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Abstract. We study fluid models of an open, subcritical multiclass
queueing network with the earliest-deadline-first (EDF) service discipline
and we provide a characterization of the corresponding invariant manifold.
We show that the invariant states exhibit nonlinear state space collapse. Con-
sequences of these findings for diffusion limits for EDF queueing networks
are also discussed.
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1. INTRODUCTION

The earliest-deadline-first (EDF) discipline, also called earliest-due-date-first-
served (EDDES), is the rule where each customer has a deadline, assigned upon
arrival at the network, and the customer with the earliest deadline is selected for
service at each station of the network. It is a well-studied protocol, especially in
computer and manufacturing systems; see, e.g., [12], [19]. In spite of theoretical
and practical importance of stochastic EDF queueing networks, there are still few
mathematically rigorous results for such systems. In [4], it was shown that fluid
limits of the performance processes for a non-preemptive strictly subcritical EDF
network satisfy the first-in-system-first-out (FISFO) fluid model equations. It was
also proved in this paper that a sufficiently rich class of FISFO fluid models is
stable. This, by a variation of Theorem 4.2 of [6], implies stability of the network
under consideration. This stability result was extended in [13] to preemptive strictly
subcritical EDF networks with fixed customer routes and to a broad class of net-
works (including preemptive and non-preemptive EDF) with impatient customers.
In [7], a diffusion approximation for measure-valued state descriptors of a preemp-
tive EDF GI/G/1 queue was provided. Recently, a similar diffusion approximation
for a preemptive EDF GI/G/1 queue with reneging was found [15]. The results of
[7] have been generalized in [22] to preemptive EDF feedforward networks. A fur-
ther generalization to the case of acyclic networks, with or without preemption, was
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given in [17]. However, the latter result rests on a strong assumption implying the
existence of a heavy traffic limit for the corresponding real-valued workload pro-
cess. Currently, we are able to verify this assumption only in a number of special
cases. To summarize, although a lot is known for a single class, single server EDF
system, it seems that satisfactory asymptotic theory for multiclass EDF queueing
networks with feedback is still to be developed.

In the late 90’s, a new modular approach to diffusion approximations for
open multiclass queueing systems was developed [1]-[3], [20], [21]. This approach
may be summarized informally as follows. Consider a multiclass queueing net-
work with servers indexed by 7 = 1, ..., J and customer classes indexed by k =
1,..., K. First, we define fluid models of the queueing network under consider-
ation and identify their invariant states. It is crucial for the subsequent analysis
that there exists a linear lifting map A: Ri — Rf mapping the workload vec-

tor W (o0) = (I/Vj(oo))j:1 __, to the corresponding queue length vector Z(oc0) =

(Zk(oo)) el K in an invariant state of the fluid model, i.e., in any such state,
(1.1) Z(o0) = AW (00).

In fact, the structure of A in known examples is rather simple, since for every k
there exists a number d;, such that Zj(oo) = 6;WW;(0c0), where station j serves
class k customers. The next step is to show that fluid models of the network un-
der consideration are asymptotically stable, i.e., they converge to invariant states:
(W(t), Z(t)) — (W(o0), Z(c0)), t — oo, and, consequently, in such fluid models

(1.2) Z(t) ~ AW(t), t> 1.

Next, we analyze a sequence of queueing networks, indexed by a parameter 7,
which is asymptotically critical, i.e., the traffic intensity p’; at station j in the 7-th
system converges to 1 for each j. The consequence of (1.2) is that for large r,

=18

(1.3) Z'(t)~ AW (t), t>1,

where Z" (WT) is the fluid-scaled queue length (workload) vector in the r-th sys-
tem. This follows from the fact that fluid models (Z, W) approximate the paths
(7, Wr) as r gets large. The relation (1.3) is used to show that under appropriate
initial conditions and model parameters a multiplicative state space collapse holds:

(1.4) 1Z7 () = AW O)lle/ W7 () vV 1lr =0

for every T > 0, where zr (WT) is the diffusion-scaled queue length (workload)

. . P
vector in the 7-th system, || - |7 is the supremum norm on [0, 7’| and — denotes
convergence in probability. The condition (1.4), together with an invariance prin-
ciple for semimartingale reflected Brownian motions [20], is used to prove that

(1.5) W™, Z") = (W, 2),

where = denotes weak convergence, W is a Brownian motion reflected obliquely
in an orthant, with appropriate drift ¢, diffusion matrix I" and reflection matrix R,
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and Z = AW. The relation (1.5) will be referred to as a conventional heavy traffic
limit theorem [10]. We would like to stress that the vector 6 and the matrices I" and
R determining the reflected Brownian motion W depend on the matrix A.

This approach was used in [3] and [21] to obtain new heavy traffic limit the-
orems for FIFO (first-in first-out) networks of Kelly type and for HLPPS (head-
of-the-line proportional processor sharing) networks. See also [5] for other appli-
cations of this technique. Let us note that the approach described above was orig-
inally developed for head-of-the-line (HL) service disciplines. Recal that an HL.
service discipline requires that service within each class is on the FIFO basis and
the proportions of each server’s time devoted to various customer classes are con-
stant between changes of the arrival and departure processes. (Some measurability
and nonanticipativity conditions are also required, see [21] for details.) However,
a modification of this technique was later used to obtain a heavy traffic limit for a
GI/G/1 processor sharing queue, which is clearly not HL [9], [18], [8].

Bramson ([4], p. 81) and Williams (private communication) posed a question
whether the above modular approach can be applied, at least in some situations, to
EDF queueing networks. This paper is the first step in answering this question. We
introduce fluid models of EDF queueing networks and we characterize the associ-
ated invariant manifold, which turns out to have a much more complicated structure
than its known counterparts, e.g., for FIFO or HLPPS networks. In particular, in the
EDF case, the lifting map A in (1.1) is nonlinear. Thus, while it is plausible that
an appropriate extension of the techniques from [1]—[3], [20], [21] to the EDF case
can be made, we do not expect such an extension to be straightforward. In fact, in
the light of the above-mentioned dependence of §, I and R on A, it is reasonable to
conjecture that the limiting heavy traffic workload distribution in the EDF case (if
it exists) is, in general, a reflected diffusion with state-dependent coefficients and
the reflection direction not necessarily constant on a given face of the nonnegative
orthant. In other words, some EDF networks may exhibit unconventional heavy
traffic behavior. In a subsequent paper [14] we verify this conjecture, providing an
example of a simple feedforward FISFO (a special case of EDF) queueing network
with asymptotically stable fluid model and unconventional heavy traffic diffusion
approximation. The analysis in [14] depends heavily on the main results of this
paper, in particular on nonlinearity of the mapping A. The example from [14]
shows that the heavy traffic conjecture from [10], stating that a FIFO network has
a conventional heavy traffic approximation if and only if its fluid model is asymp-
totically stable, cannot be generalized to other service disciplines, even in the case
of feedforward networks with the HL property. Let us also mention that while an
example of a closed network with somewhat related unconventional heavy traffic
limit is known [11], we are not aware of an open network with protocol other than
EDF, which gives rise to an unconventional heavy traffic limit.

This paper is organized as follows. Section 2 presents the basic notation and
definitions. It also describes EDF queueing networks and their fluid models. Sec-
tion 3 presents the main results of the paper and provides an example of nonlin-
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earity of the mapping A. In Section 4 we introduce the notions of the frontier and
the null set of an invariant EDF fluid model, the former one being an analog of
a frontier for an EDF queueing system introduced in [7]. We also prove several
properties of invariant states involving these notions. The main results of the paper
are shown in Section 5.

2. EDF NETWORKS AND THEIR FLUID MODELS

2.1. Basic notation. The following notation will be used throughout the paper.
Let N = {1,2,...}, let R be the set of real numbers, and R} = [0, c0). The Borel
o-field on R will be denoted by B(R). For n € N, put R”} for (R)", the positive
orthant in R™. For a,b € R, we write a V b for the maximum of a and b, a A b
for the minimum of a and b, and a™ for a \ 0. For a,b € R™, a = (ay,...,an),
b= (b1,...,bn), the vector (a1by, ..., a,b,) will be denoted by a o b. All vectors
in the paper are to be interpreted as column vectors. For a finite set B, | B| denotes
the cardinality of B. Denote by M the set of all finite, nonnegative measures on
B(R) with the Lévy—Prokhorov metric

p(p,v) =inf{e > 0: u(B) < v(B) +€,v(B) < u(B°) + eforall B € B(R)}
for p, v € M, where

B = cR:inf |z —y| <€l
{z inf |z —yl <}

It is known that p is a complete metric on M inducing the weak topology. Finally,
let p, = p X ... X p be the product metric on the n-fold Cartesian product M™

2.2. EDF networks. This paper contains a characterization of the invariant
manifold for a family of fluid models corresponding to queueing networks with
EDF service discipline. To motivate the introduction of these fluid models, we first
provide a brief description of the corresponding queueing networks.

We consider a network consisting of J single server stations, indexed by
j=1,...,J. The network is populated by K customer classes, indexed by k =
1,..., K. There is a stationary external arrival process with rate oy, associated with
each class k. In particular, if a, = 0, there are no external arrivals to class k. We
put o = (au,...,ax). A customer of class k receives service at a unique station
J, written k € C(j) or j = s(k). Let my, be the mean service time for the class &k
and let m = (myq, ..., mg). Upon being served at station j, a customer of class &
immediately becomes a customer of class [ with probability py;, independently of
its past history. Thus, the probability that a customer of class k leaves the network
after completion of service equals 1 — le; pri- The routing matrix P = (py;) is
assumed to be transient, i.e., such that the matrix

2.1) QE(I—-P)y'=T+P +(P)Y+...
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exists, where ’ denotes the transpose. We define the rotal arrival rate vector
(2.2) A=(\,..., k) = Qa.

Without loss of generality we assume that A;, > 0 for each k. Next, we define the
traffic intensity at station j as

(2.3) pi= >, MpAg.
keC(4)

When p; < 1(pj <1, pj = 1) for each j, the network is called subcritical (strictly
subcritical, critical). Class k customers entering the network have initial lead
times with cumulative distribution function (c.d.f.) G.. For notational convenience,
we define Gy, for every k = 1,..., K, including classes with no external arrival
streams. For % such that a, = 0, G, may be chosen in an arbitrary way and this
choice does not affect any further considerations. We put G = (G1,...,Gk). To
simplify the presentation, we assume that

(2.4) yi = sup{y € R: Gi(y) <1} <
for k =1,..., K, but all the results of this paper and their proofs remain valid,
after appropriate modifications, in a more general case in which for k =1,..., K,

(2.5) (1—Gr(y)) dy < .

o3

To determine whether customers meet their timing requirements, one must keep
track of each customer’s lead time, where

lead time = initial lead time — time elapsed since arrival
for customers coming to the system after time zero and
lead time = initial lead time — current time

for initial customers, i.e., those who are present in the network at time zero.

Customers are served at each station according to the EDF discipline. That is,
the customer with the shortest remaining lead time, regardless of class, is selected
for service at each station. Late customers (customers with negative lead times)
stay in the system until served to completion. Two types of EDF network protocols
may be considered. In the preemptive case preemption occurs when a customer
more urgent than the customer in service arrives (we assume preempt-resume). In
EDF networks without preemption customer service continues until he is served to
completion, even if a more urgent customer enters the station.
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2.3. EDF fluid models. Fluid models are deterministic, continuous analogs of
queueing networks, in which individual customers are replaced by a divisible com-
modity (fluid) of K types or classes, indexed by k£ = 1, ..., K, which change as
the fluid moves between stations j = 1,...,J until it leaves the system. In anal-
ogy with customers of queueing networks described above, class £ fluid arrives
exogeneously to a unique station j = s(k) with rate o and initial lead time distri-
bution Gy, it is processed at s(k) with mean service time my, and changes class to /
with transition probability py; after service completion. As in the case of queueing
networks, we say that a fluid model is subcritical (strictly subcritical, critical) if
pj < 1(pj <1, p;j =1)for each j, where p; are given by (2.3). Fluid models are
defined rigorously in terms of the appropriate fluid model equations.

Fluid models for EDF queueing networks consist of the six-tuples of vectors

(2.6) X(t,s) = (Z(t,s),W(t,s), A(t,s),D(t,s), T(t,s),Y(t,s)),

where t > 0, s € R, the vectors Z(t,s), W(t,s), A(t,s), D(t,s),T(t,s) are in-
dexed by k = 1,..., K and the vector Y (¢, s) is indexed by j = 1,...,.J. Here
Zy(t, s) denotes the amount of class & fluid with lead times less than or equal to s
at time ¢ and Wi (¢, s) represents the workload for station s(k) associated with this
fluid, i.e., the amount of time necessary for the server s(k) to process it to comple-
tion (provided that the station devotes all its capacity to it, without processing any
other fluids at the same time). The quantity Ay (¢, s) (Dx(¢, s)) denotes the amount
of fluid with lead times at time ¢ less than or equal to s which has arrived at (de-
parted from) class & by time ¢ and T (¢, s) represents the amount of work devoted
to this fluid by server s(k) by time ¢. Finally, Y} (¢, s) denotes the cumulative idle-
ness by time ¢ at station j with regard to service of fluids with lead times at time
t less than or equal to s. The vectors defining X are the continuous analogs of the
corresponding quantities in the EDF queueing network described in Section 2.2.
We assume that all the components of X are continuous and nonnegative, with
A(-ys =), D(-,s —-),T(-,s — ), Y(-, s — -) nondecreasing in each coordinate,
A(0,s) = D(0,s) =T(0,s) =0and Y (0,s) = 0 for s € R. We also assume that
every coordinate of A(¢,-), D(t,-), T(t,-), =Y (t,-), Z(t,-) and W (¢, -) is nonde-
creasing for t > 0. The EDF fluid model equations, defining the model, are:

2.7) A(t,s) = ao [I G(s+n) dn+ P'D(t,s),
(2.8) Z(t,s) = Z(0,t+s)+ A(t,s) — D(t,s),
(2.9) T(t,s) =mo D(t,s),

(2.10) S recq Th(t5) + Yj(t,s) =1,

2.11) Yj(t, s —t) can only increase in ¢ if Zkec(j) Zi(t,s —t) =0,
(2.12) W(t,s) =mo Z(t,s),

wheret > 0,s € R, 7 =1,...,J. A system (2.6) satisfying the equations (2.7)—
(2.12) will be called an EDF fluid model. The terms «, m, P and G are the model
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data, given in advance. By (2.7), the external arrival process to class & has the form

t

(2.13) o [ Gr(s+n) dn.
0

This can be explained as follows. A customer who has entered the network through
the buffer £ at time £ € (0, t] and has lead time not greater than s at time ¢ had lead
time upon arrival not greater than s + ¢ — &£. The rate with which such customers
enter the system is axGi(s + t — &), so the total number of such arrivals in the
interval [0, ¢] is o, fg Gr(s+t —mn) dn, which is the same as (2.13). The equations
(2.7), (2.8) and (2.10) hold regardless of the service protocol under consideration.
The equation (2.11) characterizes the EDF service discipline. The equations (2.9)
and (2.12) imply that the number of partially served customers in the pre-limit EDF
system is negligible under fluid scaling. This is obvious in the non-preemptive
case, but it requires a proof for preemptive EDF networks; see Corollary 3.8 in
[7], Corollary 4.8 in [22], Corollary 4.7 in [17] and Proposition 6.1 in [13] for the
corresponding arguments in some special cases.

In what follows, we shall make the following assumption on the initial condi-
tion, which is compatible with the definition of y;.

ASSUMPTION 2.1. We have

(2.14) Z(0, , Iax Yp) = hm Z(0,s).

>0

In particular, under the assumptions (2.4) and (2.14), the support of the mea-
sure with the distribution function Z (0, -) is bounded above for each k. Of course,
if (2.4) does not hold for some k with a, > 0, (2.14) can be regarded as a tautology.

An important special case of the EDF fluid model equations may be obtained
by putting G.(y) = Ijp,)(y) for each k, so that (2.7) simplifies to

(2.15) A(t,s) = a(t+ (s A0)) " + P'D(t,s).

The equations (2.8)—(2.12), (2.15) will be referred to as the FISFO fluid model
equations. If we change the coordinates (t, s) to (¢, §), where § = s — ¢, in (2.8)-
(2.11), (2.15), we obtain the FISFO fluid model equations introduced in [4]:

(2.16) A(t,8) = a(t A3) + P'D(t, 3),

(2.17) Z(t,8) = Z(0,3) + A(t,3) — D(t,3),

(2.18) Dy (t,8) = Ty(t,3)/my fork=1,..., K,

(2.19) Zkec Ti(t,3) +Y;(t, s)—tforj—l o,

(2.20) Y (t, ) can only increase in ¢ when ZkeC( ) Z(t,8) =0,
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for t,5 > 0. In (2.16)—(2.20), the coordinate S represents the arrival times of cus-
tomers (fluids) to the network, rather than their lead times. However, it seems that
for the sake of the characterization of the corresponding invariant manifold, the
equations (2.8)—(2.12), (2.15) (and, more generally, (2.7)—(2.12)) are more conve-
nient than (2.16)—(2.20), see Remark 3.1 to follow.

If we take fluid limits, i.e., the limits of sample paths along subsequences under
scaling which is linear in both time and space (called fluid or hydrodynamic scal-
ing) obtained from a single EDF network, then the initial lead time distributions
disappear in the limit, giving rise to the FISFO fluid models. This has been proved
in [4] in the case of no preemption and in [13] for preemptive EDF networks with
fixed customer routes. In this paper, we chose to consider more general EDF fluid
models satisfying (2.7)—(2.12) with nontrivial lead time distributions G, which
may be useful in the asymptotic analysis of a sequence of EDF networks where
the initial lead time distributions dilate with the same rate as the space scaling pa-
rameter. Thanks to such lead time scaling, employed, e.g., in [7], [15]-[17], [22],
the customer lead times are “realistic”, i.e., they are of the same order as the queue
lengths and the sojourn times, so a typical customer has a reasonable chance to
have his job done on time. In contrast, fluid and diffusion scaling of a critical net-
work without scaling the corresponding lead times leads to a model in which most
(if not all) incoming customers are late in (or sufficiently close to) the limit, which
is not a desirable feature for a real-time queueing model. Also, the characterization
of the invariant manifold, which is the topic of this paper, is not substantially more
difficult in the case of general initial lead time distributions Gy.

2.4. Paths and multi-indices. Let
K= {(kl,...,kn):nEN,k’l,...,kn S {1,...,K},aklpk1k2...pknilkn >0},

where pg, &, .- - Pk,_,k, should be interpreted as 1 for n = 1. The elements of K
will be called multi-indices. They represent paths of finite length which are being
followed with positive probability by customers (fluids) since their arrival to the
network. For k = (k1,...,ky) € K, let px = Diyky - - - Phyy_ 1k » Ok = Oty Pk and
px = my, ak. Also, for k as above, let b(k) = k; and e(k) = k,, be the begin-
ning and the end of the path k, respectively, and let S(k) = {s(k1), ..., s(kn—1)},
which should be interpreted as () if n = 1. In other words, S(k) is the set of servers
encountered by customers following the path k before they become class e(k) cus-
tomers. For k € K, k € {1,...,K} and j € {1,...,J}, we write k € C(k) if
e(k) = kand k € C(j) if e(k) € C(j). Let Ko(j) = {(k) : k € C(j), . > 0} be
the set of multi-indices of length one corresponding to customer classes that enter
station j € {1,...,J} from outside the system and let Jp = {j € {1,...,J} :
Ko(j) # 0} be the set of stations that serve as the entry point for at least one ex-
ternal arrival process. For m = 1,...,J — 1 and ji,...,jm,j € {1,...,J}, let
K (j) ={keK: keC(j),S(k) C{ji, ..., jm}} be the set of paths of cus-
tomers eventually visiting station j who visit only stations in the set {j1,...,jm}
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before arriving at j. We say that it is the set of paths which reach station j through
{j1,--+,jm}. Finally, form =1,...,J —land j1,...,jm € {1,..., J}, let

T =G e {1, Ty KT (G) # 0P\ {gt, - dm }

be the set of stations not in the set {ji,...,Jn} that can be reached through
{1 dm}-

DEFINITION 2.1. We say that a network is connected if for every two sta-
tions j and j', j # j', there exist n € N, jo, ..., jn € {1,...,J} such that jo = j,
jn = j', and for each i = 1,...,n, there exist ki,...,k,. € {1,..., K} such
that ppis - - P, ki, 0 and either k] € C(j;—1), ky,,, € C(js), or ki € C(ji),
qulnl S C(jlfl)

In other words, a network is conected if for any two stations there is a way
of reaching one station from the other by following fragments of paths indexed by
elements of K, not necessarily in the forward direction. In what follows, we fix an
EDF queueing network under consideration (which, for the sake of construction of

the corresponding fluid models, is completely determined by «, m, P, G and the
sets C(j),j =1,...,J) and assume that it is connected.

2.5. Invariant states.

DEFINITION 2.2. An EDF fluid model of the form (2.6) is called invariant if
forall t > 0 and s € R we have

Z(t,s) = Z(0,s).

In other words, an EDF fluid model is invariant if the customer instantaneous
lead time profiles Z(t, -) (and thus, by (2.12), W (¢, -)) do not change with time. It
is easy to see that invariant EDF fluid models with p; > 1 for some j do not exist.
Thus, in the remainder of the paper we assume that the network under consideration
is subcritical. We shall almost entirely focus on invariant EDF fluid models. The
coordinate ¢ in Z (¢, s) and W (¢, s) of such models will usually be skipped.

DEFINITION 2.3. A vector L = (Lj)=1,... x of cumulative distribution func-
tions (c.d.f.’s) of finite nonnegative measures on R is called an invariant state of
an EDF fluid model if there exists an invariant EDF fluid model of the form (2.6)
such that for every s € R,

L(s) = Z(s).
The set of all invariant states of EDF fluid models will be called the invariant
manifold and denoted by &.

Our first observation is that an invariant state completely determines the cor-
responding invariant EDF fluid model. This implies that we can think of & as of
the family of invariant fluid models.
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PROPOSITION 2.1. Let X be an invariant EDF fluid model of the form (2.6).
Thenfort >0,s € Randj=1,...,J,

Q21)  A(t,s) = Q(a o z G(s+n)dy+ P (Z(t+s) — Z(s))),

(2.22) D(t,s) = Q(ao

O\w

G(s+mn)dn+ Z(t+s) — Z(s)),

2.23) Yj(t,s)=t— > mp{Q(ao [G(s+n)dn+ Z(t+s) — Z(s))},.
keC(j) 0

In particular, the invariant state Z (-) uniquely determines X.
Proof. Fixt > 0, s € R. By (2.8) and the invariance of X, we have
(2.24) D(t,s) =Z(t+s) — Z(s) + A(t, s).

Substituting (2.24) into (2.7), we get
t

(225) (I—PHA(t,s)=ao [G(s+n)dyp+ P (Z(t+s) — Z(s)).
0

Multiplying (2.25) from the left by () and using (2.1), we obtain (2.21). Putting
(2.21) into (2.24) and applying the fact that, by (2.1), I + QP’ = Q, we get (2.22).
Substituting (2.22) into (2.9) and using (2.10), we have (2.23). The last claim fol-
lows immediately from (2.9), (2.12) and (2.21)—(2.23). =

3. MAIN RESULTS

Let J1 = [{j : pj = 1}| and let J, = J — J;. In particular, the network is
critical (strictly subcritical) if J; = J (J; = 0). Without loss of generality we can
assume that p1 = ... =py, = 1, pjy41 < 1,...,p; < 1. Fork € K, let S (k) =
Sk)n{1,...,Ji1}, ie., Sc(k) is the set of critical servers encountered by cus-
tomers following the path k before they become class e(k) customers. In the case
of J1 > 1 we define IT as the set of all permutations 7 = (71, ..., 75 )of 1,...,J;
such that 7, € j(gl_;;;;i"f*l"h“ """ J, m=1,...,Jy, i.e., the station 7, can be
reached through {7y, ..., mp_1,J1 +1,...,J}. For € II, we set

D™ = {y S R - Yry 2 -0 2 Yy, Y < max yg(k) \v/m}
(

Jo+m—1 ﬂ-m)

LetD =] ;D" Fork=1,...,K and y € R, let us define

3.1) Hi(y) = [ (1= Gr(n))dn.

<3
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Each function Hy, is finite by (2.4) (or (2.5)). We put H = (Hy,. .., Hg). Next,
we define the mapping ® = (®4,...,®y) : D — Ril by the formula

(3.2) Dy, - yn) = > Pk[Hb(k)(yj)—Hb(k)(,Tgin yi)l ™,
kee()) 1€8e(k)

j =1,...,J1. Here and elsewhere in this paper, the minimum (maximum) taken
over the empty set should be interpreted as co (—oo). Note that the series (3.2)
converges. Indeed, for any j, by the definition of py and (2.1)-(2.3), we have

(3.3) Pi(y1,.--5yn) < D px max  Hp(y;)
—~ k=1, K
keC(j)
< S m{(I+P +(P2+..)a}, max Hy(y)

=P, max Hi (y;)-

PROPOSITION 3.1. The function ® is a homeomorphism of D onto Rf.

The proof of this proposition and an explicit algorithm for inverting & may be
obtained by an appropriate extension of the proof of Proposition 5.5 in [17].
The main result of this paper is the following theorem.

THEOREM 3.1 (Characterization of the invariant manifold). For J; > 1
and F = (Fj)j=1,...n € R7 let Z8 = (Z[(-)),_, > where for s € R,

(3.4)
0, S(k‘) > J1,

Zi(s) =4 % ax[Hyp (Fary) — Hypo(s A min E)*, s(k) < Jb.
kGé(k‘) 1€8c (k)

Also, let X(F) be the vector of functions of the form (2.6) with Z(t,s) = Z¥(s)
forallt > 0, s € R, and satisfying (2.9), (2.12) and (2.21)—(2.23). Let 6P =
{Z¥ : F € D} if 1 > 1 and let &P = {0} otherwise, where 0 is the vector of K
distribution functions corresponding to the zero measure: O, =0,k =1,... K.
Then & = &P,

Intuitively, this result may be explained as follows. As it should be expected,
the invariant queue length (workload) vanishes at strictly subcritical stations. For
a critical station j, F} is the lead time of the fluid currently in service at j. By
the fact that the EDF service discipline is used, there is no mass with lead times
smaller than Fj at this station. We will later show that all the fluid with lead times
greater than F; which visits server j along its route is currently either at j, or
upstream (see (4.4) of Proposition 4.1). Consequently, for k € C(j), the fluid fol-
lowing the path k which is currently at station j must have lead times not greater
than min;cs, (i) Fi, since otherwise it has not left one of the upstream critical
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stations along the path k. In particular, in spite of the assumed Markovian rout-
ing between customer classes, the invariant states form a complex, highly non-
Markovian structure, which is not observed in the case of FIFO, HLPPS or other
previously investigated service protocols. Another consequence of the above fact is
that the network topology implies an ordering of F;, j = 1,..., J;. For example,
if C(j) = {k}, where k = (k1, k2), j' = s(k1) # j = s(k), then F; < Fj, since
the fluid currently served at j must have left the station ;' by this time. In general,
such ordering relations are much more complicated and, together with the condi-
tion (2.4), they imply that F' = (Fj);=1,.. 5, € D. The appearance of Hy in the
term corresponding to k in (3.4) is not surprising, because Hyy) corresponds (up
to a multiplicative factor) to the stationary excess distribution associated with the
lead time distribution Gy of the fluid following the path k.

Define the mapping ¥ = (¥1,...,Vg) : D — RE by

(3.5) Uiyt un) = > ax[Hyao (Ysr)) — Hb(k)(,rgiri yi)l ™,
kel(k) 1€5e(k)

if s(k) < Jj and ¥y, = 0 otherwise. An argument similar to (3.3) shows that the

series in (3.5) and the analogous series in the definition of Z¥" converge.

COROLLARY 3.1 (Lifting map). Forw = (wj)j=1,.., € Rf, X(@H(w)) is
the unique invariant EDF fluid model with workload w; = lim,_, ZkeC(j)Wk(S)

at station j for each j = 1,..., J1. In particular, the map A : Rf — Rf given
by the formula
(3.6) A=UTod!

maps the workload vector w to the corresponding queue length vector

2= (2)k=1,..Kk, 2= lim Zy(s),

§—00

in the invariant EDF fluid model X (@~ (w)).

REMARK 3.1. It is easy to check that if we define an invariant FISFO fluid
model by the equations (2.16)—(2.20) (instead of (2.8)—(2.12), (2.15)), requiring
that Z(t,3) = Z(0, 3) for all ¢,5 > 0, then the corresponding invariant manifold
consists of a single state 0.

3.1. Example. Perhaps the most striking consequence of Theorem 3.1 is that
the mapping A = (Ay,...,Ak) in Corollary 3.1 is, in general, nonlinear, even
in the acyclic FISFO case. Note that while general EDF networks with Markovian
routing are not necessarily HL,, all FISFO networks with fixed customer routes
enjoy the HL property.
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EXAMPLE 3.1. Let us consider a critical FISFO fluid model with J=J; =2,
K=4,5(1)=s54)=1,52)=s3)=2,a1 >0,a3 >0, 02 = ag = 0 and

0100
P =

S O O
S O O
o O O
S = O

We have IT = {(1,2), (2,1)}, D = (—00,0] x (—00,0], Hi(y) = H3(y) = (—y)*
and the mapping ® : D — R? is given by

D1 (y1,y2) = —pyy1 + paylyz — il Palyr,y2) = paz) v — vl — ps)ve-

One may check by direct computation that for (wq,ws) € Ri such that wy >
p(g)wl/p(l), we have

Aj(wr, w2) = wi/my,  Ag(wi,wz) = ar(wz — pywi/p)),

Agz(wy, w) = ag(mawi/my +wa),  Ay(wy,wz) =0,
and for (wl, ’U)Q) S R%— such that wy < p(g)wl/p(l),

Ay (wr,we) = a1 (wy + mawe/m3),  Ag(wy, wz) =0,
As(wy,we) = wz/m3,  Ag(wr,wz) = az(wr — pywz/ps))-
In particular, A is nonlinear.

REMARK 3.2. It is easy to see that for every FISFO network, ® and A are
piecewise linear, i.e., the domain of each of these maps can be decomposed by a
finite number of hyperplanes into disjoint sets such that the corresponding mapping
is linear on each of these sets. In fact, for ® (A), these sets coincide with D™
(®(D7™)), 7w € II. In the general EDF case, neither ® nor A is piecewise linear.

4. FRONTIERS AND NULL SETS

In this section we define the frontiers and the null set of an invariant state
(Definitions 4.1 and 4.2) and we use these notions to show several properties of
invariant EDF fluid models. Proposition 4.1 shows that all the incoming fluid with
lead times greater than the frontier at station j and visiting this station along its
route is still either at j or upstream. It also implies Theorem 3.1 for strictly sub-
critical networks (Corollary 4.1) and shows that invariant EDF fluid models are,
in some sense, maximal (compare (4.3) with (4.4), see also (4.6)). Proposition 4.2
shows that the frontiers and the null set determine the corresponding invariant EDF
fluid model uniquely. In Proposition 4.3 we show that the vector of the frontiers
corresponding to an invariant EDF fluid model with nonzero total mass at every
critical station belongs to the set D. Finally, Lemma 4.2 establishes partial order-
ing and an upper bound for the frontiers.
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DEFINITION 4.1. Let X be an EDF fluid model of the form (2.6). Let ¢t > 0
and let j € {1,...,J} be such that Zkec(j) Zy(t,-) is not identically equal to
zero. The quantity Fj(¢) = inf {s € R : ZkeC(j) Zi(t,s) > 0} will be called the
frontier at station j at time ¢.

In other words, F}(t) is the left endpoint of the support of the measure with
the distribution function ) -, eci) Zy(t, ). By the continuity of Z,

4.1) > Zi(t, Fj(t)) =0.

keC(j)

If the EDF fluid model X is invariant (which will usually be assumed in the sequel),
then F}(t) is constant in ¢. In this case, the variable ¢ in F};(¢) will be skipped.

DEFINITION 4.2. Let X be an invariant EDF fluid model of the form (2.6).
The set V'(X) = {j € {1,..., J} : ") cc(j) Ze(-) = 0} will be called the null set
of X.

In what follows, we will sometimes write A instead of V' (X), when it is clear
from the context what fluid model X we have in mind. Note that for an invariant

state X, F; is defined iff j ¢ N. The following lemma is a restatement of (2.11)
for an invariant EDF fluid model.

LEMMA 4.1. Let X be an invariant EDF fluid model of the form (2.6). For
every j ¢ N and everyt > 0, s € R such that s — t > F}j, we have

42 Y m{Q(Z(s—t)— Z(s—t—dt))},

keC(5)

:(1_ > mk{Q(aoG(s—t))}k>dt.

keC(j)

Proof. By (2.23), we have

Yitt,s—t)=t— Y m{Q(ao

keC(j)

G(s—n)dn+ Z(s) — Z(s — 1))},

o%w

By (2.11), for s — t > F}, Yj(t, s — t) does not grow in ¢, which implies (4.2). m

In the sequel, we will need the following refinement of Lemma 4.1.

PROPOSITION 4.1. Let X be an EDF fluid model of the form (2.6). For every
81 < sg and for t large enough,

4.3) Q(Z(t,s2) — Z(t,51)) < A(s2 — s1) — Qa0 7 G(n)dn).

S1
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Moreover, if the EDF fluid model X is invariant, then {j : p; < 1} C N and for
everyj ¢ N,k € C(j) and sy > s1 > Fj,

(4.4) {Q(Z(s2) = Z(s1))},, = {Qlao (H(s1) — H(s2)) ]},
Proof. By (2.7) and (2.8), we have
Z(t,s) = 2(0,t +5) + o zG(s 4 )y — (I = P)D(t,s),
which, by (2.1), implies

QZ(t,s) =QZ(0,t+s)+ Q(ao [ G(s+n)dn) — D(t,s).

O%ﬁ

Thus, by (2.14), for fixed s; < s9 and ¢ > 0 large enough,

4.5) Q(Z(t,s2) — Z(t,s1))

So+t 82
=Q(ao( [ Gdn— [ Gnydn)) = (D(t,52) = Dit, 1))
s1+t S1

< Qafsy —s1) — Q(ao ng G (n)dn),

51

which, by (2.2), implies (4.3). Now assume that the EDF fluid model X is invariant,
Jj ¢ N and sy > s; > F;j. We have

Sp—S1— D mk{Q(aO7G(ﬁ)dn)}k= > mi{Q(Z(s2) — Z(s1))},,

keC(j) keC(5)

< pi(sa—s1)— Y mk{Q(aossz(”)dn)}k’

keC(j)

where the equality follows from (4.2) and the inequality from (4.3) and (2.3). Since
p; < 1, this is possible only if p; = 1 and equality holds on every coordinate
k € C(j) of (4.3), i.e., for every k € C(j),

(4.6) {Q(Z(s2) — Z(sl))}k = Mi(s2 —s1) — {Q(ao sf G(n)dn)}k

52

= {Q(a o f (1- G(n))dn)}k

={Q[ao (8;17(81) - H(SQ))]}k’

where (2.2) and (3.1) were used for the second and third equation, respectively. =
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An immediate consequence of Proposition 4.1 is that Theorem 3.1 holds in the
strictly subcritical case.

COROLLARY 4.1. If the network is strictly subcritical, then & = {0}.

Indeed, in this case, by Proposition 4.1, for any invariant EDF fluid model X,
N ={1,..., J}, which implies that Z = 0.

We have thus characterized the invariant manifold for a strictly subcritical
network. From now on, we assume that J; > 1.

PROPOSITION 4.2. The set N =N (X) and the frontiers F;,j€{1,..., JAN,
determine the corresponding invariant EDF fluid model X uniquely.

Proof. By Proposition 2.1, it suffices to show that the coordinate Z(-) of X
is determined uniquely by N and (Fj). Let n = |N|. If n = J, then Z = 0 and
there is nothing to prove. Assume that n < J. Without loss of generality we can
also assume that {1,..., J} \N ={1,...,J —n}.Let®m = (7y,...,mj_p) be a
permutation of 1, ..., J — n such that

4.7) Fo2Fn>...2F, .
We proceed by induction. Let F;, = oo and assume for some i € {1,..., J—n}, the

increments of Z are determined uniquely by A and (F}) on the interval [Fy, |, 00)
(for + = 1, the hypothesis is vacuous). Our aim is to show that they are also deter-
mined uniquely by this data on [Fy,, Fr,_,), and thus on [Fy,, 00).

Let 8() = Uj:_i" C(m;) and let

2O Z 1, KN A9 = U eyu U elry).
JEN j=1
By the definitions of A/ and Fj, together with (4.7), we have
(4.8) Zi(Fy, ) — Zi(Fr,) =0, ke gW,
Thus, for k € &%) and s, s9 € [Fr,, Fr, ,), s1 < s2,

(4.9) {Q(Z(s2) = Z(s1)};, = {QW(2V(s2) = 2 (s1))},.
where Q) = (Qkt)y. jeqn and Z0) = (Zk) e - Let PO = (pl(cil))k,leﬁ(i% where
p;(fl) =P+ Y > Dkky Pkiks - - - Phnl
=1y k)

is the probability that a class & customer moves to class [, visiting only stations
from N'U {m, ..., m_1} along the way. It is easy to see that Q) = I 4 (P +
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(PDY)? ..., 50 QW is invertible and (Q™) =1 = I — (P(®)'. By (4.9) and (4.4),
for Frr, < 51 <82 < Fr, |,

(4.10) Q(i)(Z(i)(SQ) _ Z(i)(sl)) = ({Q[a o (H(sl) - H(Sz))]}k)

keR()

Multiplying (4.10) from the left by (Q(i)) we get the increments of Z@ (and
thus, by (4.8), of Z) on the interval [F;,, Fi, ). This ends the inductive proof, es-
tablishing uniqueness of the increments of Z with given A" and (F}) on [Fy,  ,00).
By (4.7) and the definition of F;, Z = 0on (—00, Fr, ). =

PROPOSITION 4.3. Let X be an invariant EDF fluid model with null set N'(X)
={J1+1,...,J} and frontiers F = (Fj);=1,.. 1. Then F € D.

Proof. We will first construct a permutation 7w € II such that
4.11) Friy 2 Fry 2 ... 2 Fry .
Let By ={1,...,itand I = {j € By : F; = maxep, F;}. We will show that
(4.12) ncJgptt

Letj € I andlet k € C(j). By (2.7) and (2.24), for t > 0 and s € R we have
Apg(t, s —Ozkak s+mn)dn+ Z pquDkl(t s)
k:l 1

= Qg f Gk’ 5 +n d77 + kzlpkﬂf(zkl (t + 5) Zkl (5) + Ak1 (ta S))
1

Using (2.7) and (2.24) once again, we get

K t
Aty s) = 3 ik (Ziy (E 4 8) = Ziy (5) + oy f Gry (s +n)dn)
k1=1
+Oékak (s +mn)dn + Z Dhoky Ply k Diey (T,°5)
k1,ko=1
K
= > rak(Zr, (E+ 8) = Zpy () + apy f G, (s +n)dn)
ki=1

+ o, f Gr(s +n)dn + Z Phoks Phrk (Ziy (4 5) — Ziy (5) + Apy (L, 5)).
k1,ko=1
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Using (2.7), (2.24) again and iterating, we obtain

t
(4.13)  Ag(t,s) = a [ Gr(s +n)dn
0

t
pklk(an (t+s)—Zy, (s)+ag, f Gk, (s+ n)dn).
0

+ Z Z Phokn_y -+ -

The series in (4.13) converges by (2.1). Note that (4.13) may be rewritten as

t
(4.14) Ai(t,s) = ay [ Gr(s+n)dn
0

+ > pklk{Q(Z(t+5)_Z(S)+aozG(8+n)dn)}k1

S(kl)EBl
0

+ X > D Dhakaor - Phik

n=2s(k1),...,5(kn—1)¢B1 s(kn)EB1

< {Q(Z(+5) = 2(5) + a0 [ Gls + )}, +

o) t

> > Phokn 1 -+ Phsk (Zhn (t+8) = Z1,, (5) + . [ G, (s+m)dn).
n=1s(k1),...,s(kn)¢B1 0

) ¢ Bj. This, together with (2.4), (2.14) and

By Proposition 4.1, Z;, = 0 for s(ky,
(4.4), implies that for s > F; = max;cp, F; and t large enough

(4.15) Ag(t,s) — Ak(t,F')
= > pe{Q(Z( Z(s) + o [H(Fy) — H(s)])},,
s(k1)eBy
+ag(s — Fj - ka' )dn) + Z > Y Phpkn_i - Phik
] n= QS(kl),.‘.,s(kn,1)¢31 s(kn)EBl

< {Q(Z(F}) - Z(s) + avo [H(F}) — H(s)])},

+ > > Oy Dhkn sy - - - Phok (s — Fj — f G, (n dn)
.7

=1s(k1),...,s(kn)¢B1

— ap(s— F - g‘ Gi(n)dn)

+ 2 > Ok Phokin_1 - - - Phik (5 — Fj — f Gr,, (n)dn).
.7

n=1 s(k1),...,s(kn)¢B1
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Suppose that (4.12) is false. Let j € I \ jf;ﬂ"“"]. Then for every k € C(j)
(4.15) vanishes. Indeed, the fact that j ¢ jj?“"“’J implies that o, = 0 and, for

s(k1),...,s(kn) & B1, 0k, Pk, 1 - - - Pkyk = 0. By (2.8), (2.4), (2.14) and (4.15),
for s and t as above,

0 < Zk(s) — Zk(Fj) = Ak(t78> — Ak(t,Fj) — (Dk(t,3> — Dk(t,Fj>)
< Ap(t,s) — Ay(t, Fy) = 0.

Thus, by (4.1), Zkec(j) Zi(s) = Zkec(j) (Zk(s) — Zi(Fj)) = 0 for s > Fj,
which contradicts the definition of F);. We have proved (4.12).

Let n; = |I1| and let 7y, ..., m,, be such that I; = {m,..., 7y, }. Then, by
@4.12), for m = 1,...,n1, mp € Ty ! C gt it ang B =
oo = Fr, > maxgn x,3 B If ny = Ji, the permutation 7 € II satisfying
(4.11) has been found, otherwise we continue our construction inductively as fol-
lows.

Assume that for some ny € {1,...,J; — 1}, the numbers =, ..., m,, have

been chosen so that

(4.16) T € Tyt It i =1y,
(4.17) Fry>...>Fp > max F.

{1, Ty }

(We have just proved the validity of this assumption for £ = 1.) Let

Bit1 =Bi\{m1,...,m.}, Ipp1=1{j€ Bpy1:F; = ,nax F;}.

€Bj 11
We want to get

T yeeesTng sJ1+ 1,0,
(4.18) Lot € T, .

The argument is similar to the one given above, with I, jil+1"“’J and Bj re-

placed by Ij1, jgi;:r"’“ T and By.11, respectively. The only difference is

that, in general, the terms Z,, (t + s), Zy,, (s) with s(ky,) € {m1,..., ™, } in (4.14)
(with B; replaced by Bj1) do not vanish. However, for s(k,,) € {m1,...,m, }
and s € (F}, Fr, ), by (4.17) and the definition of the frontier, Zj,, (s) = Z, (F})
= 0. For t large enough, it follows that Z; (t + s) = Z, (t + Fj) by (2.14).
Hence, for s € (F}, ank ), (4.15) (with By replaced by By1) holds and the argu-
ment goes through as in the case of & = 1. Let ng11 = ng + |Ix4+1| and choose
Tngtly s Ty SO that Ty = {7, 41,...,7p, ., }. By (4.18), the condition
(4.16) holds with £ replaced by k£ + 1. The definition of the set I, ; implies that
(4.17) also holds with k replaced by k£ + 1. The inductive step is complete.
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When the above construction terminates, we have a permutation 7 € II satis-
fying (4.11). We will show that F' € D™. Suppose that F' ¢ D™. By (4.11) and the
definition of D™, this implies that for some m € {1,...,J1},

(4.19) F

™m

> max yb(k)'
,,,,, 1. J14 1T
kEIC;;eriT b (m)

LetB = {my,...,mm-1,J1+1,...,J},k € C(my,) andlet s > F, .Therelation
(4.11), together with the reasoning similar to that in (4.13)—(4.15), implies that for
t large enough,

(4.20) 0 < Ag(t,s) — Ag(t, Fr,,)
t

= > ax [ (Gyaey (s + 1) = Gogae) (Fr,, +1))dn
ke’cxi};ﬁqﬁl’JIHW’J(TFm)
- > Pk (Zoe) (Fr.) — Zoae) ()
ke SL T e ()
<0,

since Gy (s + 1) = Gy (Fr,,, + 1) = 1 fork € ICE;’_’;;ZE*’J1+1""’J(7rm) and

n > 0 by (4.19), so the integral in (4.20) vanishes. Thus,
Ag(t,s)—Ag(t, Fr,) =0,

which, as in the proof of (4.11), implies that Zkec(ﬂm) Zy(s) = 0, and this con-
tradicts the definition of F; . m

LEMMA 4.2. Let X be an invariant EDF fluid model with N' = N (X) and let
F = (Fj)jeqr,.... oy be the corresponding frontiers. Then for j€{1,..., J}\N,

4.21) F;, < sup (y{nn A min F;).
! ke@(j)(yb(k) 1ES (kW )

Proof. Suppose that for some j € {1,...,J} \ N the inequality (4.21) is
false, i.e.,

(4.22) Ypae) S Fj - or Zeé?ﬁ?wF’ < I

foreveryk € C(j).Let B={i € {1,...,J}\N: F; < F} }, k€C(j) and s > F}.
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Using (4.13) and proceeding as in (4.14) and (4.15), we get, for ¢ large enough,

(4.23) Ak (ta 5) - Ak(t7 F)

= > pra{Q(Z( Z(s) + oo [H(F, ()},
s(k1)eB
+ay(s — Fj - f Gr(n)dn) + Z > D Dhaknoy - Phak

Fj n=25(k1),....8(kn—1)¢B s(kn)EB

< {Q(Z(F; —Z(5)+aO[H(Fj)—H(5)D}kn

+Z > Oy Pl - - Pl (8 — Fj — kan )dn)
Ls(k1),...,s(kn)¢B Fj

Z > Phnkn_s - - - Phrk (Zh (F5) — Zi, (5)).
n=1 (kl)v 7(kn)€B

The first two terms on the right-hand side of (4.23) vanish by (4.4). The next two
terms vanish because, by (4.22), o, > 0 implies y; < F} and for k1, ..., k, such
that ok, pr K, - - - Pk > 0 and s(k1),...,s(kn) ¢ B, y;‘(k) < Fj. Finally, the
fifth term is nonpositive. Thus, Ay(t, s) — Ax(t, Fj) = 0, which, as in the proof of
Proposition 4.3, leads to a contradiction. m

5. PROOFS OF THE MAIN RESULTS

In this section we prove Theorem 3.1 and Corollary 3.1. First (Definition 5.1),
we introduce a family of (vectors of) c.d.f.s Z F.A \which belong to the invariant
manifold (Lemma 5.1) and, moreover, any invariant state with frontiers F' and null
set \' can be represented as Z " N (Corollary 5.2). The proofs of Theorem 3.1 and
Corollary 3.1 follow.

DEFINITION 5.1. Let Abeasetsuchthat{J; +1,...,J} C AC{1,...,J},
let A°={1,...,J}\ Aandlet F = (F});esc € RAl. We define

754 = (Zlf’A('))kﬂ K

[ARR)

where for s(k) € A we have Z,f’A(s) = 0 and for s(k) € A,

ZEA(s) = ax[Hpao) (Fsiy) — Hyey(s A min  Fy)] ™.
w7 (s) ke%(k) k[ Hpe) (Fr)) — Hpo) ( e )]

Also, let X(F, A) be the vector of functions of the form (2.6) with Z(t,s) =
ZF’A(S) forallt > 0, s € R, and satisfying (2.9), (2.12), (2.21)—(2.23).
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LEMMA 5.1. For any F and A as above, ZF* € &. Moreover, for j € A°,
j & N(X(F, A)) if and only if

(5.1 F; < sup (ypqy A min  Fp),
T ke ) iestgnas

and (5.1) implies that Fj is the frontier of X(F, A) at station j.

Proof. By definition, X(F,.A) satisfies (2.9) and (2.12). It is easy to check
that it is also continuous and satisfies (2.7), (2.8) and (2.10). Thus, to prove that
ZFA ¢ @, it suffices to show that X(F,.A) has the required nonnegativity and
monotonicity properties, and satisfies (2.11). We will first check that D(-,s — -)
and Dy(t,-) are nondecreasing for each k£ = 1,..., K. By (2.22), together with
Definition 5.1,

K s
(52) Dilt,s—t) = Quay [ Gi(n)dn
=1 s—t
+ Y Qu Y. ai[Hyy ((s—1t)V Fyq)) — Hypy(s A min CFi)]+'
Ls(DeA®  1ec() ieshnA
By (2.1),

s

K o) K s
(53) Y Qua [ Gin)dn=3 > pPriks---Phak | Gri(n)dn,
=1 t —t

5— n=0kq,....kn=1 s

where for n = 0, o, Pk, - - - Pk, k and G, should be understood as oy, and Gy,
respectively. Using (2.1) again and changing the order of summation, we get

(54) Z le Z aq [Hb(l) ((S — t) V Fs(l)) — Hb(l)(s A min Fz)]+

l:s(l)eAc 1eC(l) ieS(1)N.Ac
[e'e) K
= H{S(k)E.AC} Z Z QL Pkiko - - - Pkpk
n=0k17...,kn:1
x [H, —t)V Fypy) — Hi, (s A i I
[Hp, ((s — 1) ) — Hi, (s s )]
0o K
+ D> > > QkDPkiks - PhaliPlik
l1:s(ll)eACn:Okl,...,knzl
x [H, — 1)V Fyqy) — Hy, (s A i NN
[Hia((s =0V Foy)) = Hiy(sA__min  F)]

K o K
+ z Z Z Z Oy Pkiks - - - Pknli Pl Pisk
llls(ll)E.AC lo=1n=0kq,....kn=1

H — 1)V Fyy) — Hi (s A i )+ ..
X [ k1((8 ) s(ll)) kl(s iE{S(k1),IP,ISI%kn)}ﬂAC ] +
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o) K
= Z Z Oy Phrky - - - Pk

n=0k1,....kn=1

. N1+
x {Lis(ryency [Hr, (5 = 1) V Fygy) — Hi, (s A T F)]
+ Ls(hayecy [Hi ((s = 1) V Fyr,,)) — Hiy (s A min )"

iE{S(kl),...,S(kn71)}ﬂAc
+ oot Lgnyeay [Hi, (5 = )V Fyy)) — H, (s)] 7).

Fix n, k1,... kn. If {s(k1),...,s(kn),s(k)} N.A° = 0, then the corresponding
sum in the curled brackets in (5.4) vanishes. If {s(k1), ..., s(kn), s(k)} N.A¢ # 0,
let (s(k‘l), ooy 8(kn), s(k:)) NA® = (j41,...,Jm), i.e., let (1, ..., jm) be the sub-
sequence of the sequence (s(kzl), cee s(kn), s(kz)) obtained by deleting the servers
belonging to A. For A, B € B(R), let u fAmB (1 — Gk, (n))dn. Then, by
(3.1), the sum in the curled brackets in (5. 4) correspondlng ton, k1,...,k, can be
rewritten as

(5.5)
k k
('Ul[}%ﬂjm»lninizl ,,,,, m—1Fj,] + 'u[f% _poming=1 m—2 Fj,] Tt 'u’[fgjl ,OO))[S -t S]
sVmin;—1,.., FJz
k
= /’L[Iillnl 1. Fj;,00) [S -1, S] = f (1 — le (T)))dn,

,,,,,

where the first equality can be verified by induction. The equations (5.2)—(5.5)
yield

(5.6) Dk yS — t Z Z Ok Pkiks - - 'pknk{ f Gkil (U)dﬁ
=0 k1. n=1 -

SVIMING e f5(ky),...,5(kn),s(k)}nAc Fj

+ Ligs(hr), (k)5 (k) JNAS£O} J (1 =Gy (n))dn}.

(s=t)Vminjc (s(ky),....s(kn),s(k)nac Fj

It is easy to check that for each n, k1, .. ., k,, the corresponding sum in the curled
brackets in (5.6) is nondecreasing in ¢ and s. Thus, Dy(t, s — t) is nondecreasing
in both ¢ and s. Consequently, by (2.7) and (2.9), all the coordinate functions of
A(t,s —t) and T'(¢, s — t) are nondecreasing in both ¢ and s. By (2.10), Y} (¢, s)
is nonincreasing in s for all j. The fact that Z(t,s) = Z"4(s) and W (t, s) are
nonnegative and nondecreasing in s follows from Definition 5.1 and (2.12). Also,
D(0,s) = 0 for all s by (5.2). Thus, A(0,s) =0,7(0,s) =0and Y(0,s) =0 for
all s by (2.7), (2.9) and (2.10). This, together with the monotonicity of A(¢, s — t),
D(t,s —t), T(t,s —t) in t, shows that A(t,s) > A(0,s —t) = 0, and simi-
larly D(t,s) > 0, T'(t,s) > Oforallt > 0,s € R.Let j =1,...,J. From (2.1)
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we have

pj= Y, mp(Qa)y= > mkz Z Oy Pk kg - - - Phnk-

keC(j) keC(j) n=0k,....kn=1

This, together with (2.9), (2.10) and (5.6), implies that

(5.7) Yi(t,s—t) =1 —pj)t+pit — >, mpDy(t,s —1)
keC(j)

=@ =pt+ > my Z Z Ok Phrks - Pk [ (1= Gy (0))dn
keC(j) n=0 k1,....,kn=1 s—t

SVMINGe (s(ky),...,s(kn),j}nAc F1

= L {s(k1) o 5(kn) J}NAHD) / (1 =G, (n))dn}

(s=t)Vminie fs(y),...,s(kn),53nAc £l

o0
=Q—=pj)t+ > mp D>, Y. Ok Phiks---Phnk
keC(j)  n=0k1,.. kn=1

SAMINe (s(ky),...,5(kn),j}nAc F1
X f (1 - le (U))dn

(s=t)Aminie {s(ky),...,s(kn),5}nA¢ £l

(recall that, by convention, the minimum taken over () equals oo). In particular,
Y;(t,s — t) is nondecreasing in ¢, and thus Y;(¢,s) > Y;(0,s + t) = 0 for every
t>0ands € R.

We now turn to the verification of (2.11). For j € A there is nothing to prove.
Assume that j € A% ¢t > 0, s € R and Zkec ZFA(S —t) > 0. Thus, s — t >
Fj,soforevery n, ki,...,k, wehave s — ¢ > mlnle{s(k1),...,s(kn),j}mAc F;. More-
over, p; = 1, since A° Q {1,...,J1}. Therefore, (5.7) implies that Y;(t,s — t)
= 0 and (2.11) holds. We have proved that ZFA ¢ 3.

The second claim of the lemma follows easily from the definition of the model
X(F,A). n

COROLLARY 5.1. &P C &,

This follows from Lemma 5.1, together with the fact that for the set A =
{Ji+1,...,J}, ZPA = ZF and X(F, A) = X(F).

COROLLARY 5.2. Let X be an invariant EDF fluid model with N' = N (%)
and let F' = (Fj)jqnr be the corresponding frontier. Then X = X(F,N').

Proof. By Lemmas 4.2 and 5.1, the invariant EDF fluid models X, X(F, \)
have the same frontiers (F});¢xs and the same null set N. Thus, the equality X =
X(F,N) follows from Proposition 4.2. =
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Proof of Theorem 3.1. In the strictly subcritical case, Theorem 3.1
follows immediately from Corollary 4.1. Assume that the network is not strictly
subcritical. By Corollary 5.1, it suffices to prove that & C & Let X be an in-
variant EDF fluid model of the form (2.6), let N' = N/(X) and let F = (F});¢x
be the corresponding frontier. If N = {J; + 1,...,J}, then Z € &GP by Propo-
sition 4.3 and Corollary 5.2. Assume that No = N\ {J; +1,...,J} # 0. Let
jo=min{j:j € No}, N1 =N\ {jo}, and let

(5.3) Fj, = inf{a e R: zF@M = 7},

where F(a); = F} for j ¢ N and F'(a);, = a. The set in (5.8) is nonempty since,
by Lemma 5.1, for ap = maxy—1,.. i y;, N (X(F(ao),N1)) = N and the fron-
tiers of X and X (F(ao), V1) coincide, so ZF(a0):-M = 7 by Proposition 4.2. It is
also bounded below, because Lemma 5.1 implies that jo ¢ N (X(F(ao),N7)) for
a < (ming=1,... x y;;) A (min;gr F;). From the definition of ZFA it is easy to see
that the infimum in (5.8) is attained, i.e., ZFFEig)M = 7. Thus, by Lemma 5.1,
forj ¢ N,

F; < sup (yjqo A min  F).
’ keaj)( Y09 iestiowa !

Let € > 0 be so small that for j # N/,

(5.9 FS < sup (ypqo A min  Ff),
S ety M i T

where F¢ = F} for j ¢ N and Ff = Fj, — €. Let F* = (F¥) ¢y, and let (1) =
X(Fe,Ny), ZzW) = zFNi By the definition of X(1) together with (5.9) and
Lemma 5.1, we have A7 C NV(X(1)) C NV and the frontier of the invariant EDF
fluid model X(1) at station j ¢ N equals Fe=F;. If N(xM) = N, then, by
Proposition 4.2, x® = X, which contradicts the definition (5.8) of F},. Thus,
NED)Y=NL.IEN, = {J1 +1,...,J}, then Z1) € &P by Proposition 4.3 and
Corollary 5.2. If this is not the case, we repeat the above construction with xM
instead of X and iterate until we get X(™) with Z(") € GP. Moreover, it is easy to
see that for any 7 > 0 we have px(Z, Z (”)) < n if we take € small enough in all
the steps of the iteration. Therefore, p(Z, &) < 1 for every n > 0, so Z € &P,
However, it is easy to check that &P is closed in MX, and thus Z € &L, =

Proof of Corollary 3.1. Let X be an invariant EDF fluid model of the
form (2.6). By Theorem 3.1, there exists /' € D such that X = X(F'). In particular,
fork=1,..., K,

(5.10) 2 = UL (F).
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By (2.12) and (5.10), for j = 1,. .., J1,

wj = Y, mpz =y, mpV(F)=&;(F),
keC(5) keC(j)

i.e., w = ®(F). Thus, by Proposition 3.1,
(5.11) F =3 Yw),

50, by (5.10), z = ¥ o ®~!(w). Uniqueness of the invariant EDF fluid model with
workload w; at station j =1, ..., J; follows from (5.11) and the fact that, by Theo-
rem 3.1, F'€ D determines the corresponding invariant state X(F’) uniquely. =
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