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Abstract We study a system, where a random flow of customers is served by
servers (called agents) invited on-demand. Each invited agent arrives into the
system after a random time; after each service completion, an agent returns to
the system or leaves it with some fixed probabilities. Customers and/or agents
may be impatient, that is, while waiting in queue, they leave the system at a
certain rate (which may be zero). We consider the queue-length-based feedback
scheme, which controls the number of pending agent invitations, depending on
the customer and agent queue lengths and their changes. The basic objective
is to minimize both customer and agent waiting times.

We establish the system process fluid limits in the asymptotic regime where
the customer arrival rate goes to infinity. We use the machinery of switched
linear systems and common quadratic Lyapunov functions to approach the
stability of fluid limits at the desired equilibrium point, and derive a variety
of sufficient local stability conditions. For our model, we conjecture that local
stability is in fact sufficient for global stability of fluid limits; the validity of
this conjecture is supported by numerical and simulation experiments. When
local stability conditions do hold, simulations show good overall performance
of the scheme.
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1 Introduction

Consider a service system where a random flow of customers arrive exoge-
nously. Servers, called agents, can be invited on-demand at any time. Invited
agents arrive into the system not immediately, but after a random delay. When
a customer is matched with an agent, a service occurs. After a service comple-
tion the customer certainly leaves the system, while the agent can either leave
or, with some fixed probability, return to serve more customers. Customers
and/or agents may be impatient, that is, they abandon the system if their
wait in queue exceeds some random patience time. The basic system control
objective is to keep waiting times of both customers and agents small. (The
system is schematically shown on Figure [I| in Section [2] where the model is
defined formally.) In this paper we make Markov assumptions: the customer
arrival process is Poisson; the random agent delays (from invitation to ar-
rival) are i.i.d. with exponential distribution, and so are the service times and
patience times for customers and for agents.

This model is a generalized version of that in [I3l[14]. In [I4], there is
no abandonment for both queues, and agents always leave the system after
service completions. The model in [I3] also has no abandonment, but, like in
our model, an agent may return to the system after a service completion. Thus,
our model is more realistic in many scenarios because customer abandonment
is a key factor for call center operations (see e.g. [6l21]).

The model is primarily motivated by call/contact centers (see [20]), where
agents that we consider are highly skilled. It is not reasonable to set a fixed
working schedule for these agents since their time is very valuable. Instead,
they are invited on-demand in real time. The purpose is to design a real-time
adaptive agent invitation scheme that minimizes customer and agent wait-
ing times. However, designing an effective, simple and robust agent invitation
strategy is non-trivial due to randomness in agent behavior.

We study a feedback-based adaptive scheme of [20I413], called queue-
length-based feedback scheme, which controls the number of pending agent
invitations, depending on the customer and/or agent queue lengths and their
changes. The key feature of this scheme, making it very attractive for applica-
tions, is that it requires no a priori knowledge of the customer arrival rate —
the scheme adjusts “automatically.” (See [14] for a detailed discussion of this
feature.)

The algorithm analysis in this paper is substantially more challenging due
to greater generality of our model. Just like in [I3|[14], we consider a “stylized”
version of the invitation scheme to make the analysis more tractable. Our
simulation experiments in section [7.2] show that the behavior of the stylized
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scheme is very close to that of the more practical version of the queue-length-
based feedback scheme.

We consider the system in the asymptotic regime where the customer ar-
rival rate goes to infinity while the distributions of the agent response times,
the service times and the patience times are fixed. We show convergence of the
fluid-scaled process to the fluid limit (Theorem , which satisfies a system of
differential equations. The key property of interest is the convergence of the
fluid limit trajectories to the equilibrium point (at which the queues are zero).
This property is referred to as global stability of the fluid limits. Establishing
global stability appears to be very challenging, due to the fact that fluid limits
have complicated behavior — there are two domains where they follow differ-
ent ODEs, and a “reflecting” boundary. In this paper, we focus on the local
stability of fluid limits, defined as the stability of the dynamic system which
describes fluid limit trajectories away from the boundary.

The main result of this paper (Theorem [2)) gives sufficient local stabil-
ity conditions; the proof uses the machinery of switched linear systems and
common quadratic Lyapunov functions [T0,19]. Theoremimplies many useful
sufficient local stability conditions (Corollaries — for special cases, includ-
ing those where customers never abandon or agents certainly leave the system
after service completions. (Some of these corollaries — namely, Corollaries @
and [12[— strengthen the results in [13] for the non-abandonment system.)
These sufficient local stability conditions are robust and easy to achieve in
practice.

We conjecture that, for our model, local stability is in fact sufficient for
global stability, based on a large number of numerical and simulation experi-
ments. In turn, global stability of fluid limits is a crucially important system
property — this will be discussed in Section [7.4] Finally, our simulation exper-
iments show good overall performance of the feedback scheme when the local
stability conditions do hold.

The model has many applications, or potential applications. For a gen-
eral discussion of modern call/contact centers and their management, see, e.g.
[ILI2]. Another example is telemedicine [2], where “agents” are doctors, in-
vited on-demand to serve patients remotely. The model also arises in other
applications, such as crowdsourcing-based customer service (see e.g. [5l[]),
taxi-service system, buyers and sellers in a trading market, and assembly sys-
tems. The model has relation to classical assemble-to-order models, where
customers are orders and “invited agents” are products, which cannot be pro-
duced/assembled instantly. The model is also related to “double-ended queues”
(see e.g. [9)11]) and matching systems (see e.g. [7]); although in such models
arrivals of all types into the system are typically exogenous, as opposed to
being controlled.

Paper organization. The rest of the paper is organized as follows. In
Section we describe the model and algorithm in detail. Section [3| gives
the necessary background on switched linear systems and common quadratic
Lyapunov functions (with the necessary results given in Appendix). Section
[4 states the main results of the paper, which are proved in Sections [5] and
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[l Section [7] provides numerical and simulation experiments; it also contains
our conjectures about global and local stability of fluid limits, as well as their
implications. A discussion of the results and future work is in Section

Basic notation: Symbols N, Z, R, R denote the sets of natural, integer,
real, real non-negative numbers, respectively. R? denotes the d-dimensional
vector space. R?*? denotes the set of all d x d real matrices. The standard
Euclidean norm of a vector z € R™ is denoted ||z||. For a vector a and matrix
A, we write their transposes as a’ and A’ respectively. For a matrix A,
we write its inverse and determinant as A~! and det(A), respectively. We
write z(-) to mean the function (or random process) (z(t),t > 0). For a real-
valued function z(-) : Ry — R, we use either z’(t) or (d/dt)z(t) to denote the
derivative, and for () : Ry — R%, (d/dt)x(t) = (2} (t),...,24(t)). For z € R,
2t = max{z,0} and x~ = —min{z, 0}; and sgn(z) = 1 if z > 0, sgn(z) = 0 if
x =0, and sgn(z) = —1 if < 0. For z,y € R, we denote z A y = min{z, y}
and x Vy = max{x,y}. a & b means “a is equivalent to b”; a = b means “a
implies b”. We write " — = € R™ to denote ordinary convergence in R™. For
a finite set of scalar functions f,(¢), t > 0, n € N, a point ¢ is called regular if
for any subset Ny C N, the derivatives

% max fr(t) and % min f,(t)
exist. (To be precise, we require that each derivative is proper: both left and
right derivatives exist and are equal.)

Abbreviations: u.o.c. means uniform on compact sets convergence of
functions, with the argument determined by the context (usually in [0, 00));
w.p.1 means with probability 1; i.i.d. means independent identically distributed;
RHS means right hand side; FSLLN means functional strong law of large num-
bers; CQLF means common quadratic Lyapunov function; LTI system means
linear time-invariant system.

2 Model and algorithm
2.1 Model

Our model is a generalization of that considered in [I3[I4]. Customers arrive
according to a Poisson process of rate A > 0, and join a customer queue
waiting for an available agent and are served in the order of their arrival.
There is an infinite pool of 'potential’ agents, which can be invited to serve
customers. After a potential agent is invited, it becomes a 'pending’ agent; we
refer to such an event as an invitation. A pending agent ’accepts’ its invitation
and becomes ’active’ agent after a random, exponentially distributed, time
with mean 1/8; we refer to such an event as an acceptance. Upon acceptance
events, the new active agents join the (active) agent queue. The customer and
agent queues cannot be positive simultaneously: the head-of-the-line customer
and agent are immediately matched, leave their queues, and together go to
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service. Each service time is an exponentially distributed random variable with
mean 1/pu; after the service completion, the customer leaves the system, while
the corresponding agent either remains active and rejoins the agent queue —
this occurs with probability a € [0,1) — or leaves the system with probability
1 — a. Thus, there are two ways in which agents join the queue — an agent
becomes active (upon acceptance event) or an already active agent rejoins the
queue after service completion. The patience times of customers and agents are
independent sequences of i.i.d. exponential random variables with rate § > 0
and 0 > 0, respectively. When its patience time expires while a customer or
server wait in queue, they leave the system. (The model in [I3] is a special case
of ours, with § = 0 and # = 0; in other words, customers and agents certainly
wait in their queues until they are matched. The model in [I4] is a special case
of ours, with § =0, § = 0 and « = 0.) Figure [1| depicts such a system.

Let X (t) be the number of pending agents at time t. Let Y (t) = Q. (t) —
Q.(t) be the difference between the agent and customer queue lengths at time
t. (Note that Q. (t) = YT (¢) and Q.(t) = Y (t).) Let Z(¢) be the number
of customers (or agents) in service at time ¢. The system state at time ¢ is
(X(0), Y (t), Z(1))-

Abandonment Abandonment

5 a

Y(t) = Q.(1) — Q.(¢)
A st Agent B Pending
ustomers gents & Agents |
An'ivalsa Queue Q. Queue ¢, nvitation x(t) [vitations
Matched for ervice Accepted

Service | 7%

Z(t) Returns

ue(1- a)¢ Leaves

Fig. 1: An agent invitation system

2.2 Algorithm

We study the queue-length-based feedback scheme proposed in [20] and an-
alyzed (for less general systems) in [I3l[I4]. The key feature of this scheme,
making it very attractive for applications, is that it requires no a priori knowl-
edge of the customer arrival rate — the scheme adjusts “automatically.” (See
[14120] for a detailed discussion of this feature.)

The scheme, referred to as the actual scheme, maintains a “target” Xqrget(t)
for the number of pending agents X (). Xiqrget(t) is changed by AX, 4 ger(t) =
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[—YAY (t) — €Y (t) At] at each time ¢ when Y (t) changes by AY (¢) (+1 or —1),
where v > 0 and € > 0 are the algorithm parameters and At is the time du-
ration from the previous change of Y. New agent invitations occur (i.e., the
number of pending agents increases) if and only if X (¢) < Xiarget(t), where
X (t) is the actual number of pending agents; therefore, X (t) > Xyarget(t)
holds at all times. In addition, X;4rgec(t) > 0; ie. if an update of X4y ger(¢)
makes it negative, its value is immediately reset to zero. Note that X4 get(£)
is not necessarily an integer.

Just like in [I3[14], to simplify our theoretical analysis, we consider a “styl-
ized” version of the actual scheme, referred to as the stylized scheme, which
has the same basic dynamics, but keeps Xtarget(t) integer and assumes that
X (t) = Xiarget(t) at all times; the latter is equivalent to assuming that not
only agents can be invited instantly, but pending agents can be removed from
the system at any time. Formally, the stylized scheme is defined as follows.
There are six types of mutually independent, and independent of the past,
events that affect the dynamics of X (¢), Y (¢) and Z(¢) in a small time interval
[t,t 4 dt]:

— a customer arrival with probability Adt + o(dt),

— an acceptance with probability SX (¢)dt + o(dt),

— an additional event (we will call it a type-3 event) with probability €|Y (¢)|dt
+ o(dt); unlike other events, it is triggered by the algorithm itself, as op-
posed to other events triggered by customers’ and/or agents’ “movement”
in the system,

— a service completion with probability pZ(t)dt + o(dt),

— an abandonment in the customer queue with probability 6Y = (¢)dt + o(dt),

— an abandonment in the agent queue with probability 0Y T (¢)dt + o(dt).

The changes at these event times are described as follows:

— Upon a customer arrival, if Y(¢) > 0, Z(t) changes by AZ(t) = 1; and
if Y(t) <0, Z(t) changes by AZ(t) = 0. Y(t) changes by AY (¢) = —1,
and X (t) changes by a random quantity with average v > 0. For example,
if v = 1.7 and AY(t) = —1, then AX(¢) = 2 with probability 0.7 and
AX(t) = 1 with probability 0.3. Note that if v is integer, AX(t) = v
w.p.1. To simplify the exposition, we assume that v > 0 is an integer.

— Upon an acceptance event, if Y (¢) < 0, Z(t) changes by AZ(t) = 1; and
if Y(¢t) > 0, Z(t) changes by AZ(t) = 0. Y (t) changes by AY(¢) = 1, and
X (t) changes by AX(t) = —(y A X(¢)), that is, the change is by —v but
X (t) is kept to be nonnegative.

— Upon a type-3 event, if X (t) > 1, the change AX (t) = —sgn(Y(¢)) occurs;
and if X (¢) = 0, the change AX(¢) =1 occurs if Y (¢) < 0 and AX(t) =0
if Y(t) > 0.

— Upon a service completion, (a) if the agent returns to the agent queue
(with probability a), then if Y (¢) < 0, the change AZ(t) = 0 occurs; and if
Y (t) > 0, the change AZ(t) = —1 occurs; Y (¢) changes by AY (¢) = 1, and
AX(t) = —(yAX(t)). (b) If the agent leaves the system (with probability
1 — «), then Z(t) changes by AZ(t) = —1.
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— Upon a customer abandonment, Y'(t) changes by AY'(t) = 1, and X ()
changes by AX (t) = — (v A X(¢)).

— Upon an agent abandonment, Y (¢) changes by AY (t) = —1, and X ()
changes by AX (t) = ~.

Let V(t) = YT (t) + Z(t) be the total number of agents in the system at
time ¢t. Obviously, (X (t),Y (t),V(t)) is a random process with states being 3-
dimensional integer vectors. However, very informally, the basic dynamics of
(X(t),Y(t),V(t)) under the stylized scheme can be thought of as described by
the following ODE

(d/dt)X = —~(d/dt)Y — €Y
(d/dt)Y = BX — A+ apZ +6Y~ — Y+ (1)
(d/dt)V = BX — (1 — a)uZ — OY +.

ODE is only to provide the basic intuition for the system dynamics — it is
not used in the analysis.

3 Switched linear systems and common quadratic Lyapunov
functions (CQLF)

This section provides definitions and background on switched linear systems
and common quadratic Lyapunov functions, which we need to state our main
results. (Some results that will be used in the proofs are given in Appendix.)

Consider a switched linear system
Ts /() = Ault) , Alt) € A={Ar,..., An} (2)

where A is a set of matrices in R"*" and ¢t — A(t) is a mapping from non-
negative real numbers into A. (Usually, as in [19], this mapping is required to
be piecewise constant with only finitely many discontinuities in any bounded
time-interval. In our case this additional condition is not important, because
our switched system will have a continuous derivative; see equation below.)
For 1 < i < m, the i constituent system of the switched linear system is
the linear time-invariant (LTI) system

Y,

i

s/ (t) = Agu(t). (3)

The origin is an exponentially stable equilibrium of the switched linear
system Xg if there exist real constants C' > 0, a > 0 such that [Ju(t)| <
Ce%||u(0)]| for t > 0, for all solutions u(t) of the system (see [819]).

A symmetric square nxn matrix M with real coefficients is positive definite
if 2 Mz > 0 for every non-zero column vector z € R”. A symmetric square
nxn matrix M with real coefficients is negative definite if 27 Mz < 0 for every
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non-zero column vector z € R™. A square matrix A is called a Hurwitz matriz
(or stable matriz) if every eigenvalue of A has strictly negative real part.

The function V(u) = uT Pu is a quadratic Lyapunov function (QLF) for
the system X4 : w/(t) = Au(t) if (i) P is symmetric and positive definite, and
(i) PA+ AT P is negative definite. Let {A1,..., 4,,} be a collection of n x n
Hurwitz matrices, with associated stable LTI systems X'4,,..., 24, . Then the
function V (u) = uT Pu is a common quadratic Lyapunov function (CQLF) for
these systems if V' is a QLF for each individual system (see [L0J19]).

4 Main results

We consider a sequence of systems, indexed by a scaling parameter r — oo.
In the system with index r, the arrival rate is A = Ar, while the parame-
ters «, B, p, 6, 0, €, v do not depend on r. The corresponding process is
(X7(t),Y"(t), Z7(t)),t > 0. The desired system operating point, at which
(X7 (t),Y"(t), Z"(t)) should be centered is given by (Ar(1—«)/3,0, Ar/u). The
explanation of this choice is as follows. If an invitation scheme works as desired,
Y7 (t) should be close to 0; the number of customer-agent pairs Z"(t) should be
close to its average value, which is A\r/u, so that the customers leave the sys-
tem at rate Ar; finally, X" (¢) should be close to the value x, such that the total
average rate at which agents join the agent queue, which is x5 + [(A\r)/u]uc,
is equal to the customer arrival rate A\r — this gives x = Ar(1 —a) /. However,
instead of considering process (X" (¢),Y"(t), Z"(t)), we will consider process
(X" (t),Y"(t),V"(t)), which is more convenient for the analysis. (Recall that
Z"(t) =V"(t)— (Y"(t))*.) Then the natural centering value for V" (t) is same
as for Z"(t), namely Ar/u. We define fluid-scaled process with centering as

(X7 (), V7 (1), V" () = r—! (X’”(t) _ A’”(lﬁ_o‘),yr(t),vr(t) _ A;) >0
(4)

Theorem 1. Consider a sequence of processes (X’"( ), YT(),VT()), r — oo,
with deterministic initial states such that (X" (0),Y"(0),V"(0)) — (z(0), y(()),
v(0)) for some fized (x(0),y(0),v(0)) € R3, z(0) > —)‘(15 2 Then, these pro-
cesses can be constructed on a common probability space, so that the following
holds. W.p.1, from any subsequence of r, there exists a further subsequence
such that

(X"C),Y"(), V() = (x(-),y(),v(-)) w.o0.c. as r— 00 (5)
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where (z(-),y(-),v(-)) is a locally Lipschitz trajectory such that at any regular
point t > 0

PN G O RL ) if () > -2
[/ (8) = ey(®] V 0, if o(t) = ~2052) ©

y'(t) = Ba(t) + ap(v(t) —y* (1) + oy~ (t) — Oy™ (¢)

v'(t) = Pa(t) — (1 - a)u(v ( ) =yt (1) — Oy (1)

A limit trajectory (z(-),y(-),v(-)) specified in Theorem [1| will be called a

fluid limit starting from (2(0), y(0),v(0)).

Remark. Equations @, which a fluid limit must satisfy, are very natural. They

can be thought of as rescaled centered versions of the (informal) equations

. In addition, @ includes a “reflection” (or, “regulation”) at the boundary

x = —w, i.e. condition z(t) > —w is “enforced” as all times. This

additional condition is the centered rescaled version of the condition X" (¢) > 0,

which obviously must hold at all times.

Consider a dynamic system (z(t), y(t),v(t)) € R3:

a'(t) = —vy'(t) — ey(t)
y'(t) = Ba(t) + ap(v(t) — y* (1)) + 0y~ (t) — 0y™(¢) (7)
v'(t) = Bx(t) — (1 — a)u(v(t) —y* (1) — 0y™ (1)

This system describes the dynamics of fluid limit trajectories when the
state is away from the boundary x = —@. Note that, although the RHS
of (7) is continuous, is a switched linear system (with matrix A(t) taking
two different values A; and As, depending on whether y > 0 or y < 0). System
@ is a generalization of the system considered in [13], referred to as a non-
abandonment system, which is a special case of ours with § =0 and 6 = 0.

We say that the fluid limit is globally stable if every fluid limit trajectory
converges to the equilibrium point (0,0,0); and it is locally stable if every tra-
jectory of the dynamic system converges to the equilibrium point (0,0, 0).
Note that exponential stability of the system @ implies local stability.

The following theorem is the main result of this paper. It provides sufficient
exponential stability conditions for the system .

Theorem 2 (Sufficient exponential stability conditions). For any set of pos-
itive B, u, €, v, non-negative 6 and 6, and o € [0, 1), such that either (i)

ap—0  [(2—a)ep + aed
V> maX{ 5 B } ; (8)
or (ii)
ap— 38+ +/(ap—6)2 + dau? ae(d — )
'y>max{ 28 ,\/max{ﬁu,O}} (9)

holds, a common quadratic Lyapunov function (CQLF) of the system ex-
ists, and the system is exponentially stable.
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In other words, conditions and @ are sufficient for local stability of
our system. Theorem [2] implies the following useful sufficient local stability
conditions (Corollaries — for special cases. Figure depicts the connection
between these results.

Theorem 2 (i) Theorem 2 (ii)
23 NSy g~

1 1
Corollary Corollary Corollary Corollary Corollary Corollary 1 | Corollary !
2 4 5 6 1 7 ! 8 !
. 1
‘ Not returning
Corollary agents (a =0)
3
I— _________________________________________________ 1
I
i | Corollary Corollary Corollary Corollary !
! 9 10 11 12 |
I

Customer non-abandonment (6 = 0)

Fig. 2: Result’s diagram

Corollary 1. Given all other parameters are fized, the system s expo-
nentially stable for all sufficiently large ~y.

Corollary 2. If au < 0§, then the system s exponentially stable under
condition

(2 — a)ep + aed

v >
B

(10)
Corollary 3. If ap < 9§, then the system is exponentially stable for all
sufficiently small e.

Corollary 4. If ap > 6 and € < &%, then the system 1D is expo-
nentially stable under condition

ap— 0
5

(11)

Corollary 5. If au > 6 and € > (282‘;;%, then the system is expo-
nentially stable under condition

(2 —a)ep + aed

v >
B

(12)
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Corollary 6. If au > 0§, then the system is exponentially stable under
condition

ap— 0+ +/(ap—0)% + 88
v > 53 . (13)

Corollary 7. If u > 0, then the system is exponentially stable under
condition

_ — 5V & dovii2
7>0‘“ 5+\/(0;;é 5)+ozu'

(Note that this condition does not depend on €.)

(14)

We also have the following result for the system where agents do not return
to the agent queue after service completions.

Corollary 8. If a = 0, then the system is exponentially stable for all
positive B, u, €, v, and 6 >0, § > 0.

Let us consider a special case when § = 0, referred to as a customer non-
abandonment system. Then, Corollaries [4 [5] [6] and [7] imply the following
sufficient local stability conditions of the customer non-abandonment system.

2

Corollary 9. If 6 = 0, a € (0,1), and ¢ < (gofig)ﬁ, then the system 1D 18
exponentially stable under condition

ap
> —. 15
1> (15)
Corollary 10. If 6 = 0, a € (0,1), and € > %, then the system 18
exponentially stable under condition

(2—a)e
5

Corollary 11. If 6 =0, and « € [0,1), then the system @ is exponentially
stable under condition

v > (16)

ap + /a2 + 8¢
> . 17
Note that if § = 0, then Corollary is a simpler, equivalent version of
the sufficient local stability condition in [13] for the non-abandonment system

(Theorem 3 in [13]). Moreover, condition @ in Theoremimplies the following
result, which does not depend on ¢, for the non-abandonment system.

Corollary 12. If § =0, and o € [0,1), then the system s exponentially
stable under condition

v

(a+va?+4a)u
2/ '

v >

(18)
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Having a variety of these sufficient local stability conditions is useful, be-
cause some or others may be easier to verify /ensure, depending on the scenario.
Note that v and € are control parameters, while all other parameters are those
of the system — they can be potentially measured/estimated in real time. It is
not easy to give an intuitive meaning/interpretation of the above local stability
conditions. Perhaps Corollary [1|is the easiest to interpret: if the magnitude ~y
of the system response is large enough, this is sufficient for local stability.
Remark. We note that our local stability results apply to more general sys-
tems, exhibiting same [ocal behavior. For example, suppose the total num-
ber of potential agents is not infinite, by finite, scaling with r as kr, where
k > A(1 — «)/B. Then, the fluid limits of such system satisfy the same ODE

in the vicinity of the origin, and therefore our local stability results apply
as is.

5 Proof of Theorem [1I

The proof of Theorem [1| is a generalization of the proof of Theorem 1 in
[14]. However, it requires additional technical details — we present it here for
completeness.

In order to prove Theorem [T it suffices to show that w.p.1 from any sub-
sequence of r, we can choose a further subsequence, along which a u.o.c. con-
vergence to a fluid limit holds.

Let N;(+),i =1,...,8 be mutually independent unit-rate Poisson processes.
N7 is the process which drives customer arrivals. Ny is the process which drives
the acceptance of invitations. N3 is the process which drives the service comple-
tions with agents leaving the system. Ny is the process which drives the service
completions with agents returning the agent queue. N5 and Ng are the pro-
cesses which drive type-3 events, when variable Y (¢) is negative and positive,
respectively. N7 is the process which drives the abandonment of customers.
Ny is the process which drives the abandonment of agents. Given the initial
state (X7 (0),Y"(0),V"(0)), we construct the process (X"(-),Y"(:),V"(-)), for
all , on the same probability space via a common set of independent Poisson
process [15] as follows:

X"(t) = G (t) + <—0135n<1t Gr(s)) Vo, (19)
G (1) = X7(0) + YNy (Art) — 7Ny (ﬁ /O t Xr(s)ds>
—i (e [ 0779 = 76105

ANy (é/ot(Y’”(s))_ds> + N (e/ot(yr(s)ﬁds)
g t(YT(s))‘ds) ~na(e [ t(YT(s))*ds) @)
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Y"(t) =Y"(0) + N2 <ﬁ /Ot Xr(s)ds>
— Ny (Art) + Ny <au /O t(vr(s) - (Y’“(s))ﬂds)

+ N (5/0t(YT(s))ds> N (e/ot(yr(s))ws) NS,

V() = V7(0) + N ( /0 t ﬂXT(s)ds)
- ([ 0 - 0o
_ N (9 /0 t(YT(s))+ds> . (22)

W.p.1, for any r, relations — uniquely define the realization of
(X7(-),Y"(-),V7"(-)) via the realizations of the driving processes N;(-). Re-
lation , the “reflection” at zero, corresponds to the property that X" (t)
cannot become negative.

The functional strong law of large numbers (FSLLN) holds for each Poisson
process N;:

Ni (Tt)

—t, r— oo, uo.c., w.p.l. (23)

We consider the sequence of associated fluid-scaled processes with centering
(X7(-),Y"(-),V"(-)) as defined in . Let a constant m > ||(z(0), y(0),v(0)|| be
fixed. For each r, on the same probability space as (X" (-),Y"(-), V"(+)), let us
define a modified fluid-scaled process (X7, (-), Y," (-), V" (-)). Let (X7, (-), Y7 (+),
Vr(+)) start from the same initial state as (X"(-),Y"(-),V"()) , i.e., (X" (0),
Y, (0),V,"(0)) = (X"(0),Y"(0),V"(0)). The modified process (X, (-),Y,"(-),
Vr (+)) follows the same path as (X7(-), Y"(-), V"(+)) until the first time ¢, such
that ||(X"(¢),Y"(¢),V"(t))| > m. Denote this time by 77,. We then freeze
the process (X7,(-), Y, (-), V" (+)) at the value (X" (7%),Y" (%), V" (1)), i.e.
(X (8), Y (6), Vi (0) = (X (72, Y7 (), V7 (75)) for all £ = 7y,

Lemma 1. Fiz (x(0),y(0),v(0)) and a finite constant m > ||(z(0), y(0),v(0))||.
Then, w.p.1 for any subsequence of r, there exists a further subsequence,
along which (X7, Y," V') converges u.o.c. to a Lipschitz continuous trajec-
tory (Tm, Ym, Vm ), which satisfies properties @ at any regular time t > 0 such

that [[(zm (t), ym (t), vm ()] < m.

Proof. For the modified fluid-scaled processes (X7 (-), Y,"(-), V,"(-)), we de-
fine the associated counting processes for upward and downward jumps. For
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XM (t) = r Ly Ny (Art) + 7~ 1y Ny (m /Ot(m(s))ws)
+77 N5 {er /Ot(KZ(S))ds> : (24)
XHt) = 1Ny (ﬁr /0 t [ €7 (s) + A(lﬁ‘“)} ds)

wr o (apr [ Va4 2 - 5 as)

(25)

it = (s [ t o+ 2 )

#r8 (agr [ t Vi) (o) as)

A (51" /0 t(Y&(s))ds) , (26)
YrL(t) = 1= Ny (Art) + 7~ N <9r /0 t(y;;(s))ms) (27)
Vil = (s [ t o+ 2 as) (28)
Gt =t (- e [ [+ 2 - 50607 as)

wro (or [0 s ). (29)

and for ¢t > 7, all these counting processes are frozen at their values at time
7, , that is,

X)) = X1 () X (t) = Xod ()
Yol(e) = Ypl(ry) o Yok(t) = Yok (m) (30)
Vil (t) = Vil (1) Vik(8) = Viik(77,).-

Using the relations (19)-(22) and the fact that for 0 <t < 7, the original
process (X", Y", V") and the modified process (X}, Y, , V") coincide, we have
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for all t > 0,
K50 =G0+ (-A1 = e)/f~ min Gr(e) ) v, (3D
Gr(t) = X7(0) + X3](1) — X340, (32)
Th() = V7(0) + ¥ (0) - Y0, (33)
Via(t) = V7 (0) + VI (0) ~ Vo). (31)

The counting processes X1 (-), X 4(-), Y,IT(+), Y,rH(), VIT(o), VId(-) are
non-decreasing. Using FSLLN and the fact that the processes X[, (-),
Y (), and V" (-) are uniformly bounded by construction, we see that w.p.1. for
any subsequence of r, there exists a further subsequence along which the set of
trajectories (X7T(-), X7 (), Y,rT(2), Y,k (5), Vit (), Vb () converges u.o.c. to a
set of non-decreasing Lipschitz continuous functions (x] (), z¥, (), ym( )R ACH
vl (-), v (+). But then the u.o.c. convergence of (X", (-), Y, (-),V,"(-),Gr ()
to a set of Lipschitz continuous functions ($m(')7ym('),vm() m(+)) holds,
where

o(®) = 90+ (-N1 = 0)/5 - min g () ) VO 3)
g () = 2(0) + 2], (1) — 23, (1), (36)
Y (t) = y(0) + yh (1) — yp (8), (37)
U (t) = 0(0) + v}, (t) — v, (2), (38)
and the following holds for ¢ before fluid trajectory hits ||(2m(t), ym (¢),
vm (t))|] = m
z) = t t(s)ds + € f s)ds
B =490 [ utes e [ (39)
= t M=o s+ ya t Um (s A s) ) ds
—WB/ (wm(8)+ 3 )d +v u/o(m()Jru yﬁ%())d
+75/ Y (s ds+e/0y (40)
a) A
5 / (1) + 2 st / (06043 w0 s
—|—5/0 ym(8)ds, (41)
0 =0 [ s (12
0
vl (t) = t T (s M=o s
L= [ (om0 + 202 as (13)

)= (= [ (oo 45 =) ds 0 [ uitoyas (44)
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Hence,
—YBEm (t) — yepr(vm (t) =y () + v0y,5 (8) — 70y, (8) — eym (L),
o )= if @ (1) > — 222
) [=vBam () — yau(va (t) — v () + A0y () — Y0y () — eym (1))
V0, if 2, (1) = — 2022
Y'm(t) = Brm(t) + ap(vm(t) — y,h (t) + 0y, (1) — Oy,h (1)
Vo (t) = Brm(t) — (1 — a)pu(vm(t) — y,h (t) — 0y,h ().

(45)

It is easy to verify that, at any regular time ¢ > 0 such that || (2, (t), ym(t),
v (1))]| < m, properties (6) hold for the trajectory (zpm(-), Ym (), vm(+)). O

Conclusion of the proof of Theorem[d] It is easy to see that

d
a”(%‘m(t)a Ym () vm ()] < Cll(@m (), Y (t), vm (1)) (46)
for any m and some C' > 0.
From Gronwall’s inequality [4], we have

(@ (), Y (8), v ()] < [1(2(0), 5(0), v(0)) [ for all t >0 (47)

For a given (2(0),y(0),v(0)), let us fix 7; > 0 and choose m; > ||(x(0), y(0),
v(0)]|e“t. For this T} > 0, there exists a subsequence 7!, along which (X", Y™,
V") converges uniformly to (Z,n,,Ym,, Vm, ), Which satisfies properties @, at
any ¢ € [0,7;]. The limit trajectory (Zm,, Ym, > Um,) does not hit m; in [0, 7}].
Subsequence r! = {r}, r2, ...} is such that, w.p.1, for all sufficiently large r
along the subsequence r!, (X" (¢),Y"(t),V"(t)) = (X}, (t), Y, (t), Vi, () at

y Tmy s Vmy

any t € [0,T;].
We consider a sequence T4, T, ..., — oco. We construct a subsequence
r* by using Cantor’s diagonal procedure [I7] from subsequences ri, r2 ...
(r! D% D ...) corresponding to Ty, Tb, . . ., respectively (i.e. rf =71, ry =3,

..). Clearly, for this subsequence 7*, w.p.1, (X", Y", V") converges u.o.c. to
(z,y,v), which satisfies properties @, at any regular point ¢ € [0,00). O

6 Proof of Theorem [2

In order to prove Theorem [2] it suffices to show that LTI systems of the
switched linear system @ have a CQLF.

The system @ is a switched linear system with m = 2. (Note that y* =y
ify>0andyt =0ify<0,andy” =0ify >0and y~ = —y if y < 0.)
Namely, for y > 0,

2! (t) = (—yB)x(t) + (yop +~0 — €)y(t) + (—yoy)v(t)
y'(t) = (B)x(t) + (—ap — 0)y(t) + (ap)v(t)
v'(t) = (B)x(t) + (1 — a)u = O)y(t) + (—(1 —

+ (48)
+ a)p)v(t)
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and for y < 0,

' (t) = (=B)z(t) + (70 — e)y(t) + (—yau)v(t)
y'(t) = (B)z(t) + (=0)y(t) + (ap)v(t) (49)
v'(t) = (Bz(t) + (=(1 — a)p)o(t)

We can rewrite the systems above as two LTI systems u/(t) = Aju(t) and
u'(t) = Agu(t), where u(t) = (z(t),y(t),v(t))T and

VB yap+~0—€e —yop =By —€ —yau
A= B —ap—10 ap ,Ap=| B =6 ap
B l-—a)p—0 —(1—a)u g0 —(1-au

(50)

Lemma 2. Matriz Ay in is Hurwitz for all positive B, v, u, €, 6 > 0,
0 >0 and o €[0,1).

Proof. The characteristic equation of A; is

S+ (By+p+ 0N+ (Be+ By + pb)\ + Bep = 0. (51)
By Proposition [1] it suffices to verify that
By+upu+0>0, Be+ Byu+pud >0, Bep >0, and (52)
(BY + 1+ 0)(Be + Byu+ pf) — Bep = 527+ BPve + Byp® + 2Byub+
+B0¢ 4 1120 + p6* > 0. (53)

The conditions and are obviously true. [J

Lemma 3. For positive 3, v, u, €, § >0, § > 0 and a € [0,1), matriz Az in
is Hurwitz if and only if
) Su(l —
<W+(1a)> <5W+ i O‘)+1>>1 (54)
% Be
Proof. The characteristic equation of A, is
S (By + (1 — ) + )N + (Be + Byu+ 0u(l — a)) A+ Bep = 0. (55)
By Proposition [T it suffices to verify that
By+pu(l—a)+6 >0, Be+ Byu+du(l —a) >0, Beu >0, (56)
and (By+p(l—a)+0)(Be+ Byu+du(l—a)) — Pfep > 0, which is equivalent
to since
(By + 1(l — ) +6)(Be + Bypu+ 6pu(l — @) — Bep > 0
< (By+0+p(l —a))(Byp+0u(l — a) + Be) > Bep

@(”37;5441—0[)) <ﬁ7u+;/z(l_a)+l> > 1.

The conditions (56| are obviously true. O

It is easy to see that Lemma [3] implies the following result.
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Corollary 13. Matriz As in is Hurwitz if

> 2 ﬁ_ 2. (57)

(Note that v > 0 by definition.)
Lemma 4. Matriz As in 1s Hurwitz under the condition either or
Proof. This easily follows by applying Corollary

Lemma 5. Matriz product A1 As has no negative eigenvalues under the con-
dition either or @

Proof. With the help of MATLAB symbolic calculation, it can be shown
that A; is non-singular and

_ 0 _(ae=et90) o

L[ TETTE s
A=t -2 0 (58)

_1 (e=yp) 1

€ ep M

By Proposition [ to demonstrate that the product A; As has no negative
eigenvalues, it will suffice to show that [A]! + 7A,] is non-singular for all
7 > 0. We have

det[AT! + TAg) = [B22 173 + (B2 + 82421 — 2Beu® + o120+
+aBep? + Boyp? — adu®l + Byu*l — afep — afdyu®)r? + (u® — ap’+
+5%72% — 2Be 4 60 + By + adp + Bv0 — apd — afyu)T 4+ 1]/(—=Bep).  (59)

To show det[A; " + 7A5] # 0 for all 7 > 0, it will suffice to show that the
numerator of the ratio is strictly positive. We can represent the numerator

of the ratio as follows.
(a) Under the condition , the numerator of the ratio is

B2 uPr® + (Ber —1)2 + (82971 — 2Bep® — afdep + afep®)+
+6p20(1 — a) + Boyp* (1 — o) + Byp*0)7> + [ (1 — @) + By(By — o + 0)+
; 0
T 9

+adp + (By — ap+96)0) (60)
since the condition implies
-0

7>a'uﬁ =By —au+9 >0, (61)

(2 — a)ep + aed
Bu

Hence, the numerator of the ratio is strictly greater than 0 under the
condition (8).

and v > = B2y2u% — 2Bep® — afdep + afep® > 0. (62)
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(b) Under the condition (9)), the numerator of the ratio is

(Ber — 1)2p%1 + (Ber — 1)+
H(B*?1? — afdep + afep?) + 6p*0(1 — ) + Boyp* (1 — a) + fyu®f) T+
; 0

+H[(B8%9? = By(an —8) — ap®) + adp+ (By — ap+ )b , (63)
since the condition @D implies
_5 —5)2 2 _
Py>au +/(ap — 82+ dap S o )
26 B
= B%y2 — By(ap — ) —ap? > 0and By —au+6 >0 (64)

and v > \/max {ae((;/:u), O} = B24%u? — afdep + aBep? > 0. (65)

Hence, the numerator of the ratio (59) is strictly greater than 0 under the
condition @ Therefore, A1 As has no negative eigenvalues under the condition
either or @ ([l

Conclusion of the proof of Theorem[4 By Lemma [2| A; is Hurwitz for all
positive 3, v, 4, €, d >0, 0 > 0; and a € [0,1). By Lemma Ay is Hurwitz
under the condition either or @D It is easy to verify that the difference
Ay, — Ay has rank one. By Lemma [5] A; A5 has no negative real eigenvalues
under the condition either (8] or (9). Hence, by Proposition[3] two LTI systems
u'(t) = Aju(t) and v/ (t) = Azu(t) have a CQLF. Therefore, the system is
exponentially stable under the condition either or @D O

7 Numerical and simulation experiments and conjectures

In this section, we present some numerical and simulation experiments. These
results are for both stylized and actual schemes, and all results are for the true
system which includes boundary X > 0. We also put forward some conjectures
based on these experiments.

In all simulations, we always assume r = 1000, but specify only the actual
arrival rate A = Ar. On the plots labeled 'fluid’, X (¢),Y (y), V (¢) are replaced
by their fluid approzimations

MYy =), Vi) =t +

X(t) =rz(t) + 3 PR

respectively, where (x(-),y(-),v(+) is the corresponding fluid limit.
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7.1 Stylized scheme

Example 1. Consider the following set of parameters, which satisfies condi-

tion:
A=2000, a=05,p8=3,u=2,v=1,¢e=15,6=1,60=0.1

with four initial conditions: (a) (X(0),Y(0),Z(0)) = (0,0,0); (b) (X(0),
Y(0), Z(0)) = (0,2000,0); (c) (X(0),Y(0),Z(0)) = (2000, —2000,1000); (d)
(X(0),Y(0), Z(0)) = (2000,4000,1000). The red line of the figure is the fluid
approximation and the blue one is the simulation experiment. We see the
converging trajectories on the Figure[3] Note that Figures[3bland [3d]show that
the trajectory hits the boundary on X. We also did the numerical /simulation
experiments with many different sets of parameters satisfying the condition
(8). All results, including those not shown on Figure [3] suggest the global
stability of the system.

= Fluid = Fluid
¢ Simulation ¢ Simulation
Tz 0 = 0
= =
§—5m £ 500
0 2 4 6 8 10 12 14 11w 18 20 X 0 2 4 6 8 10 12 14 16 18 20
500
Fluid Fluid
_ Simulation Simdation
o\/- < g o
500 2000
0 2 4 6 8 10 12 14 16 18 20 2 4 6 & 10 12 14 16 18 20
- 1000 Fluid - 1000 Fluid
= Simulation = Simulation
. =
<0 .0
s s
-1000 -1000 - > . L !
2 4 6 8 10 12 14 16 18 20 0 2 4 6 & 10 12 14 16 18 20
Time Time
(a) (X(0),Y(0), 2(0)) = (0,0,0) (b) (X(0),Y(0), Z(0)) = (0,2000,0)
2 2000 = 2000
= Fluid = Fluid
H \ Simulation ¢ Simulation
= 0 z 0
= =
v f
< -2000 X -2000
o 2 4 8 8 10 12 14 168 18 20 0o 2 4 6 & 10 12 14 18 18 20
2000 5000
Fluid Fluid
. Simulation . Simuation
g 0(\ g o
-2000 -5000
o 2 4 8 8 10 12 14 16 18 20 0o 2 4 6 & 10 12 14 18 18 20
2 1000 Fluid 2 5000 Fluid
= Simulation - Simulation
= -
70 To0
B =
-1000 . - . -5000
[ 4 8 8 10 12 14 16 18 20 0o 2 4 6 & 10 12 14 18 18 20
Time Time

(c) (X(0),Y(0), Z(0)) = (2000, —2000, 1000) (d) (X(0),Y(0), Z(0)) = (2000, 4000, 1000)

Fig. 3: Stylized scheme: Comparison of fluid approximations with simulations
in Example El
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Example 2. We use sets of parameters:
A=2000, a=09, =005, u=05,e=1,5=0.01, §=0.01

with four different values of v (y1 = 1, 72 = 5, 73 = 10, and 4 = 20)
(Figure . The sets of parameters with ;3 = 1 and 75 = 5 do not satisfy
the condition while the sets of parameters with v3 = 10 and 4 = 20
satisfy the condition (§). We consider an initial condition (X (0),Y(0), Z(0)) =
(1000, 6000, 2000). On the Figures [Ab] [Ad and [Ad] we see that the trajectories
converge. However, Figure [a] shows the trajectory that never converges under
the set of parameters with v; = 1.

@ 4 Fluid @ ——ra
=10 Simulation = 5000 Fluid
= ) Simulation
; v
5 5 ° / Wbt A it s
= 4 £ 5000 . . . ' L ' . . .
X0 50 100 150 200 250 300 350 400 450 500 < 20 40 60 80 100 120 140 160 180 200
4 4
- 10
| 210 il 10 Fluid
\NWW\/\N\JWWW\/\j\m/j‘Im\ S~ ==
>0 go
B 4
0 50 100 150 200 250 300 350 400 450 500 0 20 40 60 B0 100 120 140 160 180 200
5000 T T T T ' ' ' Fluid 5 5000 Fluid
2 Simulation = e
2 N\AMAAAAAAMAAAAAAA, ==
< 0 ]
= s
>—5000 -5000
0 50 100 150 200 250 300 350 400 450 500 0 20 40 60 B0 100 120 140 160 180 200
Time Time
(a)y=1 (b)y=5
LS = 4
| — - N
= 5000 Fluid =0 Fluid
B Simulation El Simulation
) b t\ 1 3
L
T 0 = y |
= z°
) )
5000 (2]
20 40 60 80 100 120 140 160 180 200 X 0 20 40 60 80 100 120 140 160 180 200
x10% — x10%
1 Fluid 1 Fluid
Simulation Simulation
B s
R 4
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
[ —
_ 5000 . " T T T T T Fluid 5000 Fluid
= Simulation = Simulation
- -
) 0 ) [
= >
5000 . . . . . . \ 5000
20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time Time
(c)y=10 (d) y=20

Fig. 4: Stylized scheme: Comparison of fluid approximations with simulations
in Example

With many numerical/simulation experiments, the results, including those
not shown on Figure 4] suggest both local and global stability of the system
for all sufficiently large .

Our simulation experiments show that the fluid trajectory provides a very
good approximation for the behavior of stylized scheme.
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7.2 Actual scheme

Example 3. We conduct a simulation experiment for the actual scheme with
the same set of parameters as in Example

A=2000, a=05, 8=3, u=2,y=1,e=15,6=1, 0=0.1

with two initial conditions (X (0),Y (0), Z(0), Xtarget(0)) = (0,0,0,0) and
(X(0),Y(0), Z(0), Xtarget(0)) = (0,0,0,1000). (Note that this set of param-
eters satisfies the condition ) The results are shown in Figures |5[ and @
We see that the magnitude of the difference between Xy4,4e¢ and the actual
number of invited agents X is very small (except at time 0) and can be neg-
ligible compared to their values. This explains why the trajectories of X;qrget
and X are well approximated by the fluid trajectory, obtained for the stylized
scheme.

300 14

Fluid
()

200

Xt)- A(1 =)/ 3

o Ui il L bl Ll
0 5 10 15 20 25 30 3 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time Time

(a) Fluid vs. X (t) and Xsarget (t) (b) X(t) — Xtarget(t)

Fig. 5: Actual scheme: (X (0),Y(0), Z(0), Xtarget(0)) = (0,0,0,0)

For the stylized scheme, the results suggest the global stability of our sys-
tem for all sufficiently large v. However, the problem with large ~ is that the
behavior of the stylized scheme may significantly deviate from the behavior of
the actual scheme, as illustrated by the following example.

Example 4. Consider the following set of parameters:
A=2000, a=07, =05, u=3,¢e=1,0=1,0=2

with two values of v (71 = 10, 2 = 20); and an initial condition (X (0), Y (0),
Z(0), Xtarget (0)) = (0,0,0,1000) (Figure [7). These results show that the be-
havior of the actual scheme deviates substantially from the behavior of the
fluid trajectory with large .

Since ap > § and € < (22;’;;%7 then we choose v = 2.3 such that

v o> S 5_6 (Corollary . We can see that, with a “good” value of ~, the
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5 200
L |
54 j
o\ bl
-200
400 T | FIN T e A e DY W ETN O !
0 5 10 15 20 25 30 35 40 45 50 001 65 10 15 20 26 30 40 45 50
Time Time
(a) Fluid vs. X (t) and Xtarget(t) (b) X(t) — Xtarget(t)

Fig. 6: Actual scheme: (X (0),Y(0), Z(0), Xtarget(0)) = (0,0, 0,1000)
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(a) y=10 (b) v =20

Fig. 7: Problem with large v of the actual scheme

behavior of the actual scheme deviates negligibly from the behavior of the
fluid trajectory (Figure and the difference between X;4ge; and X is not
large compared to their values (Figure .

7.3 Global vs. local stability of fluid limits

In this paper, we have derived some sufficient local stability conditions for the
fluid limits. Based on a variety of simulation experiments above for the stylized
scheme, we conjecture that local stability is sufficient for global stability of fluid
limits for our model. In the next example, we compare the behavior of fluid
limits for the system without boundary (given by @) with that of the system
with boundary (given by (6)).

Example 5. Consider two set of parameters, which satisfy the local stability
conditions, so that the trajectory of the system @) converges to the equilibrium
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Fig. 8: A “good” value of v for the actual scheme

point (0,0,0) (Figure E[) The red line of the figure is the trajectory of the
system @, which may hit the boundary X = 0, and the black one is the
trajectory of the system @, for which there is no boundary.
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Fig. 9: Fluid trajectories of the systems @ and @)

With many experiments, the results, including those not shown in Figure[9}
further suggest the global stability of the fluid limits, when the local stability

holds.

7.4 Conjectures and their implications.

Based on our numerical and simulation experiments, we make the following

conjectures.
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Conjecture 1. Our system is globally stable if it is locally stable.

Conjecture 2. Given all other parameters are fixed, our system is globally
stable for all sufficiently large ~.

Obviously, Conjecture [1| is stronger than Conjecture [2] because we have
proved the local stability when v is large in this paper. We note again, however,
that in a practical application the value of v should not be made too large,
because the stylized scheme behavior, which we studied in this paper, may
substantially deviate from the behavior of the actual scheme, where uninviting
pending agents are not allowed.

Conjecture [1}, if true, is important, because global stability is a key system
property, due to the following reasons. If the the global stability does hold, then
it is further natural to conjecture that our (more general) model and algorithm
possess “nice” properties analogous to those proved in [14] (for the special case
where agents do not return and there are no abandonments), namely that
the steady-state customer and agent queue lengths scale as O(y/r) (and then
waiting times scales as O(1/4/r)) as the customer arrival rate Ar — co. On the
other hand, if global stability does not hold, then, as our simulations suggest,
the system fluid limit oscillates, which results in large, O(r), queue lengths
(and O(1) waiting times).

8 Discussion and further work

In this paper, we study a feedback-based agent invitation scheme for a model
with randomly behaving agents and possible abandonment of customers and
agents. This model is motivated by a variety of existing and emerging applica-
tions. The focus of the paper is on the stability properties of the system fluid
limits, arising as asymptotic limits of the system process, when the system
scale (customer arrival rate) grows to infinity. The dynamic system, describ-
ing the behavior of fluid limit trajectories has a very complex structure — it is
a switched linear system, which in addition has a reflecting boundary. We de-
rived some sufficient local stability conditions, using the machinery of switched
linear systems and common quadratic Lyapunov functions. Our simulation and
numerical experiments show good overall performance of the feedback scheme,
when the local stability conditions hold. They also suggest that, for our model,
the local stability is in fact sufficient for the global stability of fluid limits.
Verifying these conjectures, as well as expanding the sufficient local stability
conditions, is an interesting subject for future research.

Further generalizations of the agent invitation model are also of interest
from both theoretical and practical points of view.

Acknowledgement The authors would like to thank the referees for useful
suggestions which helped to improve the exposition in the paper.
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Appendix: Some results for switched linear systems and CQLF

The following facts are used in the proof of our main result (Theorem .

Proposition 1 ([I6]). Let L(\) = det(A — AI) = 0 be the characteristic
equation of matriz A in R3*3:

L(A) = aoA’ + a1A? + azA + a3 =0, ag > 0. (66)

Matriz A is Hurwitz if and only if a1, as, as are positive and ajas > agas.

Proposition 2 ([T0)19]). The existence of a CQLF for the LTI systems is
sufficient for the exponential stability of the switched linear system.

Proposition 3 ([T0)19]). Let A; and Ay be Hurwitz matrices in R™*™, and
the difference Ay — As has rank one. Then two systems u/(t) = Aju(t) and
u'(t) = Agu(t) have a CQLF if and only if the matriz product Ay As has no
negative real eigenvalues.

Proposition 4 ([I8]). If A[' is non-singular, the product Ay As has no neg-
atwe eigenvalues if and only if Al_1 + 7 A5 is non-singular for all T > 0.
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