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Abstract

We consider a service system model primarily motivated by the problem of efficient assignment of
virtual machines to physical host machines in a network cloud, so that the number of occupied hosts is
minimized.

There are multiple input flows of different type customers, with a customer mean service time de-
pending on its type. There is infinite number of servers. A server packing configuration is the vector
k = {k;}, where k; is the number of type i customers the server ”contains”. Packing constraints must be
observed, namely there is a fixed finite set of configurations k that are allowed. Service times of different
customers are independent; after a service completion, each customer leaves its server and the system.
Fach new arriving customer is placed for service immediately; it can be placed into a server already
serving other customers (as long as packing constraints are not violated), or into an idle server.

We consider a simple parsimonious real-time algorithm, called Greedy, which attempts to minimize
the increment of the objective function ), X;J’a, a > 0, caused by each new assignment; here X, is
the number of servers in configuration k. (When « is small, >, X ;'*'(’ approximates the total number
> X of occupied servers.) Our main results show that certain versions of the Greedy algorithm are
asymptotically optimal, in the sense of minimizing >, X ,iJ“)‘ in stationary regime, as the input flow
rates grow to infinity. We also show that in the special case when the set of allowed configurations
is determined by wector-packing constraints, Greedy algorithm can work with aggregate configurations
as opposed to exact configurations k, thus reducing computational complexity while preserving the
asymptotic optimality.

1 Introduction

The primary motivation for this work is the following problem arising in cloud computing: how to assign
various types of virtual machines to physical host machines (in a data center) in real time, so that the total
number of host machines in use is minimized. It is very desirable that an assignment algorithm is simple,
does need to know the system parameters, and makes decisions based on the current system state only. (An
excellent overview of this and other resource allocation issues arising in cloud computing can be found in [4].)

A data center (DC) in the “cloud” consists of a number of host machines. Assume that all hosts are same:
each of them possesses the amount B,, > 0 of resource n, where n € {1,2,..., N} is a resource index. (For
example, resource 1 is CPU, resource 2 is memory, etc.) The DC receives requests for virtual machine (VM)
placements; VMs can be of different types i € {1,...,I}; a type ¢ VM requires the amounts b; ,, > 0 of each
resource n. Several VMs can share the same host, as long as the host’s capacity constraints are not violated;
namely, a host can simultaneously contain a set of VMs given by a vector k = (kq,...,kr), where k; is the



number of type ¢ VMs, as long as for each resource n
> kibin < By (1)

Thus, VMs can be assigned to hosts already containing other VMs, subject to the above “packing” con-
straints. After a certain random sojourn (service) time each VM vacates its host (leaves the system), which
increases the “room” for new arriving VMs to be potentially assigned to the host. A natural problem is to
find a real-time algorithm for assigning VM requests to the hosts, which minimizes (in appropriate sense)
the total number of hosts in use. Clearly, such a scheme will maximize the DC capacity; or, if it leaves a
large number of hosts unoccupied, those hosts can be (at least temporarily) turned off to save energy.

More specifically, the model assumptions that we make are as follows:

(a) The exact nature of ”packing” constraints will not be important — we just assume that the feasible
configuration vectors k (describing feasible sets of VMs that can simultaneously occupy one host) form a
finite set &; and assume monotonicity — if k£ € K then so is any k' < k.

(b) There is no limit on the number of hosts that can be used and each new VM is assigned to a host
immediately — so it is an infinite server model, with no blocking or waiting.

(c) Service times of different VMs are independent of each other, even for VMs served simultaneously on the
same host.

(d) We further assume in this paper that the arrival processes of VMs of each type are Poisson and service
time distributions are exponential. These assumptions are not essential and can be much relaxed, as discussed
in Section 8.2.

The basic problem we address in this paper is:

minimize Z Xt (2)
k

where o > 0 is a fixed parameter, and X} is the (random) number of hosts having configuration k in the
stationary regime. (Clearly, when o is small, ), X ,1'“1 approximates the total number ), X}, of occupied
hosts.) We consider the Greedy real-time (on-line) VM assignment algorithm, which, roughly speaking, tries
to minimize the increment of the objective function ), X ,1+a caused by each new assignment. Our main
results show that certain versions of the Greedy algorithm are asymptotically optimal, as the input flow rates
become large or, equivalently, the average number of VMs in the system becomes large. We also show (in
Section 7) that in the special case when feasible configurations are determined by constraints (1), Greedy
algorithm can work with “aggregate configurations” as opposed to exact configurations k, thus reducing
computational complexity while preserving the asymptotic optimality.

1.1 Previous work

Our model is related to the vast literature on the classical stochastic bin packing problems. (For a good
recent review of one-dimensional bin packing see e.g. [2].) In particular, in online stochastic bin packing
problems, random-size items arrive in the system and need to be placed according to an online algorithm
into finite size bins; the items never leave or move between bins; the typical objective is to minimize the
number of occupied bins. A bin packing problem is multi-dimensional, when bins and item sizes are vectors;
the problems with the packing constraints (1) are called multi-dimensional vector packing (see e.g. [1] for
a recent review). Bin packing service systems arise when there is a random in time input flow of random-
sized items (customers), which need to be served by a bin (server) and leave after a random service time;
the server can simultaneously process multiple customers as long as they can simultaneously fit into it; the
customers waiting for service are queued; a typical problem is to determine the maximum throughput under
a given (“packing”) algorithm for assigning customers for service. (See e.g. [3] for a review of this line of
work.) Our model is similar to the latter systems, except there are multiple bins (servers), in fact — infinite
number in our case. Models of this type are more recent (see e.g. [5,6]). Paper [5] addresses a real-time
VM allocation problem, which in particular includes packing constraints; the approach of [5] is close in



spirit to Markov Chain algorithms used in combinatorial optimization. Paper [6] is concerned mostly with
maximizing throughput of a queueing system (where VMs can actually wait for service) with a finite number
of bins.

The asymptotic regime in this paper is such that the input flow rates scale up to infinity. In this respect,
our work is related to the (also vast) literature on queueing systems in the many servers regime. (See e.g. [9]
for an overview. The name “many servers” reflects the fact that the number of servers scales up to infinity
as well, linearly with the input rates; this condition is irrelevant in our case of infinite number of servers.)
In particular, we study fluid limits of our system, obtained by scaling the system state down by the (large)
total number of customers. We note, however, that packing constraints are not present in the previous work
on the many servers regime, to the best of our knowledge.

2 Model and main results

We consider a service system with I input customer flows of different types, indexed by i € {1,2,...,I} =Z.
Each flow i is Poisson with rate A; > 0. Service time of a type i customer is an exponentially distributed
random variable with mean 1/p;. All input flows and customer service times are mutually independent. There
is an infinite number of servers. Each server can potentially serve more than one customer simultaneously,
subject to the following general "packing” constraints. We say that a vector k = {k;, ¢ € Z} with non-
negative integer components is a server configuration, if a server can simultaneously serve a combination
of different type customers given by vector k. The set of all configurations is finite, and is denoted by K.
We assume that k& € K implies that all "smaller” configurations k&’ < k belong to K as well. Without loss
of generality assume that e; € K for all types i, where e; is the i-th coordinate unit vector (otherwise,
i-customers cannot be served at all). By convention, the (component-wise) zero vector k = 0 belongs to K
— this is the configuration of an ”"empty” server; we denote by K = K \ {0} the set of configurations not
including the zero configuration.

An important feature of the model is that simultaneous service does not affect the service rates of individual
customers; in other words, the service time of a customer is unaffected by whether or not there are other
customers served simultaneously by the same server. Each arriving customer is immediately placed for
service in one of the servers; it can be ”added” to an empty or non-empty server as long as configuration
feasibility constraint is not violated, i.e. it can be added to any server whose configuration k¥ € K (before
the addition) is such that k 4+ e; € K. When the service of an i-customer by the server in configuration & is
completed, the customer leaves the system and the server’s configuration changes to k — e;. Denote by Xy,
the number of servers with configuration k& € IC. The system state is then the vector X = {Xy, k € K}.

A service discipline (”packing rule”) determines where an arriving customer is placed, as a function of the
current system state X. Under any well-defined service discipline, the system state at time ¢, X (¢), is a
continuous time, countable Markov chain. It is easily seen to be irreducible and positive recurrent; the
positive recurrence follows from the fact that the total number Y;(t) of type ¢ customers in the system is
the process independent of the service discipline, and its stationary distribution is Poisson with mean A;/pu;.
Therefore, the process X(t), t > 0, has a unique stationary distribution.

We are interested in finding a service disciplines minimizing (in a certain sense) the total number of non-
empty servers in the stationary regime. For example, an objective can be

min E Z X T (00), (3)
keK

where o > 0 is a parameter, and X (co) denotes the random system state in stationary regime. Another
possible objective is
minP{» " X, **(c0) > C}, (4)
kek



where C is a fixed threshold. In both problems, setting o = 0 obviously corresponds to the exact objective of
minimizing the number of servers in use; however, if a good discipline for a > 0 exists, using such discipline
with positive a close to 0 would (hopefully) also produce a good solution for the oo = 0 case.

In this paper we consider objectives (3) and (4) with o > 0, and prove the following Greedy service discipline
(or, rather its slight modification, to be precise) is asymptotically optimal as the flows’ input rates become
large.

Definition 1 (Greedy discipline).

1. Integral form (Greedy-I). Define F(x) = ;o (1 +a) ot x € Rl_:_q, A type i customer arriving at
time t is added to an available configuration k (with either k =0 or Xj,(t—) > 0) such that k +e; € K
and the increment F(X (t))—F (X (t—)) is the smallest. (Here X (t—) and X (t) are the states just before
and just after the addition; so that Xgye, (t) = Xgte, (t—) +1 and, unless k = 0, Xy (t) = Xi(t—) —1.)
The ties are broken according to an arbitrary deterministic rule.

2. Differential form (Greedy-D). For each k € IC, denote Wy (z) = (0/0x,)F (z) = af, z € lel. A type i
customer arriving at time t is added to an available configuration k (with either k =0 or Xy (t—) > 0)
such that k 4+ e; € K and the difference Wiy, (X (t—)) — I{k # 0}Wy(X (t—)) is the smallest. (Here
I{-} is the indicator function, equal to 1 when the condition holds and 0 otherwise.) The ties are broken
according to an arbitrary deterministic rule.

In the asymptotic analysis of this paper, the two forms of Greedy algorithm are essentially identical, because
they induce the same dynamics of the system in the “fluid limit”. We will analyze the differential form, as
it is slightly more convenient to work with, and is probably more easily implementable in practice; it should
be clear that all results (along with essentially same proofs) hold for the integral form as well.

Remark. All results will hold for a more general objective function F(z) =, Ck:L'}:'_a, with arbitrarily
positive weights c;. The generalization is completely straightforward — we choose to work with ¢, = (1+a)~!
simply to avoid “carrying” factors cx(1 4 «), which clog notation.

We now define the asymptotic regime. Let 7 — oo be a positive scaling parameter. (To be specific, assume
that » > 1, and r increases to infinity along a discrete sequence.) Input rates scale linearly with r; namely,
for each r, A, = A\;v, where \; are positive parameters. Let X" (-) be the process associated with system
with parameter r, and X" (00) be the (random) system state in the stationary regime. For each i denote by
Y7 (t) = D 4ex kiXj () the total number of customers of type i. Since arriving customers are taken for service
immediately and their service times are independent (of the rest of the system), the distribution of ¥;"(c0)
is Poisson with mean rp;, where p; = \;/p;. Moreover, Y;"(co0) are independent across i. Since the total
number of occupied servers is no greater than the total number of customers, >, X7 (t) < Z7(t) = >, Y (¢),
we have a simple upper bound on the total number of occupied servers in steady state, ), X} (0c0) < Z7(00),
where Z"(00) is a Poisson random variable with mean ), p;. Without loss of generality, from now on in
the paper we assume ). p; = 1. (This is equivalent to rechoosing parameter r to be 7, p;.)

The fluid scaled process is 2" (t) = X" (t)/r; for any r, 2" (t) takes values in (the positive orthant of ) Euclidean
space RIXI) where || is the cardinality of K. Similarly, y7(t) = Y (t)/r and 2"(t) = Z"(t)/r. Since
> ah(00) < 27(00) = Z"(00)/r, we see that the random variables (3, 2% (c0))'*® are uniformly integrable
in r (for any fixed a > 0). This in particular implies that the sequence of distributions of z"(c0) is tight,
and therefore there always exists a limit in distribution z"(c0) = x(00), along a subsequence of r. (The
limit depends on the service discipline, of course.) The limit (random) vector z(co) satisfies the following

conservation laws:
Z kixg(00) = yi(o0) = pi, Vi, (5)
ke

implying, in particular,

Zi(OO)EZyi(OO)EZm:l- (6)



Therefore, the values of 2(c0) are confined to the convex compact || — I-dimensional polyhedron

XE{xER“Cl | 2, >0, Vk € K; Zkimkzpi, Vi e T}
k

(We will slightly abuse notation by using symbol z for a generic element of X; while z(c0), and later z(t),
refer to random variables taking values in X.)

The asymptotic regime and the associated basic properties (5) and (6) hold for any service discipline, not
necessarily Greedy-D.

Note that function F'(x) with o > 0 is strictly convex on X, and therefore there is the unique optimal point
=¥ minimizing F"
z* = argmin F'(u). (7)
ueX
(Note that, if « = 0, then z* is an optimal solution of a linear program and therefore might not be unique.
We do not consider the o = 0 case in this paper.)

Our main results are as follows.

Let o > 0. We prove that, as v — 00, the convergence is distribution x"(00) = z* holds in two cases:

(a) For the closed system, with the constant number Y] = p;r of customers of each type, operating under the
Greedy-D discipline. (The exact result is Theorem 2.)

(b) For the original system (as defined above), operating under a slightly modified Greedy-D discipline, called
Greedy-DM. (The exact result is Theorem 12.)

In addition, in the special case when feasible configurations are determined by vector-packing constraints (1),
we prove that essentially same results hold if Greedy algorithm uses quantities X}, aggregated over classes of
equivalent configurations, thus reducing the total number of system variables the algorithm needs to maintain.
(The exact results are Theorems 19 and 21.)

2.1 Basic notation and conventions

Standard Euclidean norm of a vector z € R™ is denoted ||z||; the distance from vector z to a set U in
a Euclidean space is denoted d(z,U) = inf,cp || — ul|; R4 is the set of real non-negative numbers; the
cardinality of a finite set N is |A/|. Symbol — means ordinary convergence in R"; = denotes convergence
in distribution of random variables taking values in R™, equipped with the Borel o-algebra; abbreviation
w.p.1 means convergence with probability 1. We often write x(-) to mean the function (or random process)
z(t), t > 0. Abbreviation u.o.c. means uniform on compact sets convergence of functions, with the argument
(usually in [0,00)) determined by the context. We often write {z}} to mean the vector {zy, k € K}, with
the set of indices K determined by the context.

For a finite set of scalar functions f,(t), t > 0, n € N, a point ¢ is called regular if for any subset N/ C N
the proper derivatives

d d .
7 max fu(t) and - min fu(t)

exist.

3 Closed system. Greedy-D optimality

In this section we consider a “closed” version of our system. Namely, assume that there is a fixed number
pir customers of type i (in a system with parameter r); there are no exogenous arrivals into the system —
when a service of a type i customer is completed, the customer immediately has to be placed into a server
for a new service. Service discipline determines where the customer is placed, based on the current system
state.



It is easy to see that, for any r, a stationary distribution of the process exists under any given service
discipline, because the process in this case is a finite-state continuous time Markov chain.

The main result of this section is the following

Theorem 2. Consider a sequence of closed systems, indexed by r, and let " (00) denote the random state of
the (fluid-scaled) process is a stationary regime, under the Greedy-D discipline with o > 0. Then, asr — oo,

x"(0) = z*,

where x* is defined in (7).

To prove the theorem we will need to study the transient behavior of the fluid-scaled process and its limits.

Let M denote the set of pairs (k,4) such that k € K and k — e; € K. Each pair (k, i) is associated with the
“edge” (k — e;, k) connecting configurations k — e; and k; often we refer to this edge as (k,i). By “arrival
along the edge (k,7)” we will mean placement of a type ¢ customer into a server configuration k — e; to form
configuration k; similarly, “departure along the edge (k,7)” is a departure of a type ¢ customer from a server
in configuration k, which changes its configuration to k — e;.

For each (k,i) € M, consider an independent unit-rate Poisson process II;(t), t > 0. We have the functional

strong law of large numbers:

1
—Iy(rt) > ¢, w.o.c., w.p.l. (8)
,

Without loss of generality, assume that the Markov process X" (-) for each r is driven by the common set
of Poisson processes IIx;(-), as follows. For each (k,i) € M, let us denote by Dj,(t) the total number of
departures along the edge (k,4) in [0,]; then we can assume that

D () = T / X () kpade). (9)

Each type-i departure in the closed system is simultaneously a type-i “arrival”, which is allocated according
to Greedy-D. Thus, the realization of the process is (w.p.1) uniquely determined by the initial state X" (0)
and the realizations of IIj;(-). Denote by Aj,(t) the total number of arrivals allocated along edge (k,%).
Obviously, we have the conservation law for each type i: >, A}, (t) = >, D}, (t), ¥Vt > 0. In addition to

we introduce other fluid-scaled quantities:

W) = TDL(), af(t) = AL,

A set of Lipschitz continuous functions [{zx(-), k € K}, {dri(-), (k,7) € M}, {awi(-), (k,i) € M}] on the
time interval [0, 00) we call a fluid sample path (FSP), if there exist realizations of II;(-) satisfying (8) and
a fixed subsequence of r, along which

{or (), ke Kp Ady, (), (kid) € MY {ag, (), (ki) € M}] =
{ai(), k€ K} {dri(), (ki) € M} {ari(-), (ki) € M}], wo.c. (10)

It is easy to see that the family of all FSPs is uniformly Lipschitz.

Lemma 3. Suppose the initial states x"(0) are fized and are such that " (0) — x(0). Then, w.p.1 for any
subsequence of T there exists a further subsequence of r, along which the convergence (10) holds, where the
limit is an FSP.



Proof is very standard. Essentially, it suffices to observe that, with probability 1, each sequence (in r) of
functions dJ,(-) is asymptotically Lipschitz, namely for some C > 0, and all 0 < t; <ty < o0,

lim sup dzl(tg) — dzz(tl) § C(tQ — tl),

T

which in turn follows from (8). And similarly for functions aj,(-), because a,(t) < 3", d},;(t). Using this and
(10), we easily verify the u.o.c. convergence of all zJ(-),d},(-),a};(-), along possibly a further subsequence,
and the fact that the limits are Lipschitz. We omit details. O

For an FSP, at a regular time point ¢, we denote vg;(t) = (d/dt)ak;(t) and wy;(t) = (d/dt)dy;(t). In other
words, vi;(t) and wy;(t) are the rates of type ¢ “fluid” arrival and departure along edge (k, ), respectively.

Lemma 4. An FSP satisfies the following properties:
vi(t) = kak(f) = pis
k
at any reqular point t,
w;“(t) = kiﬂixka V(k,l) e M,
Z wki(t) = Z ’Uki(t) =\, Viel,

k:(k,i)eM k:(k,3)eM

(d/dt)zy(t) = | Z Uki — Z Vkteri] — [ Z Wi — Z Wite, s Vk € K.

itk—e; €K itk+e; € itk—e; €K itk+e; €

Proof is both standard and obvious. O

4 Characterization of the optimal point z* and related properties

This section describes properties of the optimal point z*, and related general properties of the “allocation”
vectors, which, roughly speaking, have the meaning of the vector v(t) = {vy;(t), (k,i) € M} of arrival rates.
The results of this section are not limited the closed system or the Greedy-D algorithm.

Recall that x* is defined as the unique optimal solution of the convex optimization problem

min F(x) (11)

K|
wER+

subject to

Z kixy = pi, Vi, (12)

ke
where F(z) =3, (1 + a) "tz ™ with a > 0.

Using Lagrange multipliers 7); for the constraints (12), the Lagrangian is

> 1 j_al‘;lja +D mlpi =Y k] = Z[H_%JE}CM — Y miki] + > mipi-
A k k i i

k

Therefore, we have the following characterization: vector x = z* if and only if there exist constants 7; such
that

xh = max{z kin;, 0}. (13)

From here we also observe that at least one of the Lagrange multipliers is strictly positive, n; > 0, and
therefore, for such 7, z7. > 0.



For x € IRl_(_Cl and (k,i) € M denote
Api = Dpi(x) = 2 — 23,
where, by convention, x; = 0 when k = 0.

Definition 5 (Allocations). A vector v = {yki, (k,i) € M}, such that all y; > 0,

Z Vi = Niy Vi,

k: (kji)eM

we will call an allocation (of the arrival rates). For a given x € X, the allocation v = ~/(x), with components
Vi = kipixr, is called neutral. An allocation 7y is called a simple improving allocation, or SIl-allocation,
for a given x € X, if there exist edges (k,i) and (K',i), with the same i but k' # k, such that the following
conditions hold:

k; >0, xp >0,

either k' =e; or [k >0 and zy_., > 0], (14)
Apri < A, (15)
Yoi = 0, Vi = kjpitrr + kipiwg,
Yej = Yoj = Lipgre, for (€,5) # (k,), (K',1).
We denote by T'(x) the set consisting of the neutral and all SI-allocations for x.

The meaning of this definition is simple and becomes clear with the use of following notation. For x € X,
denote
DY) =D(y,z)= > Agilyei — kipia].
(k,3)eEM

(The meaning of this is: D(v(t), z(t)) = (d/dt)F(z(t)) for an FSP at a regular point ¢.) Clearly, D(v') =0
for the neutral allocation, and D(v) < 0 for any SI-allocation. This is because any SI-allocation v, associated
with edges (k,i) and (k’,%), is obtained from the neutral by “reallocating” the positive amount k;u;x) of
type-i input rate from edge (k,i) to edge (k,4) with strictly smaller Ay;; condition (14) guarantees that
there are servers in the configuration k' — e;, to which these reallocated type-i arrivals can be added.

Lemma 6. If x € X and x # x*, then there exists at least one SI-allocation v € T'(x).

Proof is by contradiction. Suppose Sl-allocations do not exist. Then there must exist at least one ¢ € Z such
that z., > 0. If not, we pick a minimal k& with z;, > 0, for which necessarily ), k; > 2. Then we could pick i
such that k; > 1 and construct the SI-allocation v associated with edges (k,4) and (e;, 7). (L.e., 7y is obtained
from the neutral allocation by “reallocating” amount k;u;xx of type i input from edge (k, i) to edge (e;,7).)
Therefore, indeed, z., > 0 for at least one i.

Denote by ZT the set of those i with z., > 0, and by Z~ = Z\ Z" the set of those i with z,, = 0. Set Z" is
non-empty, while Z= may or may not be empty. Let us fix the following values of 7;:

e ifieTt
T miny, . (kiyem Aki, it €™

It follows from this definition that n; > 0 if and only if i € Z+.

Let us show that (13) must hold for these 7;. Denote ui, = max{}_, k;n;, 0}; so, we will show that x§ = w;, for
all k. Suppose not. Let us choose a minimal k for which this relation fails. Note that necessarily . k; > 2.

Consider first the case when k; = 0 for all i € Z~. Pick any ¢ € Z for which k; > 1. If 28 > uy, then
Ay; > n;; we can then construct the Sl-allocation associated with the reallocation from (k, ) to (e;,); this



is a contradiction. If xff < wug, then Ay; < 7;, and we can construct the Sl-allocation, which does the
“opposite” reallocation from (e;,7) to (k,4); again, a contradiction.

The second case is when k; > 1 for at least one i € Z~. We pick such an 7. Condition zj} < uj would imply
Ay; < m; — a contradiction with the definition of 7;. Therefore, i > uy, and then x; > 0 and Ag; > n;.
If n; = 0, then we can construct the Sl-allocation associated with the reallocation from (k,i) to (e;,1).
Otherwise, if n; < 0, there exists an edge (k’,4) such that Ay, = n; < 0 and, consequently, zx/_., > 0; we
can construct the Sl-allocation associated with the reallocation from (k,%) to (&', 7).

We have proved that, indeed, (13) holds for the chosen values of ;. But this means that = z* — this
contradiction completes the proof. O

For any x, denote
Dpin(z) = min D(y,x).
~v€l(z)

The minimum is attained and, obviously, D,,in(z) < 0 for any x.

Lemma 7. For any € > 0 there exists €1 > 0 such that

e —a*|| > € implies Dpin(z) < —e€1. (16)

Proof. We use compactness of . If the lemma statement does not hold, then, for some fixed ¢ > 0 we

can find a converging sequence z(™ — 2/ € X, n — oo, such that Dy, (™) — 0 and ||z — 2’| > e. By

Lemma 6, there exists an Sl-allocation v € I'(2’). Since zj > 0 implies :EEC") > 0 for all large n, we can

construct (for all large n) an Sl-allocation v(™ € T'(z(™)) associated with the same reallocation as the one
producing 4. Then, we have (") — ~ and D(y™, 2(™) — D(v,2') < 0. This contradicts the assumption
Dopin (™) — 0. O

5 Proof of Theorem 2

Lemma 8. Any F'SP (for the closed system under Greedy-D) is such that at any regular point t,

& P((1) = D), (1)) < Dywsn(x(1)). (17)

Proof. Within this proof, = z(¢) and v = v(¢). Consider a specific allocation v € I'(z), for which the
minimum in the definition of D,,;,(z) is attained; unless x = x*, 7 is an Sl-allocation, associated with some
fixed reallocation from (k,%) to (k’,7). Define the following “distribution function”:

H(&v) = Z v, §ER.

(6,5)EM = Ag;<g
Function H(&;~) is defined the same way, by replacing v with 4. Then, we must have

H(&v) > H(E ), V€. (18)

Indeed, consider any two edges (¢,j) # (¢, j) with a common j, and suppose Ap; < Ay;. Then, in a fixed
sufficiently small time interval [t,¢ + €], for all pre-limit trajectories with sufficiently large parameter r, any
j-customer whose service completes at a server with configuration ¢’ cannot possibly be placed along the
edge (¢, 7). (Here we use the fact that the system is closed: when a customer service is completed, there is
always an option to place it back into the same server for the new service.) Furthermore, if either ¢/ = e; or
Tpr—e; > 0, any j-customer completing service in configuration ¢, will be placed for new service either along
the edge (¢, j) or possibly along another edge (¢, 7) with Apv; < Agj. This proves (18), from which (17)
easily follows. O

As a corollary of Lemma 8 we obtain



Lemma 9. Any FSP (for the closed system under Greedy-D) is such that
z(t) = x*. (19)

The convergence is uniform across all initial states x(0) € X.

Remainder of the proof of Theorem 2. We fix € > 0 and choose T > 0 large enough so that, for any FSP we
have ||z(T) — z*|| < e. We claim that, as r — oo,

P{||z"(T) — z*|| > 2¢} — 0, (20)

where the convergence is uniform across all initial states =" (0). This claim is true, because for an arbitrary
sequence of fixed initial states 2”(0), we must have

limsup ||"(T) — z*|| <€ w.p.1,
r—00

because w.p.1 we can always choose a subsequence of r along which the u.o.c convergence to an FSP holds.
Claim (20) implies the result, because € can be arbitrarily small. O

6 Original system. Optimality of a modified version of Greedy-D

We now return to our original “open” system. Unfortunately, the proof of Greedy-D optimality in the closed
system does not carry over to the open system. The key reason can be informally described as follows. If
v(t) is the exogenous arrival rate allocation vector in the fluid limit, then the result analogous to Lemma 8
no longer holds; namely, property (18) in its proof is not valid. Suppose we have an edge (¢, j) on which the
unique minimum ming A is attained, z¢—; = 0, x, > 0 and £; > 0. There is the non-zero rate u;f;z, of
departures along (¢, 7). In this case it is possible that vy; < u;¢;x¢, because some type j exogenous arrivals
will find no servers in configuration ¢ — e;. (In the closed system we must have vp; > p;l;xe, because all
departures along (¢, j) have the option of “coming back” along the same edge.) Therefore, the argument
leading to (18), and in fact the property itself, does not hold.

In this section we will prove the asymptotic optimality of a slightly modified version of the Greedy-D al-
gorithm, called Greedy-DM, which, in a sense, “emulates” the behavior of Greedy-D in the corresponding
closed system. Informally the key idea of Greedy-DM is to make decisions about placements of new exoge-
nous type 4 arrivals a little “in advance”, at the instants of type ¢ departures. This is achieved by using
“placeholders,” called tokens: when a type ¢ departure occurs, we “pretend” that immediately a new type ¢
arrival occurs, decide which server this arrival would be placed into according to the Greed-D rule, and place
a type ¢ token in that server. When new actual type ¢ customers arrive, they first seek and replace type 4
tokens if there are any; if no type i token is available, the customer is placed according to the Greedy-D. (In
addition to being replaced by actual customers, we make the tokens ”impatient” — they leave the system by
themselves after a random exponentially distributed time.) The analysis in this section shows that, in the
fluid limit, “all” tokens are replaced by actual arrivals and “all” actual arrivals replace tokens. This means
that the allocation of actual customer arrival rates is “equal” to that of tokens; the latter, in turn, satisfies
same properties as the rate allocation in the closed system.

Definition 10 (Greedy-DM discipline). Suppose the weights Wi (z) = x§ are given, as in the definition
of standard Greedy-D. At any given time there are two kinds of type i customers — actual customers being
served as usual and tokens. For the purposes of defining server configurations k and the system state X,
type i tokens are treated the same way as actual type i customers.

When a departure of actual type i customer from configuration k at time t occurs, the following actions are
taken: a new token of type i is immediately created; this new token is treated the same way as a new type
1 arrival, and is placed for “service” immediately; the token is added to an available configuration k (with

either k = 0 or Xy (t—) > 0) such that k + e; € K and the difference Wiy, (X (t—)) — I{k # 0}Wi(X (t—))
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is the smallest (where t— refers to the time after the service completion, but before the token placement).
When a new exogenous arrival of an (actual) type i customer occurs, it replaces an arbitrarily chosen type i
token (anywhere in the system), if such is available; otherwise, this arrival is added (as in the usual Greedy-
D) to an available configuration k (with either k =0 or Xy (t—) > 0) such that k+e; € K and the difference
Wite, (X(t=)) — I{k # 0} Wi (X (t—)) is the smallest (where t— refers to the time just before the arrival).
Any token of any type anywhere in the system ”“completes service” at the rate pg > 0, independently of
anything else (i.e. the probability of service completion in a dt-long interval is podt + o(dt)); “service
completion” of any token is treated the same way as service completion of an actual customer, except no new
token is created.

The random process, describing the evolution of this system is more complex, but it is still an irreducible
Markov chain. A complete server configuration is by definition a pair (k, l%), where vector k = (ky,...,kr) € K
gives the numbers all customers (both actual and tokens) in a server, while vector k< k, k € K, gives the
number of actual customers only. Therefore, the Markov process state at time ¢ is the vector {X (k,ic)(t)}7

where the index (k, fs) takes values that are all possible complete server configurations, as described above.
Obviously, Y (t) < Y/ (t) for all ¢ and ¢, where Y;"(¢) and Y, (¢) is the total number of all and actual type i
customers, respectively, and superscript 7, as usual, indicates the system with parameter r. Moreover, the
behaviors of the processes (Y; (t),Y;(t)), t > 0, are independent across all i, with Y;"(co) having Poisson
distribution with mean p;r. Finally, by the Greedy-DM definition, at any time any existing type ¢ token
“completes service” at the rate pg. Using these facts, we easily establish the following

Lemma 11. Markov chain {X(”k E)(t)}, t > 0, is positive recurrent for each r. Moreover, the distributions
of {(§5(00), 5l (0)), i € T} = (1/r){(Y{ (00),Y{ (c0)), i € I} are tight, and any limit in distribution
{(5:i(00),y:(00)), @ € I} is such that g;(c0) = p; and y;(00) < p; + Ai/po for all i. Consequently, the

distributions of {xzkﬁ)(oo)} = (l/r){X(”kJ;)(oo)} are tight.

Proof. Consider the process (Y;(-),Y7(:)) for a fixed r and 7. Consider a different process (¥;(-), Y7 (+)),
defined as follows: actual type i customers arrive the same way, and depart after their service completion,
so that Y[(t) is same as before; upon every service completion of an actual i-customer, one type i token
is created, which then stays in the system for a random time, exponentially distributed with mean 1/uq,
independently of anything else, and then leaves the system; Y;"(¢) is the total number of all type i customers
(actual and tokens) in the system. Obviously, processes (Y (-), ¥;"(-)) and (¥;"(-), Y;(-)) can be constructed
on a common probability space so that Y;"(t) < Y;"(¢). But, Y/ (¢) is simply the number of customers in the
infinite-server system with input rate \; and mean service time 1/u; + 1/pg. Therefore, (Y7 (), Y{(-)) is
positive recurrent; moreover, in stationary regime, Y;"(c0) and Yi’"(oo) have Poisson distributions with means
Air(1/pi + 1/ po) and p;r, respectively. The lemma results easily follow. O

Let {m(k fc)} denote a vector with non-negative components, with indices (k, l;:) being all possible complete
configurations. Denote by « = {xx}, y = {y;} and § = {§;} its projections, with components being

= D By Y= D kivgy = D Riwk, §i= ) kiwg ).
ke k<k (k) k (k,k)
Denote by X the set of those values of {x(k ,%)} satisfying condition
Yi = Yi = pi, Vi

Obviously, for any {x(k fg)} € X, its z-projection is an element of X'. Also, note that the condition y; = 9;, Vi,
is equivalent to .
Ty =0 unless k =k, (21)

and therefore (21) holds for any {z, ;,} € X.

The main result of this section is

11



Theorem 12. Consider a sequence of original systems, indexed by r, under the Greedy-DM algorithm with

a>0. Let {:z:(k k)( 00)} denote the random (complete) state of the fluid-scaled process in a stationary regime.
Then, as r — 00,

d({x’(ﬂkﬁ)(oo)}, X) = 0, (22)

2" (0) = z*, (23)

where x* is defined in (7).

For each (k,i) € M and k< k, consider independent unit-rate Poisson processes f[(k i ;(t), t >0, and
ﬁ(k i ;(t), t > 0; and for each ¢ € Z — an independent unit-rate Poisson process 11, (t), t > 0. Each of these
processes satisfies the functional strong law of large numbers (FSLLN) analogous to (8).

The Markov process {X7 k k)( )} for each r is driven by the common set of independent Poisson processes

(k’k)’i( ), H(k,k),i( ) and II;(-), in the natural way, as follows:
A t ~
D(k k), 7]( ) H(k,fg),i(/o X(k7];)(€)kzﬂzd£)a

ANORS (I / X(M ~ k)node),

where D" and D", . (t) is the number of the type-i departures from the configuration (k, l;)7 due to

CROK: (®) (k,R)si

the service completions of actual customers and tokens, respectively, and Af(t) is the number of the exogenous
type-i arrivals of actual customers; all in the interval [0, ¢]. Clearly, the entire process sample path is (w.p.1)
uniquely determined by the initial state {X7" (k. k)( )}, the realizations of the driving Poisson processes and
the Greedy-DM discipline. In particular, the realizations of the following processes are uniquely determined:
the number of type-i departures from configuration £ due to actual and token service completions, and their

total
D’“ ZD(k k), D,“ ZD(k k), ), Dii(t) = Dy i(t) + Dy ;(2);

the number of type-i token “arrivals” allocated (upon type-i actual departures) along edge (k, 1), AZ,i(t); the
number of type-i actual exogenous arrivals allocated along edge (k, 1), without replacing an existing i-token,
A" (t) (such arrivals change the complete configuration from (k — e;, k — €;) to (k, k); the number of type-i

actual exogenous arrivals, that replace an existing token in configuration k, AZ:(t) (such arrivals change the

complete configuration from (k, k — e;) to (k, k) — so these do not count as arrivals into k); the total number
of all type-i arrivals into configuration k, Ay ;(t)(t) = A}, ;(t) + A** 2"(t). The following relations obviously
hold:

A7 (1) = (AL (6 + A7 (@), Vi,
k:(k,i)eM
Z fiil(t)= Z f)il(t), i (24)
k:(k,i)eM k:(k,i)eM

We introduce fluid-scaled processes:

and similarly defined . ~
Ri(t)s di (D), dig(8), ag(t), ap" (1), agy " (1), ag(t).
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A set of Lipschitz continuous functions [{z(-)}, {2 1) ()}, {ai()}, {drs(-)},...] on the time interval [0, c0)
we call a fluid sample path (FSP), if there exist realizations of driving Poisson processes, satisfying the
FSLLN analogous to (8), and a fixed subsequence of r, along which

ek O} oy O3 AaF O AdR ()}, ] =

e ()} A iy OF @)} Adri ()}, ], woee. (25)
Lemma 13. Suppose the initial states {x?k ic)(o)} are fived and are such that {mzk 0 0} = {44 (0)}.

Then, w.p.1 for any subsequence of r there exists a further subsequence of v, along which the convergence
(25) holds, where the limit is an FSP.

Proof is, again, very standard — it is a more general version of that of Lemma 3. We omit details. O
Lemma 14. Consider an FSP with the initial state {x, ;,(0)}. Recall notation:
yilt) = Z ki 1y (8), 9i(t) = Z ffix(k,ic)(t)a
(

k,k) (k,k)

and denote §;(t) = y;(t) — 4:(t). Then, at any regular point t, for any i,

(d/dt)gi(t) = Ai — pidii (1), (26)
. 7Al‘ —+ lAz(t) — Ni(t), Zf ~1(t) >0
(d/dt)(t) = { max{o:u—y)\i + Nzg?é) — 1ogi(t)}, if zz(t) =0 @7)

In particular, for any i, the convergence

holds and is uniform in initial states {x(k ) (0)} from a compact set, and
(9:(0), 4:(0)) = (pi,0) implies (§i(t),5:(t)) = (ps,0), V. (29)

Proof. Equation (26) is very standard, describing an FSP for an M/M /oo system. Equation (27) for the
7i(t) > 0 case is also a very basic; (27) for the g;(¢) = 0 case is easily verified by considering the behavior of
pre-limit trajectories is a small interval [¢, t+ At], and considering the three cases, —\; + p;9; (t) — poi(t) < 0,
= 0 and > 0, separately. (See e.g. [8] for this type of argument in more detail.) We omit details. O

Lemma 15. Consider a sequence of original systems, indexed by r, under the Greedy-DM algorithm. Let
{ka 1%)(00)} denote the random complete state of the fluid-scaled process in a stationary regime. Then, any

subsequence of r has a further subsequence, such that
(@)1 (00)) = {e g (o)),

where {z, 1,(c0)} € X w.p.1.

Proof. Fix arbitrary § > 0, and a sufficiently large compact B so that for all large r,
P[{x?k!k)(oo)} eEB|>1-0. (30)
(We can do that by Lemma 11.) Fix arbitrary € > 0 and choose T > 0 large enough so that for any FSP

with {x(k’}}ﬁ(O)} € B, we have d({z; (1)}, X) < e. (We can do that by Lemma 14.) Fix arbitrary §; > 0.
We claim that for all sufficiently large r,

{xfkjc)(O)} € B implies P{d({ka,fc) (T)},X) > 2¢} < 6. (31)
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This claim is true, because for an arbitrary sequence of fixed initial states {a:?k - (0)} € B, we must have

lim sup d({x(k’k) (T)},X) <e, w.p.l

r—00

(This follows from Lemma 13.) By (30) and (31), for all large r, a stationary version of the process is such
that
P{d({a, (1)}, %) < 26} > (1 - 8)(1 - &)

Therefore, any limit-in-distribution {x, ; (T} is such that
P{ld({z 1 (1)}, X) < 2¢} > limsup]P’{d({xfk,k) (T)},X) <2} > (1—6)(1—52).
Since 6, 6z, € are arbitrary positive, P[{z, 3 (T)} € X]=10

Lemma 16. Consider an FSP with the initial state (x 1,(0)) € X. (In particular, x(0) € X.) Then
(x(k () € X for all t > 0. In addition, at any regular point t, using notation wy;(t) = (d/dt)dxi(t),
Wi (t) = (d/dt)dys(t), vii(t) = (d/dt)ari(t), Tri(t) = (d/dt)ag(t), we have

wyi(t) = ki (t) = kipiwg, V(k,i) € M, (32)
Z UA)]“‘(IJJ) = Z "7ki(t) = )\i; Vi € 7, (33)
k:(k,i) EM k:(k,i)EM
i) = Brilt), ¥k, i) € M, (34)
(d/d)zi(t) =] D> vki— D Ukiedl = Y. wWki— > Whiel, VEEK, (35)
itk—e; €K itk+e; €K itk—e; €K itk+e; €K
%F(l’(t)) = D(v(t),(t)) < Dmin(z(t)). (36)

Proof. Since we have (29), {z, 3,(¢)} € X holds by definition. Relation (32) holds because
Wi(t) = Y R g,y (8), wri(8) — i (1) =D (ks — ki) o g, 1 (1),
E<k E<k
and {z, 7,(t)} € X'. We obtain (33) from the limit form of (24), namely
Z ar,i(t) = Z dpi(1),
k:(k,i)eM k:(k,i)eM

and from ), wgi(t) = >, Wri(t) = 1i¥i(t) = \i. Relation (34) follows from the fact that vi;(t) > O (2),
and the strict inequality cannot hold for any (k, ), because otherwise we would have for at least one i

(d/dt)yy;(t) =D vei(t) = Y wpi(t) > Y Bpilt) — > tbi(t) = 0.
k k k k

Equation (35) is automatic: the RHS is just the difference between arrival and departure rates to/from
configuration k. Finally, since v(t) = o(t), and the rates 0y;(t) are those of “arriving” tokens (which
immediately follow service completions of actual customers), the argument in the proof of Lemma 17 (for
the closed system) applies, and we obtain (36). O

As a corollary we obtain the analog of Lemma 9.

Lemma 17. Consider an FSP (for the original system under Greedy-DM algorithm) with the initial state
{x(k’,;)(O)} € X. (In particular, (0) € X.) Then

z(t) — z*. (37)

The convergence is uniform across all initial states in X.
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Proof of Theorem 12. Convergence (22) has already been proved in Lemma 15. We fix ¢ > 0 and choose
T > 0 large enough so that for any FSP with {z ;,(0)} € X, we have [[2(T) — 2”|| < e. We claim that for
any 01 > 0 there exists a sufficiently small d; > 0 such that for all sufficiently large r,

d({af, 1, (0)}, &) <& implies P{la”(T) — 2" || > 2¢} < &1, (38)

This claim is true, because for an arbitrary sequence of fixed initial states {aﬂ("k » (0)} — X, we must have

limsup ||2"(T) —z*|| <€, w.p.l.

r—00

Constants € and d; can be arbitrarily small; we also know that for any ds, ]P’{d({xzk ,;)(

as r — 00. Therefore, claim (38) implies (23). O

7 The case of vector-packing constraints (1): Greedy algorithm
with aggregate configurations

So far in the paper we did not exploit a possible underlying structure of packing constraints. Instead, we
worked with a formally defined set K of possible configurations. Now we will consider a special case: suppose
the configuration set K is defined by vector packing constraints (1).

We say that two configurations k& and k’ are equivalent if they require same total amounts of resources of
each type:
> kibin =Y kibin, V. (39)
i i

A class of equivalent configurations is denoted ¢; we will call it aggregate configuration, or a-configuration.
Zero a-~configuration, denoted (with some notation abuse) by ¢ = 0, is the one containing the sole config-
uration k = 0; by convention Xy = 0, where the subscript 0 can refer to either zero configuration or zero
a-configuration. The sets of all a-configurations and non-zero a-configurations are denoted by Q and Q,
respectively. We write g(k) for the aggregate configuration containing k. We use notation

Xg=Y_ X,
kegq

and similarly for other quantities summed up over an a-configuration ¢q. Clearly, vector {X,, ¢ € Q} is a
projection of X = {Xy, k € K}.

In this section we show that (versions of) the Greedy algorithm, using quantities X, instead of X}, asymp-

totically minimizes
> Xt (o0,

qeQ

which, again, approximates (when a > 0 is small) the total number of occupied servers > X,(o0) =
> & Xk(00) in a stationary regime. The difference, however, is that [Q| can be much smaller than ||, thus
making the Greedy algorithm easier to implement in practice.

7.1 Results.

For x € IRl_(_Cl consider function

)= (1+a) tagt*=>"(1+a) D o]

q q keq
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with parameter a > 0, and the following the convex optimization problem

min &(z) (40)

K|
I€R+

subject to

> kiwk = pi, Vi (41)
ke

We denote by X* the set of optimal solutions of this problem; obviously, X* C X.
Definition 18 (Greedy discipline with a-configurations).

1. Integral form (Greedy-I-AC). A type i customer arriving at time t is added to an available a-configuration
q (with either ¢ = 0 or X4(t—) > 0) such that the addition does not violate the vector packing constraints
and the increment ®(X (t)) — ®(X(t—)) is the smallest. The ties between a-configurations are broken
according to an arbitrary deterministic rule. The choice of a server within the chosen a-configuration
is random uniform.

2. Differential form (Greedy-D-AC). For each q € Q, denote Wy(x) = (0/0x,)®(x) = xy, x € lefl.
A type i customer arriving at time t is added to an available configuration k (with either ¢ = 0 or
X,(t—) > 0) such that the addition does not violate the vector packing constraints and the difference
Wote, (X (t—))—I{q # 0} W (X (t—)) is the smallest. [Here g+e; denotes the a-configuration containing
configurations k + e;, k € q (and possibly other configurations).] The ties between a-configurations
are broken according to an arbitrary deterministic rule. The choice of a server within the chosen
a-configuration is random uniform.

Theorem 19. Consider a sequence of closed systems, indexed by r, and let x"(c0) denote the random state
of the (fluid-scaled) process is a stationary regime, under the Greedy-D-AC discipline with « > 0. Then, as
r — 00,

d(z"(0),X*) = 0.

Definition 20 (Greedy-DM-AC discipline). This discipline, which uses tokens, is the modification of Greedy-
D-AC, completely analogous to the modification of Greedy-D that leads to Greedy-DM.

Theorem 21. Consider a sequence of original systems, indexed by r, under the Greedy-DM-AC algorithm

with o > 0. Let {ka ff)(oo)} denote the random (complete) state of the fluid-scaled process in a stationary

regime. Then, as 1 — 00, B
d({x€k7k)(oo)}, X) = 0,
d(z"(0),X*) = 0.
In the rest of this section we will consider the closed system under Greedy-D-AC, and will prove Theorem 19.

We will omit the proof of Theorem 21 which is “obtained from” that of Theorem 19 in exactly same way as
the proof of Theorem 12 was obtained from that of Theorem 2.

7.2 Optimal set characterization and related properties.

Using Lagrange multipliers 7; for the constraints (41), the Lagrangian of the problem (40)-(41) is

Z 1 ia[z xk}l—&-a =+ Zni[l)i — Zkixk].

q keq i

We obtain the following characterization: vector x € X is an optimal solution of (40)-(41) (i.e. = € X*) if
and only if there exist constants 7; such that (using notation uy = max{}, k;n;,0})

Ty = max u, Vg € Q, (42)
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(uk < max up imples xj = O> , Vke K. (43)
k'€q(k)

More notation. Consider the following order relation on Q: ¢’ < qif k¥’ < k for some k' € ¢’ and k € ¢q. ¢’ < q

means ¢’ < ¢q and ¢’ # ¢. If a-configuration ¢ contains at least one k with k; > 0, we use a (slightly abusive)

notation ¢ — e; for the a-configuration containing k — ¢;, i.e. ¢ —e; = {k —e; | k € ¢, k; > 0}; otherwise,

q — e; = (. Denote by M the set of pairs (g,7) such that ¢ — e; # (). For x € R‘fl and (q,7) € M® denote
Agi = Agi(x) = TY — TG,

Lemma 22. Consider the following property of an element x € X. (We will refer to it as NSI-property —

“No Simple Improving allocation”). For any two elements (q,1),(q',i) € M* (with q¢ # ¢, but a common i),
condition

Aq/i < Aqi (44)
implies either
2k =0 for all k € q such that k; >0 (45)
or
¢ —e#0 and zy_., =0. (46)

If v € X satisfies the NSI-property, then condition (42) holds.

Proof. Consider z € X satisfying the NSI-property. For each i define

L= min A €= max A i
éz k: k;>0, x>0 q(k),“ 52 k: k;>0, x>0 q(k)ﬂ

It is easy to check that we cannot have &, > 0 and §l < 0, because this would violate the NSI-property.

Then, we can further define

€, if€ <0

Denote by I the subset of those ¢ with n; > 0, and by Z= = Z \ ZT the remaining subset. It is easy to
check that for any fixed i € 77, we must have

Ag(ky,i = m: for all k such that k; > 0, x5 >0, (48)

otherwise a contradiction to NSI-property is obtained.

0

Using notation uy, = max{}_, kin;, 0}, let us define the values z, via
Ol __
[2,]" = MAX U
It is easy to check that
[20]® — [zg_o, ] = mi, V(q.i) € M°. (49)

Let us prove (42), which is equivalent to z, = xg, Vq. Suppose this is not true. Consider a minimal ¢ for
which z, # xg.

Case (cl): suppose x4 > :z:?l. Then necessarily 4, > 0. Consider any k € ¢ with x; > 0.

Sub-case (c1.1): suppose k; > 0 for some ¢ € Z~. Fix this ¢ and denote ¢ = g — e;. If ¢ = 0, we obtain a
contradiction to the definition of 7;, and so ¢’ # 0 must hold. Then x, = xg, by definition of ¢ (as a minimal
counterexample). Using (49) we obtain z§ — x§, = Ay ; > 7; — a contradiction to (48). Thus sub-case (cl.1)
is impossible.

Sub-case (c1.2): suppose k; > 0 implies 4+ € ZT and then 7; > 0. Fix an i with k; > 0, and consider
qd =q—e¢;. If ¢ =0, we obtain a contradiction to the definition of 7;, and so ¢’ # 0 must hold. We have

Ty = xg, by definition of g; therefore, using (49), g — zg = Ag; > n; — a contradiction with the definition
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of 7;. Sub-case (c1.2), and then case (cl), is impossible.

Case (c2): suppose x4 < xJ. Then necessarily ) > 0. Let us fix a k € ¢, on which the maxgec,up > 0 is
attained, and so uy > 0.

Sub-case (¢2.1): suppose k; > 0 for some ¢ € Z~. Fix this ¢ and denote ¢’ = g — e;. We cannot have ¢’ = 0,
because that would imply n; > 0. Therefore, ¢’ # 0 and [2]]* — [:Ug,]"‘ = 7, implying in particular xg, > 0.
But, zy = acg, and therefore zy — zg, = Ay ; < n;. Recalling the definition of 7;, we obtain a contradiction
to NSI-property. Thus, sub-case (¢2.1) is impossible.

Sub-case (¢2.2): suppose k; > 0 implies i € ZT and then n; > 0. Fix an 4 with k; > 0, and consider ¢’ = q—e;.
If ¢ = 0, we have A, ; < 1; — a contradiction to NSI-property. Therefore, ¢’ # 0 and z, = xg, > 0 (because
n; > 0 for all ¢ with k; > 0). Then, A, ; < n; and we, again, obtain a contradiction to NSI-property. Sub-case
(c2.2), and then case (c2), is impossible.

The proof of (42) is complete. O

7.3 Fluid sample paths.

We now define fluid sample paths for the closed system under Greedy-D-AC algorithm. First, we will specify
the construction of the process itself. In addition to the set of unit-rate Poisson processes, driving the service
completions, we define primitive processes (common for each r), driving the random uniform assignment of
customers “within” each a-configuration ¢. Namely, for each ¢ we define an i.i.d. sequence £,(1),&,(2),...
of random variables, uniformly distributed in [0, 1]. The configurations k € ¢ are indexed by 1,2,...,]|q| (in
arbitrary fixed order). When an m-th customer of any type is assigned to a-configuration ¢ (with m referring
to the order of assignment since initial time 0, and not to the customer type), this customer is assigned to
a server in configuration k' indexed by 1 if

fq(m) € [Oa Xl:’/Xg]’
it is assigned to a server in configuration k” indexed by 2 if
§q(m) € (X /Xy, (X + X))/ X1,

and so on. (Note that necessarily X; > 0 — otherwise there would be no assignment to a-configuration g.)

Denote
Lrs]

95(5,0) =Y I{&(m) < ¢},

m=1
where s > 0, 0 < ¢ < 1, and |-| denotes the integer part of a number. Obviously, from the strong law of
large numbers (SLLN) and the monotonicity of gy (s, () on both arguments, we have the following functional
SLLN
gq(s,¢) = s¢, wo.c. w.p.l (50)

Clearly, the realization of the process is uniquely determined by the initial state and the realizations of

driving processes I;(-) and (§,(1),&,(2),...).

A set of Lipschitz continuous functions [{zx(-), k € K}, {dri(-), (k,i) € M}, {awi(-), (k,i) € M}] on the
time interval [0,00) we call a fluid sample path (FSP), if there exist realizations of IIj,(-) satisfying (8),
realizations of (£,(1),&4(2),...) satisfying (50), and a fixed subsequence of r, along which convergence (10)
holds.

It is easy to see that the family of all FSPs is uniformly Lipschitz.

We can easily verify that Lemmas 3 and 4 hold as is for Greedy-D-AC algorithm. Further, the following
lemma is analogous to Lemma 8 (and has essentially same proof).

Lemma 23. Any FSP is such that at any regular point t,

d

ZF(a(t) <0. (51)
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Moreover, unless x(t) satisfies NSI-condition, the inequality (51) is strict.

We will need the following FSP property, which follows from the random uniform rule of Greedy-D-AC for
assignments within each a-configuration.

Lemma 24. Consider an FSP. Suppose that at some t > 0, x = x(t) is such that for some k € K and i we
have: x, >0, k; >0, k' =k —e; #0, zjr =0, and zy > 0 where ¢’ = q(k'). Then t is not a regular point.

Proof. Suppose t is a regular point. We must have ), vg/ye, i (t) = 0. Indeed, in a small interval [t,t + 4],
for all sufficiently large r, the pre-limit sample paths defining the FSP are such that

Ty (o)

)
zo,  xg —Ch

where C' > 0 is some constant (depending on the Lipschitz constants for FSP components). This, along with
(50), implies that the fraction of the customers added in [¢, ¢+ §] to servers in configuration k', among those
added to a-configuration ¢’, is upper bounded by the RHS, which can be made arbitrarily small by choosing
sufficiently small §. This means that >, (arte, ir(t + ) — aprye,.i#(t))/6 L 0 as 6 — 0, which implies
Y i Ukige, i (t) = 0. Since xp = 0, obviously, >, ws i/ (t) = 0. However, wy ;(t) = pik;xr > 0. Therefore,
(d/dt)xy (t) > 0. This is a contradiction, because if ¢ is regular, zy/ (t) = 0 implies (d/dt)xy/(t) = 0. O

We will also need the continuity and shift properties of the FSPs, which are quite generic. (See Sections
5 and 6 in [7]. Although our model is different, essentially same proofs as in [7] apply.) The time shift
by @ > 0, applied to an FSP [{zk(-)}, {dr:(-)}, {ari(-)}], produces the set of functions with the same time
argument t > 0, but with z(t) replaced by zx(0 + t), dgi(t) replaced by di;(0 + t) — dyi(0), ari(t) replaced
by agi (0 +t) — axr:(6).

Lemma 25. The family of FSPs satisfies the following properties.
(i) Continuity: If there is a converging sequence of F'SPs, indexed by 3, namely

{3 A O} Aa? O3 = Haw()} {dki (O} {ans ()], woo.c.,
then the limit is also an FSP.
(i) Shift (or “Memoryless”): The time shift of any FSP by any 6 > 0 is also an FSP.

Proof. (i) For each fixed index 3, and the FSP associated with it, consider a sequence of (scaled) sample
paths of the process, that define this FSP:

P O Ad” O3 el (O3 = HaP O3 Ad (O {alD ()}, wo.c., asr — co.

Then, we can choose a subsequence of r, and the corresponding 5 = 3(r), so that

{27 (1 A4S (O a0 = Hae ()} Adki ()} {awi()}], wo.c.,

and therefore the limit satisfies the definition of an FSP.
(ii) We pick a sequence of (scaled) sample paths of the process, that define the FSP. It is easy to see that
the time shifts of these sample paths define the FSP which is the time shift of the original one. O

We are now in position to prove the following lemma, which is key (along with Lemmas 22 and 24) in our
analysis of Greedy-D-AC algorithm.

Lemma 26. Consider an FSP. Suppose t is a reqular point and x(t) & X*. Then

(d/dt)®(x(t)) < 0. (52)
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Proof. Suppose not, namely (d/dt)®(z(t)) = 0. Then for x = x(t) the NSI-condition holds, and therefore
(42) holds as well. We will obtain a contradiction. Condition (43) does not hold (otherwise, (42) and (43)
would imply x € X*). Then, consider a minimal a-configuration ¢ for which (43) is violated, namely: for
some k € q,
ur < maxug, xp > 0. (53)
k'eq

We will show that this is impossible. First, obviously, z, > 0.

Case (c3.1): suppose k; > 0 for some ¢ € Z~. Fix this ¢ and consider ¢ = ¢ —e;. If ¢/ = 0, we have A, ; > 0,
which means 7; cannot be negative — a contradiction. Therefore, ¢’ # 0 and we must have z, > 0 (because
otherwise A, ; > 0 leads, again, to the contradiction with 7, < 0). Consider the set p = {k'+e; | ¥’ € ¢’} C ¢;
i.e., these are the configurations in ¢ that are obtained by adding one type 4 customer to configurations in
¢’ — it may or may not be a strict subset of ¢. If maxy/ec, up < maxy eq Uk, then, since maxy ey up + n; <
maxj ep Uk, We obtain Ay ; > n;, which, along with z; > 0, leads to the contradiction with NSI-property.
Therefore, maxy e, upr = maxyreq upr. Then, there exists k" € argmaxy,, ups such that zps > 0 and
k" +e; € argmax, ¢, up . (Here we used the fact that for any k' € ¢/, condition (43) does hold — recall that
¢ is a minimal a-configuration for which (43) is violated.) Note also that ug_., < maxycq ur = upr and
Trp—e, = 0 (otherwise, again, (43) would be violated at ¢’ < ¢q). We see that x and the edge (k,4) satisfy
conditions of Lemma 24. This means ¢ cannot be regular. Thus, case (¢3.1) is impossible.

Case (c3.2): suppose for any i with k; > 0 we have i € ZT. Fix one such ¢ and consider ¢’ = ¢ —e¢;. If ¢ =0,
we have Ay ; > n; > 0 — a contradiction with the definition of 7;. Therefore, ¢’ # 0 and then we must have
xzg > 0 (because n; > 0 for each j with k; > 0). Consider the set p = {k' +¢; | k' € ¢} C ¢q. Note that
maxg/eq’ Uk > 0 and maXg/eq’ U/ + 1) = MaXgrep U/ > 0. If maxg/ep Uy < MaXp/cq Uk, then Aqyi >np > 0,
which (along with z; > 0) contradicts the definition of n;. Therefore, maxy/ec, up = maxy ey ugr. From this
point on, the argument leading to a contradiction repeats that in the case (¢3.1) verbatim. Thus, the case
(¢3.2) is impossible. The proof is complete. O

Lemma 27. For any T > 0 and € > 0, there exists § > 0 such that the following property holds uniformly
on all FSPs and all tg > 0:

d(z(t),X*) > ¢, t € [to,to +T] implies P®(z(to+T)) — P(z(to)) < —0. (54)
Proof. It (54) would not hold, we would be able to construct a sequence of FSPs converging u.o.c. to an

FSP such that
d(z(t),X*) > e and P(x(t)) = ®(x(0)), ¢t € [0,T].

(Here we use the shift, continuity and uniform Lipschitz properties of the family of FSPs, and the fact that
X is compact.) This is not possible, because by Lemma 26 we must have (d/dt)®(x(t)) < 0 at every regular
point in [0,7]. O

As a corollary, we obtain the following analog of Lemma 9.

Lemma 28. Any FSP is such that
d(z(t), X*) — 0. (55)

The convergence is uniform across all initial states x(0) € X.

7.4 Proof of of Theorem 19.

The rest of the proof of Theorem 19 is same as that of Theorem 2.

8 Some generalizations

A number of generalizations of our results are not difficult to obtain. We will discuss Theorems 2 and 12 to
be specific, but analogous generalizations apply to Theorems 19 and 21.
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8.1 A different procedure for placing arrivals.

Theorems 2 and 12 require that when a type ¢ customer (in Theorem 2) or a type ¢ token (in Theorem 12) is
assigned for service, it is placed along the edge (k,i) minimizing the weight differential Ay, = Ay (X (t—)).
The procedure of choosing the edge to place a customer (or token) can be replaced by the following one,
which might be easier to implement in some scenarios. We compare Ay, for the edge (k',4) along which
a type ¢ departure just occurred, to the Ay; for one edge, selected randomly as follows: with probability
e € (0,1) we select edge (e;,); with probability 1 — e we pick a non-empty server uniformly at random and,
if its configuration £ is such that k = ¢ + e; € K, we select edge (k,%). (e is a fixed parameter.) Now, if
Ag; < Apr; for the selected edge (k,7) (if any), we place the customer (or token) along (k,%); otherwise, we
place it “back” along (k',%). It is not difficult to see that the proofs of Theorems 2 and 12 still hold when
Greedy-D and Greedy-DM algorithms, respectively, are adjusted as described above.

The described alternative procedure generalizes the results in the sense that we can, for example, use this
procedure with a fixed probability § € [0, 1] and use the the “old” procedure (picking the smallest differential
Ay;) with probability 1 — ¢, and the results still hold.

8.2 More general input processes and service time distributions.

Theorems 2 and 12 still hold for much more general input processes and service time distributions (as opposed
to Poisson and exponential, respectively). For example, a simple (but still far reaching) generalization is for
the case when, for each customer type 4, the input process is renewal (i.i.d. interarrival times, with mean
1/(Air) and finite variance) and the service time distribution G;(£) (with mean [;° £dG(€) = 1/p;) has the
“hazard rate” lower bounded by p™™ € (0, u;]): dG(£)/[1— G(£)] > pmndg, VE > 0. In this case, we observe
that the key conservation laws still hold for the fluid limit of the stationary system: (a) the “amount” of
type 4 fluid is p; and remains constant and (b) the total rate of (actual) type i departures is A; and remains
constant. In addition, say in the proof of Theorem 12 to be specific, the corresponding FSPs are such that
(actual) type i departure rate from state (k, k) is lower bounded by ,u;"inlzsix(k,,;) (t). (Of course, the FSPs
need to be defined more generally, to account for elapsed service times.) Given these properties, the entire
argument goes through essentially as is. And, clearly, these properties hold under the input flow and service
time assumptions still far more general than in the simple case described above.

9 Discussion

We have shown that (versions of) the Greedy algorithm are asymptotically optimal in the sense of minimizing
the objective function Y, X} T with a > 0. When « is small (but positive), the algorithms produce an
approximation of a solution minimizing the linear objective ), X, i.e. the total number of occupied servers.
If >, X} is the “real” underlying objective, the “price” we pay by applying Greedy algorithm with small
a > 0 is that the algorithm will keep non-zero amounts (“safety stocks”) of servers in many “unnecessary”
(from the point of view of linear objective) configurations k, including many — potentially all — non-maximal
configurations in K. What we gain for this “price” is the simplicity and agility of the algorithm. “True”
minimization of the linear objective ), X} requires that a linear program is solved (via explicit offline or
implicit dynamic approach), so that the system is prevented from using “unnecessary” configurations k, not
employed in optimal LP solutions.

The Greedy algorithm with a > 0 is asymptotically optimal as the average number r of customers in the
system goes to infinity. The fact that it maintains safety stocks of many configurations, means in particular
that the algorithms’ performance is close to optimal when the ratio r/|K] is sufficiently large, so that there is
enough customers in the system to keep non-negligible safety stocks of servers in potentially all configurations.
If the number |K| of configurations is large, then r needs to be very large to achieve near-optimality. The use
of aggregate configurations in the special case of vector-packing constraints alleviates this scalability issue
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when the number |Q| of aggregate configurations is substantially smaller than |K]|.

Finally, we note that the closed system, considered in Theorems 2 and 19, is not necessarily artificial. For
example, it models the scenario where VMs do not leave the system, but can be moved (“migrated”) from
one host to another. In this case, a “service completion” is a time point when a VM migration can be
attempted.
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