,2 + 1,y +2)

+@et1Va(2,2+ Ly +1) +aer1Va(2,2+ 1,y) + (1 — qog1 — 0at1) V(2,2 + 2,9)
~@Vn(22,y+2) —0eVn(2Zz,y+1) - (1 - gz —ox)Va(2, 2+ 1,y + 1)

—Get+1Va (2, 2+ L, y+2) —azr1Va(2, 2+ 1,y +1) — (1 — ge+1 — @z+1)Va (2,2 + 2,y + 1)
=¢(Va2,z,y+3)+Va(2,z2+1,y+1) = Va(2,z+ 1,y +2) — Va(2,z,y + 2))
F+ae(Va2,z,y+2)+ Va(2,z+1,y) — Va(2,2+ 1,y + 1) — Va(2,z,y + 1))

+ (1 —0gt1 — Gu+1) (V2,2 + 1,y +2)+ Vo (2,2 4+ 2,y) — Va(2,2+ 1,y + 1) — Va(2,2+ 2,y + 1))

F (ag+1 —az) (V2,2 + 1,y +2) + Vo (2,2 + 1,y) — 2Vn (2,2 + 1,y + 1)).

The terms proportional to ¢, a, and 1 — ¢, 1 — a1 are positive since Relation (13) is true for V;,, the
term proportional to a;11 — . is also positive since V,, is convex in y. Hence Relation (13) is true for A,,

fork<xz< N-1.

If z =N — 1, then

An(2,2,9+2) + An(2,2 4 Ly) — An(2, 2,y +1) — An(2, 2 + Ly + 1)

=q:Vn(2,2,y+3)+ aaVa 2,2,y +2) + (1 — gz —az)Va(2,2 4+ 1,y +2) + g2 Va (2, 2+ L,y + 1) + (1 — g2)Va (2,2 + 1,9)
—zVn(2,2,y+2) —azVa(2,z,y+1) — (1 — gz —0a2)Va(2,2+ 1,y + 1) — Va2, 2+ 1L,y +2) — (1 — ¢2)Va(2,z+ 1,y + 1)
=qz(Va(2,2,y+3)+ Va(2,2+ 1L, y+ 1) — Vo (2,2 + L,y + 2) — Vi (2, 2,y + 2))
+orz(Va(2,2,y+2)+ Va(2,z2+1,y) — Va(2,2,y+1) — Vo (2,2 + 1,y + 1))

+(1l-—ge—az)(Vayz+1,y+2)+ Va(2,z+ 1,y) — 2V, (2,2 + 1,y + 1)).

The terms proportional to g, and «, are positive since Relation (13) is true for V;,, the term proportional

to 1 — g, — a is also positive since V,, is convex in y. Hence Relation (13) is true for A, for x = N — 1.
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- For Relation (15), we have

An(lvo)y +2) + An(Z»O:y) - An(l,O,y—i- 1) - An(2’0’y + 1)
= V’ﬂ(2707y + 2) + O‘DVW«(2707 y) + (]' - aO)Vn(Qv 1ay) - V’"«(2707y + ]') - OéOVn(Q,O,y + 1) - (]' - aO)Vn(27 ]-7y + 1)

=Va(2,0,y+2)+ Va(2,1,9) = Va(2,0,y+1) = Va(2, Ly + 1) + ao(Va(2,0,5) + Va(2,1,y + 1) — Va(2,0,y + 1) — Va(2,1,y)).

The terms proportional to 1 is positive since Relation (13) is true for V;,, the term proportional to «yq is

also positive since Relation (10) is true for V,,. Hence Relation (15) is true for A,,.

Step 5. Assume that V,, € F, for a given n > 0. We now show that D,, € F.
- For Relation (4), if z = 0, then
Dn(2,1,y) — Dn(2,0,y) = BVa(2,0,y) + Bys + 2u(Va(2,0,y) — Va(1,0,y))

+ (L =A=8-2u)(Va(2,1,y) — Va(2,0,y)) = Va(2,0,y) 2 0,

since V,, is increasing in x and Relation (6) is true for V.
If x > 0, then
Dn(2,2+1,y) = Dn(2,2,y) = Br(Va(2,2,y) = Va(2,2 — 1,y)) + By3 + BVa(2, 2, y)

+2u(Va(2,2,y) = Va(2,2 - 1Ly)) + A=A =B+ 1) = 2u)(Va (2,2 + Ly) = Va (2,2, 1)) — BVa(2,7,y) 20,

since V}, is increasing in z. Hence Relation (4) is true for D,,.

- For Relation (5), we have

Dn(1,0,y) — Dn(0,0,y) = uVn(0,0,y) + (1 = XA — 1) (Vi (1,0,y) — Va(0,0,y)) — 1V (0,0,y) > 0.

Hence Relation (5) is true for D,,.
- For Relation (6), we have

Dn(Z,O,y) - Dn(l’ozy) = u(Vn(l,O, y) - Vn(oyozy)) + }LVn(l,O, y) + (1 —A- 2”)(‘/”1(2’07:'!) - Vﬂ(lvo’ y)) - /‘Vn(LO:y) Z 0.

Hence Relation (6) is true for D,,.
- For Relation (7), if z > 0, then
Dn(Z,x,y + 1) - D”(2:xa y) = IBI(VW(sz -Ly+ ]-) - Vn(2,33 - 1,’!,/)) + Zﬂl(z:O)(V’ﬂ(O’Ovy + 1) - Vn(0707 y))

+ (L =A=Bz—2u)(Va(2,z,y+1) = Va(2,2,9)) 2 0,

since V,, is increasing in y. Hence Relation (7) holds for D,,.

- Relations (8) and (9) are obviously also true for D,,.
- For Relation (10), if 2,y > 0, then

Dn(2,z,y) + Dn(2,z+1,y+1) — Dn(2,2+1,y) — Dn(2,z,y + 1)

=Bz(Va(2,2 — L,y) + Vu(2,z,y + 1) = Vo (2,2,9) — Vo (2,2 — Ly + 1) + B(Va(2,z,y + 1) — Vi (2, 2,9))
+ 201 (=) (Vi (1,0,9) + Vi (2,0,5 + 1) = Vir(2,0,9) — Vi (1,0, + 1))

+2uL(o50)(Va (2,2 — 1,y) + Va(2,2,y + 1) = Va(2,2,y) — Vo (2,2 — L,y + 1))

+ (1 -A=B@+1)—2u)(Va2,z,y) +Va2,z+ 1Ly+1) = Vo(2, 2+ 1L,y) — Va(2,z,y + 1))

+B(Vn(2,x,y) - Vn(2,$,y+ 1)) 2 0:
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since Relations (10) and (12) are true for V.
- For Relation (11), we have for y > 0,

Dn(0,0,y) + Dn(1,0,y + 1) — Dn(1,0,y) — Dn(0,0,y + 1)
= N(Vn(0707y+ 1) - Vn(07 07 y)) + (1 —A- u)(Vn(0,0,y) + Vn(1:07y+ 1) - Vn(l,O,y) - Vn(0707y+ 1))

+ 1(Vn(0,0,y) = Vo(0,0,y +1)) 2 0,

since Relation (11) is true for V.
- For Relation (12), we have for y > 0,

Dn(LO,y) +Dn(270)y + 1) - Dn(2701 y) - Dn(1701y+ 1)
= ,U‘(Vn(0707 y) - V’"«(O’Ovy + 1)) + 2N(Vn(170,y + 1) - Vn(lvozy))
+ (1 - A= 2”)(Vn(1707y) + Vn(2707y + 1) - V’/L(Qvovy) - Vn(1707y + 1)) +H‘(V’L(1107y) - Vn(170=y+ 1))

Z u(Vn(0,0, y) + Vn(l’()’y + 1) - Vn(1707 y) - Vn(0707y + 1))

The term proportional to p is positive since Relation (11) is true for V,,. Therefore Relation (12) is true for
D,.
- For Relation (13), if z,y > 0, then
Dn(2,2,y+2) + Dn(2,2+1,y) — Dn(2,2,y+ 1) — Dn(2,z + 1,y + 1)
=Be(Va (2,2 — L,y +2) 4+ Vo (2,2,9) — Va (2,2 — Ly + 1) = V(2,24 + 1)) + B(Va (2,2, y) — Va(2,2,y + 1))
+ 2#1(1:0)(Vn(1,0,y +2) + Va(2,0,y) — Va(1,0,y + 1) — Vi (2,0,y + 1))
+ 201 (n0)(Va(2,2 — Ly +2) + Va(2,2,9) — Va(2,2 — Ly + 1) — Va(2,2,9 + 1))
+ (1 =-A=Bx+1)—2u)(Va2,z,y +2) + Va (2,2 + 1,y) — Va(2,z,y+ 1) = Vo (2, 2+ 1,y + 1))

since Relations (13) and (15) are true for V,, and V,, is convex in y. Therefore, Relation (13) is true for D,,.
- For Relation (14), we have for y > 0,

= “(Vn(07 Ovy) - Vn(0707y+ 1)) + (1 —A- #)(Vn(0:07y+2) + Vn(l,O,y) - Vn(0707y+ 1) - Vn(1707y+ 1))

+ 1(Va(0,0,y +2) — Va(0,0,y + 1)) = u(Va(0,0,y +2) 4+ Va(0,0,) — 2V (0,0,y + 1)) > 0,

since Relation (14) is true for V,, and since V,, is convex in y. Hence, Relation Relation (14) is true for D,,.

- For Relation (15), we have for y > 0,

Dn(1707y+ 2) + Dn(2?07y) - Dn(l,O,y—‘r 1) - Dn(2107y + 1)
= p(Vn(0,0,y +2) = Vi (0,0,y + 1)) + 2u(Va(1,0,y) — Va(1,0,y + 1))

Z “(Vn(1707y + 2) + Vﬂ(1707 y) - 2Vn(170’y+ 1)) +“(Vn(170’ y) + Vn(0707y+ 2) - Vn(07 0’y+ 1) - Vn(1»07y+ 1))

The two terms proportional to p are positive, the first one because V,, is convex in y and the second one

because Relation (14) holds for V;,. Therefore Relation (15) is true for D,,. The proof is completed. O
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B Proof of Proposition 2

To prove Proposition 2, we need to prove by induction on n (n > 0) that, for z,y > 0,

Vala,y) + Va(z + 1y) > Vala,y) + Vo(z + Ly), (27)
Un(,y) + Un(z +1,y) = Un(z,y) + Up (2 + L,y), (28)
Valz,y +1) + Va(z,y) = Vi(@,y + 1) + Va(z, y), (29)
Ul(x,y+ 1)+ Up(x,y) > Ul (z,y + 1) + Up(x,9), (30)

where V,,(z,y), Un(z,y) and V, (z,y), U, (x,y) are the value functions associated with the parameters 71,
Y2, v3 and ¢ for x > s + k, and the parameters 71, 75, 7% and ¢ + ¢’ for & > s + k, respectively. Summing
up Relations (27) and (29) prove that V! (z,y + 1)+ Vi (x + 1,y) > Vi (x,y + 1) + V) (z + 1,y). This implies
that situation 1 requires more reservation than situation 2.

We have Uy = V = Ujj = Vj = 0. Thus, Relations (27), (28), (29) and (30) hold for n = 0.

We first prove that Relation (28) implies Relation (27). Assume now that Relation (28) holds for a given
n > 0. Therefore, U}, (z,y) + Un(x + 1,y) > U} (x + 1,y) + U, (x,y). We only consider the non-trivial cases
where 0 < z < s and y > 0. We have

Vi(z+1,y) + Va(z,y) <UL (x+1,y) + Up(z,y) for 0 <z <s—1,y >0, (31)
Vile +1,9) + Valz,y) <UL (z+ 1L,y) + Up(z + 1,y — 1) for 0 <z < s—1,y >0, (32)
Viz+1,y)+ Va(z,y) <UL (z+2,y— 1)+ Up(z+1,y—1) for 0 <z <s—2,y > 0. (33)

If “keep” is the optimal action in states (z,y) and (x + 1,y) for situations 2 and 1, respectively, then
Vi(z,y)+ Va(z+1,y) = U, (x,y) + Up(z+1,y). Combining Equation (31) with Relation (28) for U,, proves
Relation (27) for V,.

If “serve” is the optimal action in states (x,y) and (z + 1,y) for situations 2 and 1, respectively, then
Vilz,y) + Vo(ze+1,y) =U)(z+ 1,y — 1) + Up(x + 2,y — 1). Combining Equation (33) with Relation (28)
for U,, proves Relation (27) for V.

If “serve” is the optimal action in state (x,y) and “keep” is the optimal action in state (x+1,y) for situations
2 and 1, respectively, then V! (z,y) + Vo (z + 1,y) = U} (x + 1,y — 1) + Up(x + 1,y). Inequality (32) proves
Relation (27) for V,,.

The case where “keep” would be the optimal action in state (x,y) and “serve” would be the optimal action
in state (z + 1,y) for situations 2 and 1, respectively, is not considered because it is in contradiction with
Relation (28) for U,.

We second prove that Relation (30) implies Relation (29). Assume now that Relation (30) holds for a given
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n > 0. Again, we only consider the non-trivial cases where 0 < x < s and y > 0. We have

Vi(z,y) + Valz,y+1) <UL (z,y) + Up(z,y + 1) for 0 <z < s — 1,y > 0, (34)
Vo, y) + Va(z,y + 1) < Up(z,y) + Up(z + Liy) for 0 <z <s—1,y >0, (35)
Vi(z,y) + Valz,y+1) <Up(z+ 1,y — 1)+ Up(z+ 1,y) for 0 <2z <s—1,4 > 0. (36)

If “keep” is the optimal action in states (z,y) and (z,y + 1) for situations 1 and 2, respectively, then
Vo(z,y) +Vo(z,y+1) = Uy(z,y) + U} (z,y + 1). Combining Equation (34) with Relation (30) for U,, proves
Relation (29) for V.

If “serve” is the optimal action in states (x,y) and (z,y + 1) for situations 1 and 2, respectively, then
Va(z,y) + Vi(z,y+ 1) =Up(z + 1,y — 1) + Up(x + 1,y). Combining Equation (36) with Relation (30) for
U,, proves Relation (29) for V;,.

If “keep” is the optimal action in state (x,y) and “serve” is the optimal action in state (x,y+1) for situations
1 and 2, respectively, then V,,(z,y) + V! (x,y + 1) = Uy (z,y) + U} (x + 1,y). Inequality (35) proves Relation
(29) for V,.

The case where “serve” would be the optimal action in state (z,y) and “keep” would be the optimal action
in state (z,y + 1) for situations 1 and 2, respectively, is not considered because it is in contradiction with
Relation (30) for U,.

We now prove that Relations (27) and (29) for V,, imply Relation (28) and (30) for Uy, 11.

The proof of Relation (27) for the departure term can be easily done since the terms are identical in situations
1 and 2 except for the cost parameter related to the abandonment. This implies a positive difference
By =) ((x+1 =8t — (x—s)") > 0 since y3 > 4. We therefore only focus on the cost and arrival
terms. We denote by G(z,y) and G'(z,y) the cost terms in situations 1 and 2, respectively and A(z,y) and
A’(x,y) the arrival terms in situations 1 and 2, respectively. We have

G'(z,y) + Gz +1,y) - Glz,y) =G+ Ly) = (n - )@ +1-5)" — (2 —-5)T) >0,
since y; > v} and
Gy + G (@y+1) -G (2y) - Gay+1) =% -2 20,
since 4 > 7o.

For the arrival term we may write for x > s + k (the terms where < s + k are simplifications of this case

and are therefore omitted)

Ap(z,y) + An(z + 1,y) — An(z,y) — Ap(z 4+ 1,y)

= ag (Vi (2,9) + Valz + 1,y) — Va(z,y) — Vi(z + Ly))

+q(Vi(z,y+ 1)+ Vo(z+1Ly+1) = Vp(z,y+1) = Vi(z+ 1,y + 1))

+ 1 =agt1 = (Va(z+1,9) + Vale +2,y) — Va(z +1,9) — Vi(e +2,y))
+dVa(z+2,y) = Va(z+Ly+ D)+ Vi (z,y+1) - Vi (z+1,9))

+ (v3 — v3)(awt1 — az).

The terms proportional to ay, ¢ and 1 — a;41 — ¢ are positive since Relation (27) is true for V,,. The term

proportional to ¢’ is positive since this relation defines that the optimal policy in situation 2 is of switch
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type. The last term is also positive since v3 > 4. Therefore, Relation (28) is true for U, 1.

For the arrival term we also may write for > s + k (the terms where < s + k are simplifications of this

case and are therefore omitted)

Ap(z,y + 1) + An(z,y) — An(z,y +1) — AL (2,y)

= az(Vp(z,y + 1) + Va(z,y) — Valz,y + 1) = Vi (z,y))

+a(Va(@,y+2) + Valz,y + 1) = Va(z,y +2) — Vi(z,y + 1))
+t(l-az—(Va(z+Ly+1) +Valz+1,y) = Valz + 1Ly +1) = Vi(z + 1,9))

+d (Va(z,y+2) - Vo(e+1Ly+ 1)+ Vy(z+1,9) — Vi(z,y+1)).

The terms proportional to «,, ¢ and 1 — «, — g are positive since Relation (29) is true for V,,. The term

proportional to ¢’ is positive since this relation defines that the optimal policy in situation 2 is of switch

type. Therefore, Relation (30) is true for U,1. This finishes the proof of the proposition.

C Performance Analysis for Model C

We provide here the details for the steps of the performance evaluation method for Model C.

O

Step 1. The stationary probabilities are determined by the following set of equilibrium equations. For

y = 0, we may write

Apz,0 = (4 1)ppz41,0, for 0 <z < yo,

APyo,0 = (Yo + 1) pyo+1,0 + YolPye,1, for = yo,

A+ zp)pz,o = (& + 1)ppe41,0 + Ape—1,0, for yo <z < s,

(1 — @)X+ spu)ps,0 = spups+1,0 + Aps—1,0, for = s,

(M1 = @) + sp)pz,0 = spPa+1,0 + A(L — @)py—1,0, for s <z < s+ k,

(A1 = a) + sp)pz,0 = sppat+1,0 + (1 —q— @)Apg—1,0, for x > s + k.
Fory=y; —1and 1 <17 < s — ygy, we have

A+ (o + i — Dp)pyoti-1,y,—1 = (Yo + ) iPyo+i,y,—1, for =yo +i— 1,

A+ (Wo + Di)Pyo-+iy;—1 = APyoti—1,y;—1 + (Y0 + ) ppyo+i,y; +min(yo +i+ 1, $)upygtitiy;—1, for  =yo +i.
ForO<y<yi— 1Ly <y<yi+1—land 1<i<s—yp, we get
(A + (Yo + ) i)pyo+i,y = (Yo + D) pPyo+i,y+1 + (Yo + i + D)upy+it1,y, for z =yo +1i.

ForO<y<y;—landi=0ory <y<y+1 —1land 1l <i<s—yg, we have

A+ zp)pay = ( + Dppat1,y + APz—1,y, for yo +i <z <,

(A1 = @) + sp)ps,y = siPs+1,y + APs—1,y, for x = s,
(A1 — @) + sp)pe,y = suPz+1,y + M1 —a)pz—1,y, for s <z < s+ k,

A1 =) + sp)pstky = $Pstk+1,y T AL — @O)Psyr—1,y + a\Pstk,y—1, for . =s+k,
)

(A1 — @) + sp)pz,y = sppz+1,y + (1 —q— ¥)Apz—1,y + ¢ADz,y—1, for £ > s + k.
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Finally, for y > ys_y,, we may write

(A1 = ) + sp)ps,y = spps,y+1 + spps+1,y, for © =5, (50)
(A1 — @) + sp)pz,y = suPz+1,y + A1 — a)pz—1,y, for s <z < s+ k,
A1 = @) + sp)pstk,y = 8HPstk+1,y + M1 — Q)Psik—1,y + GAPstk,y—1, for =5+ K,

)

A1 — @) + sp)pz,y = sppPet1,y + (1 —q — A)Ape—1,y + qADe,y—1, for © > s + k. (51)

Step 2. We denote by a the offered load, a = % Lemma 1 simplifies the expressions of p, 4, for ¢ < s+ k
and y > 0, by writing them as a function of only two state probabilities from the row y in the Markov chain

as given in Figure 7.
Lemma 1 The following holds.

1. Ify=y;—1 for1 <i<s—yo, then

a +1—1
+Z/0

Yo +Z Y0 +Z > pyo+i—1yyi—1'

Pyo+iyi—1 = <

2. For1 <i<s—yo,yi—1<y<ytri—land2<zc<s—y—itori=0,0<y<y —1and

2 <x<s—yg, we have

1 . z—1 . . o rz—1 . ‘ e
Puoti+es = o (o + i+ DPyoritryy (Yo +i+5)a" 7"  —apy piy> (yo+i+5)la” "
’ j=0 j=1

3. For 0 <y < ys—y, — 1, we have
Ps+1,y = (1 +
4. Fory>0 and 0 < x <k, we have

o= (1Y (o (1 (H02)) -, (200 (0=0)7))

Proof. The proof of the first statement is straightforward. If y = y; — 1 for 1 < i < s — gy, then Equation

. _ yo+i—1
(43) leads to Pyo+iyi—1 = (yo(:-i + (;/0+i )py0+i—17yi—1'

We now prove the second statement by induction on z. For 1 <i<s—yp, v —1 <y < y;y1 — 1 and

2<x<s—y—iori=0,0<y<y; —1land 2 <z <s—yp, let us define the property P(x) by

1 4 = e = e
P() : pyotita,y = o Tita) (Wo+i+ Dpygritiy Y Wo+i+N)a" 7" —apy,riy > (o +i+5)la” 71|,
Yo +t+z) 20 =

for0<i<s—yand2<zx<s—yo—i—1.
Combining = = yo + 7 + 1 and Equation (46), and combining = = yo + 1 and Equation (39) prove that
P(2) is true.
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Assume that P(z) and P(z + 1) are true, and let us prove that P(x + 2) is also true, for 0 < i < s — yo and
2<x<s—yp—1—1.

We may write

1 4 L naeie = el
Pyotitay = ———— | W0+ i+ Dpygrit1y Y (Wo+i+N)e" I —apyo iy Y (o +i+5)la™ 7],
(yO +Z+CC)' j=0 j=1

and

1 z ) i )
Pyotitat+ly = | (Yo + i+ Dpyg+i+1, (yo +i+45)!a""7 — apyq+i, (yo +i+5)la™7 | .
YyoTriTx Yy (yo+l+l’+1)' ( YyoT1 yj;o Yo Zngl

Equation (46) for 1 <i<s—ypand 2 <z < s—yp—i—1 or Equation (39) fori=0and2 <z <s—yp—1
are equivalent to

‘ _atyotitaz+1 ‘ _ a ‘
Pyo+ita+2,y Yot+itat2 Pyo+ita+1,y y0+i+m+2pyo+z+zyy'
We thus obtain, for 0 <i<s—gypand 2<x <s—yy—i—1,
Pyo+itz+2,y =
atyotitetl ! (yo +i+ 1)p i(y Fit eI —ap zz:(y +i+j)lamd
- - 0 yo+it1, 0 ! - i 0 !
Y0 +i + z + 2 (yO +i + z + 1)' yo+i+ yj:() yo+1 yj:1
a 1 z—1 ) x—1 )
- . : Yo + i + D)pyotiti, Yo +i+5)1a” I — apyo i, Yo + i+ j)la® It
Yotitat? (y0+z+:c)! ( ) yo+it+ y;( ) Yo+ y;( )
. —1
(Yo + i+ D)pyo+it1,y , - N , S L \lgE—d—1
= - : (a+yo+z+z+1)2(yo+l+j)!az J*a(y0+l+x+1)2(y0+l+_7)!az J
(yo +i+a+2)! = =

T z—1
a : . .
@fﬁ%<(a+yo+i+z+l)§ (yo+i+3)a®7 —a(yo+i+z+1)D (yo+i+j)!az‘]‘1>
0 !

j=1 j=1

1 x+1 i xz+1 )
= —————— | (o +i+Dpyo+it1, (yo +i+ )T —apyy s, (yo+i+j)la® 7T
(o+i+a+2) ( vt ngo y“ y;

We next deduce that P(z + 2) is also true for 0 < i < s—yp and 2 < x < s—yo —i — 1. So, the property
P(z) is true, which finishes the proof of the second statement.

The third statement immediately follows from Equations (40) and (47).

Let us now prove the fourth statement. The corresponding homogeneous equation to Equations (41) and

(48) is
spz® — (M1 —a) +sp)z+ A1 —a) =0,

with z as a variable, for z € C. It has two solutions, z = 1 and z = al=2) " Thys for y>0and 0 <z <k,

S .

x
Ps4ax,y = a+p (a(lga)) with Ps,y = a+ B and Dst1,y = ajL@@. Finally, for y > 0 and 0 < = < k, we
obtain

—1 z .
a(l —«a a(l —a a(l —a a(l — o
(50 o () (252 (252,

s S s 5

This finishes the proof of the fourth statement, and that of the lemma. O
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Step 3. We show in Lemma 2 how p,,, for £ > s+ k and y > 0, can be computed as a function of

Ps+k,0,Ps+k, 15" s Ps+k,y-

Lemma 2 The solution of FEquations (42), (49) and (51) is given by
y
Patstky = Za%jx] z%, (52)

Jj=0

for x >0, where

and the constants ay ; for y >0 and 0 < j <y are given by

Ay,0 = Ps+k,y» (53)

fory =0,

a = 200 Az !
YUyl \—spz2+(1—qg—a)\ )’

fory >0, and

. -1 7 it
Ay jt1 = [(—8/,62;2 +(1—qg—a)N)(j+1)] Z Qy,i (]) (S/J,zQ + (=) (1 =g — a)A) + grzay—1; | ,
i=j+2
(54)
foro<j<y—1andy>1.

Proof. Consider the system of equations given by Equations (42), (49) and (51). This system can be solved
analytically using standard results from the theory of linear difference equations. Consider the corresponding

homogeneous equation to Equations (42), (49) and (51). We have
spz? — (M1 —a)+sp)z+(1—qg—a)A=0, (55)

with z as a variable, for z € C. It has two solutions denoted by z and 2’ and are given by

2

z:% 1+a(18—a)_\/(1+a(18—a)> _4(1—1—@)@),
2

z/:% 1+a(18—a)+\/<1+a(18—0¢)> _4(1—1—0{)@)'
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We next provide the intervals where z and z’ are ranging. We have 0 < z < 1 and 2z’ > 1. Let us first prove

that 2/ > 1. Since 2’ increases in ¢, we have

oo ) o )

In what follows, we prove that 0 < z < 1. Since z decreases in g,

z<;(1+a(1sa)\/(1+a(18a)>24a(15@)) :% (1+a(15a) _ (1a(18a))2) _ a(ls*“) <1

From Equation (55), we may write spuzz’ = (1 — g)A. Since A > 0,0 < ¢ < 1 and 2’ > 1 > 0, we obtain

z > 0.

Because of the last term in the right hand side of Equations (49) and (51), the stationary probabilities
Datsthy, for £ > 0 and y > 0, can be written as a sum of two polynomials multiplied by z* and z'*
respectively. Since 2z’ > 1, the convergence of the stationary probabilities forces the polynomial that is

multiplied by z’® to be equal to zero. We therefore obtain Equation (52), for > 0 and y > 0, that is,

_ j T
Prtsthky = E :ay,jxj Z7

with a,; € R for y > 0 and 0 < j < y. In what follows, we compute the parameters a, ;, for y > 0 and
0 <j <uy, as a function of psyy ,, for y > 0. It is straightforward to obtain Equation (53). Using Equations
(49), (51) and (52), we have

Y Y
(A1 = a) + sp) (Zay,jwj> 2 =sp (Z“y’j(w + 1)j) 2t (56)

Jj=0 Jj=0

y—1
+(1—-g—a)A (Zay] z—1) ) =14 gx (Zaylijj> 2%,

=0
for x,y > 0. Since
Saser =3 (S(() )
§=0 §=0 \ i=j J

and

Yy
Za“x—l :Z

j=0

WM@

@

QQ
/‘\
. .
"

|

—_

S~—

<

8

<

Equation (56) leads to
(A1 = @) + sp)ayy—12 = sp2?(ayy—1 + ayyy) + (1= ¢ — )N\ (ayy—1 — ayyy) + gAzay—1,-1, (57)
for y > 0. Since z is a root of Equation (55), Equation (57) can be rewritten as

0= suzQay,yy —(1—q—a)Aay,y+grzay_1,y-1,
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for y > 0. This implies

gz
a = Qy—1.y—
P Cep2? - (L - g~ a)A)y’

for y > 0. It thus follows that

ao,0 qAz Y
y! \—spz2+(1—q—a)\) ’

for y > 0. For 0 <j <y—1and y > 1, Equation (56) also leads to

Ay,y

Y

(ML — @) + sp)ay ;2 = sz’ z::ay (;) F—g—a [ Y-y, (;) (=1 + qhzay_1,. (58)

i=j
Since z is a root of Equation (55), Equation (58) can be rewritten as

y .
. 1 it
0=ay;+1(j +1)(suz? — (1 —qg—a)X\) + Z aw( ) (spz® 4+ (1) (1 — g — @)A) + grzay_1 4,
i=j+2
for 0 <j <y—1andy > 1. Finally, this leads to Equation (54).
We then compute ay j, for y > 0 and 0 < j <y, as a function of pyyp 4, for y > 0. This finishes the proof

of the lemma. O

Step 4. Here, we evaluate all stationary probabilities for x > 0 and y = 0 as a function of py . Using

Equation (37), we have

a$

Pz,0 = —7P0,05 (59)

for 0 < x < yp. Using the second statement of Lemma 1, we obtain

1 x—1 . o x—1 . o
Pyo+z,0 = o+ 2)! (yo + 1)pyo+1,oZ(y0 +)la I — apyo,oZ(yo + eI (60)
’ =0 j=1

for 2 <z < s — yg. From the second and third statements of Lemma 1, we may write

o= (1) (o (1 () ) (- (1))
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for 0 < z < k. Using now Equations (60) and (61), we obtain

prv = S se (A0 () TS oot o1 (22

(62)

o (aus—w)’“(l_) Z o )l yoa1+<s_1)!<1_(f@)k+l>

oo
Next, combining Equation (38) and youpy,,1 = g\ Y Ds+k+a,0 Provides a relation between py, o and pyy+1.0-
=0

From Equations (38)-(42), we have

)\Ps+k 0

APyo,0 = (Yo + 1) ppys+1,0 = T,

Combining the previous equation and Equations (59) and (62) implies
. a(l—a)\ a s—yg—2 N1 sy a(l—a) ) k+1
e I TR T <( a- >) (1-o J; (yo + J)las=¥0=3=1 4 (s — 1) (1_( a- >) )) »

Yo +1 a a @ s—yg—2 . . a(l—a k+1 y()!
1+ (17(1(1,07)/3)(172)5! <( (1 )) (1 %) 2 (yo + §)las=vo=I=1 + (s — 1)! (1 - < (13 >) )>
j=

Pyo+1,0 =

(63)
Using Equations (38) and (63), we also obtain
¢ (a-a))*
_ Po,0 qﬁ% (a s = )
Pyot = 377 va (1)) W) STUe2 . L a(1—a)\F+1 '
L+ d=a=a)y/sa=s ( s ) (1-12) J;O (yo + f)las—vo—i=1 4 (s — 1)! (1 - (f) )

Using Lemmas 1 and 2 together with Equations (63) and (59), we thus have closed-form expressions for

the stationary probabilities p, o for > 0 and py, 1 as function of pg .

Step 5. We propose in this step a method to compute the stationary probabilities of a given row as a
function of the stationary probabilities in the previous rows of the Markov chain. Consider y > 0, and
suppose that the stationary probabilities of rows 0,1, --- ,y are known in the Markov chain as a function of
poo. I for agiveni (i € {1,---s—yo—1}) wehave y; <y+1<yy1—1lor0<y+1<y —1, then
(Yo + D) upyo+iy+1 = gA Zps+k+a:,y7 and if y +1 > ys_y, then sup, 1 = g\ Zps+k+m,y Consequently, the
first stationary probablhty of row y + 1 is also known as a function of pg .

Observe that using Equation (52) for y > 0, we have

o'} 0 )

_ j T
Zszrker,y = E : Zay,jfj Zayj ij .
x=0

z=0 \ j=0 =0

For 0 < j <y, and x,y > 0, we define the function f; in the variable ¢ by f;(t) = Y 29t* with ¢t € [0, 1).
=0

The function f;(t) is given by the recursive relation f,.1(t) = t (f,(t))" for n > 0 and fo(t) = = with
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€ [0,1) (Queffélec and Zuily, 2013). Thus we can derive the infinite sum > psigtq,y, for 0 < j <y, and
=0

x,y > 0, through a finite number of calculations. O

We next distinguish three cases.
- Case 1: If for agiveni (i € {1,---s —yo}) y+ 1 =y; — 1, then using the first statement of Lemma 1, the
second stationary probability of row y+1 (pyy+i,y,—1) is also known as a function of pg o. Using Lemma 1 we
evaluate py .y, —1 for yo+7—1 <z < s+k as a function of pg o and py,4i41,y,—1. Using Lemma 2 we evaluate
Ds+tktz,y;—1 for x > 0 as a function of psi k.0, Pstk,1,"** » Ps+k,yi—1- Since the stationary probabilities of rows
0,1,---,y; — 2 are known as a function of pg o then we evaluate psir4a,y,—1 for £ > 0 as a function of pg g
and Pyo1i+1,y,—1. Using Equation (44), we obtain (Yo +1¢) tPyo+i,y; = (A1 —Lyg+i>s@)+ (Yo +1) 1) Dyo+i,y:—1 —
ADyo+i—1,yi—1 — Min(yo + @ + 1, 8) uPyo+it1,9:—1. Moreover, we have (yo + ©)iDyo+i,y; = gA §0p5+k+z,yﬁl-
Thus the equation (A(1— 1y, 4+i>s¢) + (Yo + ) ) Dyo+i,yi—1 — APyo+i—1,y;—1 —min(yo +i+1, s);j];yOHJrLyi_l =
g i Ds+k+a,y;—1 Provides a relation between pgo and py,+it+1,5,—1- As a consequence all probabilities of

r=

row y + 1 can be derived as a function of pg g.

- Case 2: If foragiveni (i € {1,---s—yo—1}) wehave y; <y+1<yy1 —lor0<y+1<y —1,
then using Lemma 1 we evaluate py y4+1 for yo + 7 < o < s+ k as a function of pg o and pyy4it1,y+1. Using
Lemma 2, we evaluate ps4pya,y+1 for £ > 0 as a function of psi .0, Ps+k,1, "+ > Ps+k,y+1- Oince the stationary
probabilities of rows 0,1,--- ,y are known as a function of pg o then we evaluate psyjizy+1 for x > 0 as a
function of pg ¢ and py,+it1,y+1. Using Equation (45) we obtain (yo+1) upye+iy+2 = (A(1—1ygti>s0) + (Yo +

(&)
) )Pyo+iy+1 — (Yo + 7+ 1) tpyy+i+1,y+1. Moreover we have sups y+2 = gAY Pstkta,y+1. Thus the equation

z=0

00
(ML= Ly 45260) + (Yo + )Py i1 — (o + i+ By i1y 41 = GN 3 Pt oy provides a relation be-
=0

tween po,0 and py,+i+1,y+1- As a consequence all probabilities of row y+1 can be derived as a function of po o.

- Case 8: If y+1 > ys_y,, then using Lemma 1 we evaluate p, 41 for s < z < s+ k as a function
of po,o and pst1y+1- In all cases using Lemma 2 we evaluate psipyry+1 for ¢ > 0 as a function of
Ds+k,0, Ps+k,15 " » Pstky+1. oince the stationary probabilities of rows 0,1, -,y are known as a function of
0,0, then we evaluate pgyj4zy+1 for > 0 as a function of pg o and psy1,y+1. Using Equation (50), we obtain

o0
SUDs,y+2 = (/\(1 - O‘) + Sﬂ)ps,y-&-l — SHUPs+1,y+1- Moreover, we have (yO + i)ﬂpyo-‘ri,yi = q)‘zps+k+x,y1;—l-

=0
o0
Thus, the equation (A(1 — &) 4+ sp)Ds y+1 — SUPs+1,y+1 = G\ Y, Pstk+az,y,—1 Provides a relation between pg o
=0

and ps41,y+1- As a consequence all probabilities of row y + 1 can be derived as a function of pg o.

Step 6. We now evaluate pgo. In what follows we prove that the overall sum of the probabilities can be

o0
evaluated after a finite number of calculations. We define the quantity P, as P, = Y pg, for z > s. For
y=0

s <z < s+k we have \(1 — )P, = suPyy1, then Py, = (@) P,for0<x<k. Forxz>s+k

k T
we have (1 — q — a)AP, = suPyy1, then Pyipy, = (a(l_o‘)) ((1_qs_a)a) P,, for x > 0. Using now

S

y1—1 ya—1 Ys—yo—1 Ys—yo—1 oo
Yo Z pyo,y+(y0+1),u Z pyo+17y+"'+(8_1),u Z Ps—1,y +Sp Py — Z Psy | = Agq Potitya,
y=1 Yy=y1 Y=Ys—yg—1 y=0 =0
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00 a(l—a)\F
and > Psipir = Psma we therefore obtain
=0 -

s
y=y1 Y=Ys—yg—1

k =1 [Ys—yg— y1—1 y2—1 Ys—yg—1
a (a(l —a) 1 Yo yo+ 1 s—1
1_q§< ) 1_ al=g=a) Z Psy — leyo‘y_ s Pyotly = 7 T E: Ps—1,y | -
s Y=

Thus the quantity P; can be computed after a finite number of calculations as a function of pg . Since

a(l—qg—a)
1-2ld=g-o)

e k=l ra—a)\* (a(1—a))* 1 e

> P, =P > <f> + P the overall sum of the probabilities can also be evaluated
= —0

after a finite number of calculations. Using the fact that all probabilities sum up to one, we obtain pgg.

This finishes the characterization of all stationary probabilities.

Step 7. We now use the stationary probabilities to derive the system performance measures. The propor-
tion of customers who ask for a callback, 1, is given by
(s

_qZP‘T:PS a(lqa)
r=s+k - T s

The proportion of customers who balk the system, Py, is given by

0 =l a1 —a)\® a(l —a))k 1
Pb=aZPI:“PS<Z< ( P )) +((5k : 1_a(1—q—a)>'

T=s z=0

o0
Applying the Little law leads to A(1 — ¢ — P,)E(W1) = > 2 Psy,. Therefore,

=0
P, (1 L=k () o (S)T gk SR e (1 o)
E(Wy) = YRy (a . [} ) (1_M>2 " (a . a ) (1_m)2

Again, applying the Little law implies

y=1lz=s

y1—1 y2—1 Ys—yo~
E(W2) = Zypyo,y+ > ypyoriy + o Z YPs— 1y+22ypxy .

y=1

Using now the following relation
YE(W2) + (1 —¢ — P)E(W1) = E(W),

we obtain E(W). This finishes the characterization of the performance measures in the general case.

D Highest Reservation and Non-Idling Cases
We simplify here the expressions given in Corollary 2. We focus on the multi-server setting for the special
cases yo = 1 (highest reservation) and yo = s (non-idling). These results are for example useful for the

numerical computations in Table 2. We first consider the highest reservation policy with yo = 1. We have

- q(a(ls a)) g P0,0

A
1-ald=g=0) s fa(1-—a)\* 1
s 1 qc;T 1_a(-a=a)

S

_\9

)

_(a(l—a) k a(l—a)\*
(e (see
ST P0,0 - _a(-a-a)
P, = s s
1_ as a(l—a) k 1 ’
a7 s 17@(1—'1—@)

s
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1 R CanE [R(1-20mam@))  aCza=a)
o 10,0 <ZX_:OQE (a(ls a)) + (a(ls a)) < ( (1~a(12+a))2- >>
BEW) = A(l—fﬁ—Pb) 17q£<a(1—a))k 1 b ’
s 1

s! _a(l—g—o)
s

with

-1
RS At CTCE)) P (e B ) L
<12—:0 ((;:-&-1)! + %IEX::O sT + % sk 1,““7‘170‘)

as (a(l—a))* 1
s! sk 1—a(—g—a)

po,o = [1+

1—gq

We now consider the non-idling policy with yo = s. We have

[
- s
q (Q) 41 D0,0

|- l=g=e) _ga (a(l—m)’“’

s s

U =

ad
= 7P0,0

Py = ——>Ha——=v»
[ L)

. 3 1-g(el=e) 1 e—1) al-e) k Lo\ B Gmamea (g (ogmae
%po}o ((a(ls a)) ( (3 a(la))z( ) + (a(lS a)) (1(1(qsa)a)2 ))
s

a(a(l—a)\k
<1_M> (1-W—Py)

)

E(W1) = %

with

sflaz Q -1
Po.0= |:ZOCC' T (a(l—a))] '

r=

Using the fact that the overall system is equivalent to an M/M/s queue with balking, we can also compute

E(W3) in the non-idling case as follows.

E(W)=YEW;)+ (1 -V - F)EW)

a’® a(l—a)
Po,0 T e

V)

S

E Proof of Proposition 4
Since E(W;) and E(Ws) are both increasing in k, we choose the optimal value of k which is k = 0. We
rewrite the performance measures as functions of the Erlang Delay Loss Formulae, Cs and the parameter
p= ﬁ Under the stability constraint A(1 — ) < su, we have

1 (1—g—a)p )

v
1 —(1-q—«a
Co= —— W = qCs, Py = aCs, B(W1) = /\(11 T
sl S O (1= (1~ a)) ! '
=

)
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and

Up(l —a)

B = i sy

Harel (2011) shows that the Erlang loss formulae is strictly decreasing in s. In particular, he shows that

the function ¢(s) = s! Z ,_S is strictly increasing in s. This expression is in the denominator of C and

is multiplied by the p051tlve coefficient 1 — p(1 — o). We therefore deduce that C; is decreasing in s as well
as ¥, P, and E(W), because they are all proportional to Cs. Since ¥ and P, are decreasing in s, 1 — P, — ¥

is increasing in s and E(W7) is decreasing in s.

Harel (2011) also shows that ﬁm is strictly convex in s (convexity of the Erlang loss formula) and
that 1)1 . =1 +<p(51) =) is strictly convex in s (convexity of the Erlang delay formula). Since

1+s! z e2)7=2 (1—p)

Cs = one may write

1
I+p(s)(1—p(1-a))’

e 21— p(1 — a))(@(5)* — ¢"(5)(1 + 9(5))
=(1—-p(1l -« .
PR 1+ ¢(s)(1 = p(1—a)))°

From Harel (2011), we have 2(1 — p(1 — a))(¢'(s))? — ¢”(s)(1 + ¢(s)) > 0 for & = 0 and « = 1. Since ¢(s)

does not depend on a and 1 — p(1 — «) is strictly increasing in «, we obtain 68255 > 0. Therefore, C is
strictly convex in s.
We next deduce that ¥, P, and E(W) are convex in s. One may see that E(W7) is proportional to Dy,

with Dy = W We have
Cs+2 + C - 2Cverl + (Oé + q) (C Cs+1 + Cs+lcs+2 - 20503+2)
(1= (a+q)Cs)(1 = (a+ q)Csy1)(1 = (a + q)Cs2)
_ (Csy2+Cs —2C541)(1 — (@ + ¢)Csq1) + 2(a + ¢)(Cs — Cs41)(Csy1 — Csy)
(I =(a+q)Cs)(1 = (a+q)Csy1)(1 = (a + q)Cst2) '

Ds+2 +D, — 2Ds+1 =

Since C is strictly convex, Csyo+Cs—2Csy1 > 0. Since Cg is strictly decreasing, (Cs—Csy1)(Csi1—Csia) >
0. Thus, D, is strictly convex in s and E(W7) is also strictly convex in s. This finishes the proof of the

proposition. a

F Proof of Proposition 5

Recall that in the non-idling case, we have

_ k s
lﬂ@) 41 D0,0

1 - al=a=a) _a (a(lm)k'

S qS S

U =

Since for stability reason @ < 0, we obtain
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Thus, ¥ is decreasing in k. We now rewrite E(W7) as

(1 - Gzazen)
E(Wh) = S F(k)g(k),
q
where
)\
f(k) = ,
(M>k (1-0 - Py)
and

+

o(h) = ((aua)) 1ok (=) e (2

s (1- a(l;oo)?

First we show that f(k) is increasing in k. We have

B

E <1 _ ufq;a)a)?

o a(l—a)
a1 _a)>k ~GER, - Wi (25) (1- 9 - ) .

<(a(15a))k(1—‘1’—Pb)>2 o
a(l

because U is decreasing in k£ and %a) < 1 for stability reason. We rewrite g(k) as

o= (

S

a(l;oz) (1 B (lqufa)a)2 o % (1 B a(l;oz))k (k (1 i a(l;oz)) (1 B (lqufa)a) +1-— a(l;a) (lqufa)a)
(1 B a(lfa))2 (1 o (lquoz)a)2 ’

Only the numerator, say n(k), of this expression depends on k. We have

n/(k):_gln(u> (1_@)'“((,”1) (1_M) (1_w>+1_a(1—a) (l—q—a)a> S0,

S S S S S S

g(k) =

since @ < 1. We finally deduce that E (W) is increasing in k, which completes the proof of the

proposition. O

G Proof of Proposition 6

When an idle agent considers the service of the first outbound call in line, There are two possibilities. The
first possibility (with probability r1 + 72 > 0) is that the customer is available and will be served within an
exponential duration with parameter u; or pus with probability r; or 73, respectively. The second possibility
(with probability 1 — 1 — r9) is that the customer is not available and the agent will be occupied a random
duration exponentially distributed with parameter p3. This customer will be then called back again latter
according to the same process and independently of the fact that she has been already called back. Let us

denote by U, a Bernouilli random variable, which takes the value 1 with probability r1 + 75 and 0 otherwise
T

T1 -5}7“2

for i > 1; and by T; ; an exponential random variable with parameter p;, for ¢ > 1 and j = 1,2,3. The time

for ¢ > 1; by V;, a Bernouilli random variable, which takes the value 1 with probability and 0 otherwise

duration, denoted by the random variable T', which is spent by the system capacity to serve an outbound
call, can be written as follows.

T=U; (V1T1’1 +(1-— V1)T1,2) +(1- U1)(T1,3 + UQ(VQTQJ +(1- VQ)T2,2) +(1— U2)(T2,3 + -

oo i—1 oo i—1 oo i
=> [[a-U)UViTia + > [0 - U0 = Vi)Tia + > [ (1 = Up)Tis.
i=1lk=1 i=1lk=1 i=1lk=1
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We next derive the expected value of T. Since all the considered random variables are independent, we
have

oo i—1 oo i—1 [S I
E(T)=>_ [[EQ-U)EWU)EV)ETi )+ Y [[EQ - U)EU)EQ - Vi)E(Ti2) + Y [ [ EQ - Uk)E(Tis)
i1=1k=1 i=1k=1 i=1lk=1
r 1 N rg 1 1-r—rp 1
ri+repr T+ T2 p2 ri4re p3

We now derive the variance of T, denoted by Var(T). Again, from the independence of the random
variables, we obtain

i—1 %) 1
Var(T) = ZV(M‘(H 1= Up)U;ViTi1) + va [T =000 =Vi)Ti2) + > Var(] ] (1 = Uk)Tis).
=1 k=1 k=1 i=1 =

Let us define the sequence S,, by S,, = Var (H (1- Uk)), for n > 0, with Sy = 0. We have
k=1

Sp =8 1(Var(l —=U,) + E*(1 - U,)) + Var(l — U,)E* <"1_[(1 - Uk)> ,

k=1

n—1
for n > 1. Since Var(1—U,) = (r1 +r2)(1 —r1 —12), E*>(1 - U,) = (1—r; —ry)? and E? ( [1a- Uk)) =

k=1
(1 —ry —1r3)?" ™2, we obtain

Sn = (1 —7ry — TQ)Sn_l + (Tl —|—7‘2)(1 —7ry — 7,2)271717 (64)

for n > 1. Using Equation (64), it is easy to prove by induction that S,, = (1 —r1 —r2)"(1 = (1 —ry —r2)™),
for n > 0. We next compute Var(U,V,, Ty, 1), for n > 1. We may write

Var(UnVaTn1) = Var(UnVp)Var(Tpi) + Var(Un Vi) E?(Th 1) + E2(Un Vo) Var(Tn,1)

1
= — (2Var(UnVa) + E*(UnVh))
MY

1
= — (2Var(Un)Var(Va) + 2E*(Un)Var(Va) + 2Var(Un) E*(V) + E*(Un) E*(Vy))

M1
2(1—rp — 1—r —
_n (MmO )
25 r1 412 1+ T2
_ ri(2—r1)
It
Hence
oo i—1 oo i—1
> Var([[ (1 = Un)UViTi ) Z( i1 (Var(UiViTi 1) + EX(U;ViTi 1) + B2 (] [ (1 = Up)Var(UsVi z1)>
i=1 k=1 i=1 k=1
oo 2
; ; ri(2—r T ri(2—-r
= Z ((1 —r—r) - (1= — T2)171)(1(721) L) (1 — ) 2M)
i=1 251 231 Ml
2r1 o -1 )20-1)
= 2 Z(l—'rl—m) Z(l—rl—rg
1 -

i=1 11 1
_ r1(4 —3r; — 2r2)
p3(r1 +r2)(2 =7y —ra)’

o] i—1
Using the same approach, we also obtain > Var([] (1 — Ux)U;(1 — V))T;2)) = — r2(4—3r2:2r1_) and
i=1 k=1 ’ n3(ritra)(2—r1—r2)
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o0

Var(T] (1= Up)Ti3) = UZri—ra)d=r1=r2) "Thig finishes the proof of the proposition.
1 k=1

= pa(ritra)(2—ri—r2)

o8



