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Abstract: In many areas of applied mathematics, decentralization of in-
formation is a ubiquitous attribute affecting how to approach a stochastic
optimization, decision and estimation, or control problem. In this review
article, we present a general formulation of information structures under
a probability theoretic and geometric formulation. We define information
structures, place various topologies on them, and study closedness, com-
pactness and convexity properties on the strategic measures induced by in-
formation structures and decentralized control/decision policies under vary-
ing degrees of relaxations with regard to access to private or common ran-
domness. Ultimately, we present existence and tight approximation results
for optimal decision/control policies. We discuss various lower bounding
techniques, through relaxations and convex programs ranging from classi-
cally realizable and classically non-realizable (such as quantum theoretic
and non-signaling) relaxations. For each of these, we establish closedness
and convexity properties and also a hierarchy of correlation structures.
As a further theme, we review and introduce various topologies on deci-
sion/control strategies defined independent of information structures, but
for which information structures determine whether the topologies entail
utility in arriving at existence, compactness, convexification or approxima-
tion results. These approaches, which we term as the strategic measures
approach and the control topology approach, lead to complementary re-
sults on existence, approximations and upper and lower bounds in optimal
decentralized stochastic decision, estimation, and control problems.
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Fic 1. An example of a (decentralized) information structure.

1. Introduction

In statistical decision theory, stochastic control theory, information theory, game
theory, economics, quantum physics and computer science; information struc-
tures determine which decision maker/agent /controller knows what information.
To help the reader gain an appreciation of what the paper entails, consider the
simple setup depicted in Figure 1.

Here, three decision makers have access to some local information (e.g. y?)
and each one selects an action (e.g., u?). This selection has to be based only
on the available information (and perhaps with some additional independent
randomization device).

One question of interest in many of the aforementioned disciplines is to study
the geometric and topological properties of sets of all possible correlation struc-
tures with regard to the random variables (wo, 4", y?, 3>, ul, u?, u®) (which will
be termed as a strategic measure). This setup can also be generalized to dy-
namic interactions among the decision makers where, e.g., the action u! can
affect the measurement of 2 and to setups where the decision makers have ac-
cess to common randomness. Further correlation structures include those that
are described by quantum mechanics (and, thus, with quantum entanglement).
Furthermore, one may wish to provide convex relaxations leading to what we
will study as non-signaling relaxations.

Suppose further that these decision makers wish to minimize a cost criterion
of the form E[c(wo,u!,u?, u?)]. What can be said about the optimal solutions,
their existence, approximations, convexity properties and convexifications, and
numerical methods for exact solutions or upper or lower bounds?

The operational goal in our article is, for setups including that depicted in
Figure 1 but also under much more general information structures, to develop
a probability theoretic and topological approach to information structures and
decision/control policies towards arriving at: (i) convexity properties, (ii) conti-
nuity and compactness properties, (iii) existence results, (iv) convex relaxations
to facilitate numerical and analytical methods, and (v) approximation results
for optimal policies under decentralized information structures.
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Different scientific communities have their own notation, terminology, and
machinery to study such problems. While in our analysis we will often have a
bias towards a stochastic control theoretic angle and language, we will be broadly
touching on ideas from various disciplines and often explain parallel contribu-
tions in the literature. Accordingly, the scope of our article entails results from a
very broad literature across a variety of disciplines (ranging from game theory,
quantum physics, information theory, probability, and control). Some of the re-
sults presented here have not been published elsewhere, some are based on the
authors’ prior work, but much of the material is a re-interpretation and uni-
fication of related results in the literature (both across various disciplines and
across time, meaning that classical results are re-interpreted with more modern
findings) whose connections have not previously been made explicit or reported,
to our knowledge.

1.1. Summary of results and outline of the article

The article has two main themes: In the first theme, we study topological and ge-
ometric properties of correlation structures induced on strategic measures under
decision/control policies and information structures. These strategic measures
are probability measures defined on the product spaces of local measurements
and actions, as well as external random variables; these will be made precise in
the following sections.

In Section 2 we introduce information structures in decentralized decision
making. In Section 3, we introduce probability measures (i.e., strategic mea-
sures) induced on the product spaces of state, measurements and actions under
admissible, and some relaxed, control policies. In Section 4, we study com-
pactness properties of the set of strategic measures and state existence results
on optimal policies. In Section 5, we introduce convex relaxations on strategic
measures, including those that are generated under non-signaling and quantum
information theoretic relaxations. In Section 6, we study finite measurement
information structures obtained via quantization of continuous-space measure-
ment spaces, and establish their near optimality.

With regard to these various strategic measures introduced in these sections,
we establish the hierarchies depicted, and also with a summary of the results
reported, in Figure 2. Here, the sets are generated subject to progressively more
relaxed informational or action-set constraints, as one progresses from the inner-
most correlation set to the outer-most set along the depictions presented in
Figure 2.

As our second main theme, we present a control topologies approach, where
we will review or introduce various topologies on decision/control strategies
(defined independently from information structures), but for which information
structures determine whether the topologies entail utility in arriving at exis-
tence, compactness, convexification or approximation results. These topologies
include those generated by the product metric of individual controllers viewed as
subsets of appropriate probability measures, relaxed control policies and wide-
sense admissible control policies, weak™ topology on randomized policies, policies
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Fic 2. Hierarchies and a summary of the results reported in the paper on decentralized strate-
gic measures and correlations: (i) L (qy(1), quantized admissible strategic measures, is not
closed, not convezx, dense in La(p). (i) La(p), set of strategic measures induced by admissible
measurable functions, is not closed, not conver (under independent static reduction L4 ()
is dense in Lr(u) under mild conditions). (4i) Lr(p), those generated with local private
(relazed policies) randomness, is typically not closed (under independent static reduction:
Lg(p) is closed; which then leads to a general existence result on optimization problems with
lower semi-continuous cost functions), not convex. (i) Lc(w), those with arbitrary common
randomness, convex, typically not closed but compact when Lr(p) is. (iv) Lg(p), quantum
strategic measures, convez, not closed (but closed under dimension constraints). (v) Lys(p),
non-signaling strategic measures, is closed and convez. (vi) Lyr(p), those with local-Markov
conditional independence, is closed and convez.

satisfying conditional independence properties leading to a universal dynamic
program, and topologies that satisfy a closedness property under weak conver-
gence of finite dimensional marginals.

In Section 7, we study this alternative approach of placing topologies directly
on individual policies. Several examples and topologies are provided with various
complementary results on existence reported.

These two approaches, which we name as the strategic measures approach vs.
the control topology approach, lead to complementary results on existence, ap-
proximations and upper and lower bounds and solution methods in optimization
problems.

In Section 8, we review and revisit partially observed Markov decision pro-
cesses, and highlight that when a relaxation of control policies is allowed, this
may lead to a strict improvement of optimal performance, thus invalidating the
main purpose of relaxations.

We finally present, together with concluding remarks, a number of future
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directions and a collection of some open problems, in Section 9.

2. Information structures
2.1. Witsenhausen’s characterization of information structures

Hans Witsenhausen’s contributions [141, 139, 137, 142, 140] to stochastic con-
trol theory, and his characterization of information structures in decentralized
stochastic control have been crucial in our modern understanding of decen-
tralized stochastic control and decision theory. In this section, we introduce the
characterizations as laid out by Witsenhausen, termed the Intrinsic Model [141];
see [149] and [100] for a more comprehensive overview and further character-
izations and classifications of information structures. In this model (described
in discrete time), any action applied at any given time is regarded as applied
by an individual decision maker/agent, who acts only once. One particular ad-
vantage of this model, in addition to its generality, is that the characterizations
regarding information structures can be concisely described.

Suppose that in the decentralized system considered below, there is a pre-
defined order in which the decision makers act. Such systems are called sequential
teams (for non-sequential teams, we refer the reader to Andersland and Teneket-
zis [5], [6] and Teneketzis [130], in addition to Witsenhausen [139] and [149, p.
113]). Suppose that in the following, the action and measurement spaces are
standard Borel spaces; that is, Borel subsets of Polish (complete, separable, and
metric) spaces. In the context of a sequential system, the Intrinsic Model has
the following components:

e A collection of measurable spaces
{(Q,F), (U,u'), (Y, V)i e N},

with N := {1,2,--- , N}, specifying the system’s distinguishable events,
and the control and measurement spaces of decision makers (DMs). Here
N = |N] is the number of control actions taken, and each of these actions
is taken by an individual (different) DM (hence, even a DM with perfect
recall can be regarded as a separate decision maker every time it acts).
The pair (€2, F) is a measurable space (on which an underlying probability
may be defined). The pair (U?,U?) denotes the Borel space with its Borel
o-algebra from which the action u’ of DM i is selected. The pair (Y¢, V?)
denotes the observation/measurement space with its Borel o-algebra for
DM i.

o A measurement constraint which establishes the connection between the
observation variables and the system’s distinguishable events. The Y-
valued observation variables are given by

y' = n'(w,ult "1,

where ulb 1 = {yF k < i—1} and n® is a measurable function. Hence,
the information variable y* induces a o-field, denoted by o(y"), over £ x
i—1 1k
U
k=1
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e A design constraint which restricts the set of admissible N-tuple control
laws

v={00 AN

also called designs or policies, to the set of all measurable control func-
tions, so that u* = ~*(y?), with 3* = n’(w, ul*~1) and 4* is a measurable
function. Let I'* denote the set of all admissible policies for DM 4 and let
r'= HZV:I r.

We note that, the intrinsic model of Witsenhausen gives a set-theoretic charac-
terization of information fields, however, for standard Borel spaces, the model
above is equivalent to that of Witsenhausen’s. Additionally, we introduce a
fourth component:

e A probability measure P defined on (2, F) which describes the uncertainty
on the random events in the model.

Under this intrinsic model, an Information structure (IS) is dynamic if the
information available to at least one DM is affected by the action of at least one
other DM. An IS is static, if the information available to every decision maker
is only affected by exogenous disturbances (i.e., state of the nature) w € ;
that is no other decision maker can affect the information at any given decision
maker. Figure 1 is a depiction for a static team problem, where Q' (y® € -|wp) :=
P(n'(w) € -Jwo), i =1,2,3.

ISs can also be classified as classical, quasi-classical or nonclassical. An 1S is
classical if y' contains all of the information available to DM k for k < 4; that
is, information is expanding (also known as the perfect-recall property). An IS
is quasi-classical or partially nested, if whenever v, for some k < i, affects y*
through the measurement function 7', ¥ contains y* (that is o(y*) C o(y?)).
An IS which is not partially nested is nonclassical.

For any N-tuple of policies v = {y!,--- 4™} let a cost function be defined
as:

J(l) = El [C(w()v u)} =F [C(w()v’yl(yl)a e 77N(yN))] ’ (1)

for some non-negative measurable loss (or cost) function ¢ : Qg x Hfil Ul — R,.
Here, we have the notation u = {u*,7 € N'}, and wy may be viewed as the cost
function relevant exogenous variable contained in w.

Definition 2.1. For a given stochastic team problem with a given information
structure, an N-tuple of policies v* = (’yl*, ... ,'yN*) € I is an optimal team
decision rule (team-optimal decision rule or simply team-optimal solution) if

J(0) = inf J(3) = " 2)

The expected cost achieved by this strategy J* is the optimal team cost.

In the following, we will denote by bold letters the ensemble of random vari-
ables across the DMs; that isy = {y*,i =1,--- ,N}yandu = {u’,i =1,--- | N}.
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2.2. Independent-measurements reduction of sequential teams

Following Witsenhausen [142, Eqn (4.2)], as reviewed in [149, Section 3.7], we
say that two information structures are equivalent if: (i) The policy spaces are
equivalent /isomorphic in the sense that policies under one information struc-
ture are realizable under the other information structure, (ii) the costs achieved
under equivalent policies are identical, and (iii) if there are constraints in the
admissible policies, the isomorphism among the policy spaces preserves the con-
straint conditions.

A large class of sequential dynamic team problems admit an equivalent infor-
mation structure which is static. This is called the static reduction of a dynamic
team problem.

For some, but not all, results to be presented in our paper, we need to go
beyond a static reduction, and we will need to make the measurements indepen-
dent of each other as well as wg. This is not possible for every team which admits
a static reduction, for example quasi-classical team problems with LQG models
[73] do not generally admit such a further reduction, since the measurements
are partially nested: for partially nested (or quasi-classical) information struc-
tures, static reduction has been studied by Ho and Chu in the specific context
of LQG systems [73] and for a class of non-linear systems satisfying restrictive
invertibility properties [74].

Witsenhausen refers to such an information structure as independent static

n [142, Section 4.2(e)]. One can also reduce a static team problem into an
independent static form.

Note that the Intrinsic Model is equivalent to the following model [142]. The
probability space (2, F, P) is the product of N+1 probablhty spaces (Q;, Fi, P;),
i = 0,...,N; that is, Q = Hl 0§ and P(dw) = Hl o Pi(dw?). Each DM i
measures y* = 7 (wo,wl,ul, ...,u""1) and the decisions are generated by u’ =
vi(y?), with 1 <4 < N. Here w = (wp, w1, ,wy) are primitive (exogenous)
variables. Under this equivalent model, we can view n¢(wp,w;, u!,...,u*"!) as a
measurement channel with input (wg,u?,...,u'"1) and output y’, where w; is
the noise; that is

gi(dytlwo, ut, u2, - uih)
is a (controlled) stochastic kernel (to be defined later). Equivalently, through
standard stochastic realization results (see [65, Lemma 1.2] or [35, Lemma 3.1]),
we can represent any (controlled) stochastic kernel g*(dy®|wo,ul,u?, -+, ut~1)
in a functional form y* = n®(wo,w;, ut,u?, -+ ,u*~1) for some independent w;
and measurable 7’

This team model admits an independent static reduction provided that the
following absolute continuity condition holds:

(AC): For every i € N, there exists a reference probability measure Q° on
Y? and a measurable function f; such that for all Borel S C Y

g'(y' € Slwo,ut,u?, -+ u'Th)

/fzy woud 2, u ) QU (dy).
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Under this absolute continuity condition, since the action of each DM is
determined by the measurement variables under a policy, we can write

N
P(dw07dy7du) = P(dw0> H (fz (yi7w07u17u27 T 7ui_1) QZ(dyZ) 1{’Yi(yi)€dui})'

i=1
The cost function J(v) can then be written as

N

J(y) = /P(dwo)H <fi (yi7wo7ulyu2,"' ,Uifl) Qi(dyi)> c(wo, ),

i=1

where u* = 7i(y?) for 1 < i < N. Now, the measurement variables can be
regarded as independent from each other and also from wg, and by incorporating
the density functions {f;} into ¢, we can obtain an equivalent independent static
team problem. Hence, the essential step is to appropriately adjust the probability
space and the cost function. The new cost function may now explicitly depend
on the measurement values; that is,

N
Cs(w07Y7 11) = C(UJo,u) Hfi(yi7w0au17u27 e 5ui_1)' (3)
=1

Here we can reformulate even a static team to one which is, clearly still static,
but now with independent measurements which are also independent from the
cost relevant exogenous variable wy. Such a condition is in general not restric-
tive. Indeed, as Witsenhausen notes, a static reduction always holds when the
measurement variables take values from countable set since a reference measure
as in Q above can be always constructed on the measurement space Y (e.g.,
Qi(z) = > j>1 2771} where Y' = {mj,j € N}) so that the absolute con-
tinuity condition always holds. We refer the reader to [44] for relations with
classical continuous-time stochastic control where the relation with Girsanov’s
classical measure transformation [66][26] is recognized, and [149, p. 114] for fur-
ther discussions. For discrete-time partially observed stochastic control, similar
arguments had been presented, e.g. by Borkar in [36], [38].

3. Decentralized strategic measures

For classical stochastic control problems, strategic measures were defined (see
[125], [115], [55] and [60]) as the set of probability measures induced on the prod-
uct (sequence) spaces of the states, measurements, and actions; that is, given
an initial state distribution and a policy, one can uniquely define a probability
measure on the product space of the states, measurements, and actions. Certain
measurability, compactness, and convexity properties of strategic measures for
classical stochastic control problems were studied in [55, 115, 60, 31].

In [151], strategic measures for decentralized stochastic control problems were
introduced and many of their properties were established. For decentralized
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stochastic control problems, considering the set of strategic measures along with
compactification and /or convexification of these sets of measures through intro-
ducing private and/or common randomness allow one to place operationally
flexible topologies (such as those leading to a standard Borel space, e.g., weak
convergence topology, among others) on the set of strategic measures, as we will
study in the following.

3.1. Measurable policies as a subset of randomized policies and
strategic measures

A common method in control theory is to view a measurable policy as a special
case of relaxed policies where relaxation is often employed by randomization.
Such an approach has been ubiquitously adopted in various fields often with
different terminology (e.g., relaxed controls (Young topology) in optimal deter-
ministic control [103] [146], distributional strategies in economics [105] [104],
local hidden variables in quantum information theory [21, 48, 135], optimal
quantization [150] etc.).

We recall here the following representation result [35] (see also Section 7.1).
Let X, M be Borel spaces. Let the notation P(X) denote the set of probability
measures on X. Consider the set of probability measures

© := {¢ € P(X x M) : ((dz,dm) = P(dx) Q7 (dmlz),
QI (|z) = 1{p@ey, [ X =M}, (4)

on X x M having fixed input marginal P on X and the stochastic kernel from
X to M is realized by some measurable function f : X — M. We equip this set
with the weak convergence topology. This set is the (Borel measurable) set of
the extreme points of the set of probability measures on X x M with a fixed
marginal P on X. For compact M, the Borel measurability of © follows from
[114] since the set of probability measures on X x M with a fixed marginal P
on X is a convex and compact set in a complete separable metric space, and
therefore, the set of its extreme points is Borel measurable. Moreover, the non-
compact case holds by [35, Lemma 2.3]. Furthermore, given a fixed marginal P
on X, any stochastic kernel @) from X to M can be identified by a probability
measure £ € P(0O) such that

Qi) = [ Q) Q! (o). (5)
In particular, a stochastic kernel can thus be viewed as an integral representation

over probability measures induced by deterministic policies.
For a team setup, for any DM k, let

oF — {g EPYF xUF): (=P Q"

k
Q" (") = l{vk(y’“)e}’Vk er*, P() =Py e )}
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For a static team, P, would be fixed; that is, independent of the policies of
the preceding DMs. Therefore, in the static case, in view of (5), any element
¢ € P(Y* x UF) with fixed marginal P, on Y* can be expressed as a mixture of
@k

:/ £4(dQ) Q(A), A e B(Y* x U), (6)
ok

for some & € P(6F). In the sequel, we generalize this idea to the set of strategic
measures induced by measurable policies and define various relaxed policies that
are obtained as a mixture of measurable policies. Indeed, instead of viewing V-
tuple of policies as the joint strategy of DMs, we regard the induced probability
distribution on the product space of state, measurements, and actions as the
joint strategy and name it the strategic measure. However, we will recognize that
the N-tuple view above is also of both operational and mathematical interest
as will be detailed in Section 7.

3.2. Sets of strategic measures for static teams

Consider a static team problem defined under Witsenhausen’s intrinsic model.
In the following, B = B? x HkN:1(Ak x B¥) are used to denote the cylindrical

Borel sets in Qo x [[r_, (Y* x U¥).

Let La(p) be the set of strategic measures induced by all admissible measur-
able policies with (wp,y) ~ w; that is, P € La(u) C P(Qo X ngl(Yk X U’“))
if and only if

N

PB:/ dw,d luk:kk kY, 7
(B) BUXH§:1AkM( 0 Y)H{ ~E(y*)eBKY (7)

k=1

for all cylindrical B € B (Qo X chvzl(Yk X Uk)>, where 7% € TF for k =
., N. Let La(p,v) be the strategic measure under a particular strategy

vyeTl. B

~ The first relaxation is obtained via individual randomization of policies.

Namely, let Lr(u) be the set of strategic measures induced by all individually

randomized team policies where wq,y ~ p; that is,

LR(M):{PGP(QOXIJ_V[(Y’“XU’“)>:P(B) / dwo,dyll_j[ R (du®|y*) }

k=1

where II¥ is a stochastic kernel from Y* to U* for each k =1,..., N.

Another relaxation, which is stronger than the former one, is obtained by
taking the mixture of the elements of L4 (u). To this end, define ¥ = [0, 1]V
We then let

Lo(p) = {P € P(Qo X ﬁ(w X Uk)) :

k=1
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P(B) = [ wdLalnr()(B). 0 € Pm},

where 7(z) denotes a collection of team policies measurably parametrized by
z € T so that the map La(u,y(-)) : T — La(u) is Borel measurable as L a(u)

is a Borel subset of P <Qo X ngl(Yk X Uk)> under weak convergence topology

(as we will see in Theorem 3.3).

Let Lcr,, denote the set of strategic measures that are induced by some
fized but common independent randomness (with probability measure 1) and
arbitrary private independent randomness; that is,

Lerag () = {P € P(QO X ﬂ(w X U’“)) :

k=1

P(B) = /B _n(d=)ulden, ) HH’“(dukyk,z)},

k

where II* takes place from the set of stochastic kernels from Y* x T to U* for
each k =1,..., N. Here, the common randomness 7 is fixed.

Let Locor denote the set of strategic measures that are induced by some arbi-
trary but common independent randomness and arbitrary private independent
randomness, as in Lo (p); that is,

Locor(p) = {P € P(QO X IfII(Yk X U’“)) :

PB) = [ wfdsutaen. ) [ @l 2, w € PO
BxY k

where IT¥ takes place from the set of stochastic kernels from Y* xY to U for each
k =1,...,N. Here, the common randomness 7 is arbitrary, unlike Lop (1)
The following result, essentially from [151], states some structural results about
above-defined sets of strategic measures. In particular, it establishes convexity
related properties of these sets.

Theorem 3.1. Consider a static team problem. Then, we have the following
characterizations.
(i) Lr(u) has the following representation:

N
L) = {P e P(szo « TL ¥ Uk)) P(B) = [ U@ Lalna ) (B)
k=1

UeP(Y),U(dv, - ,doy) = an(dvk),nk € P([o, 1])};

that is, U € P(Y) is constructed by the product of N independent random vari-
ables on [0, 1].
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(#t) Le(p) = Locor(p) and this is a convex set. The set of extreme points of
Le(p) is La(p). Furthermore, Lr(u) C Lo(p).
(iii) We have the following equalities:

llrelfl;J(l) Peanf(#)/P(ds)c(s) PEanIf(#)/P(ds)c(s) Peancf(u)/P(ds)c(s).
In particular, deterministic policies are optimal among the randomized class. In
other words, individual and common randommness does not improve the optimal
team cost.

(tv) The sets Lr(p) and Logr,(1) are not convex. In particular, the presence
of independent or (fixred) common randomness does not convexify the set of
strategic measures.

(v) Lr(u) and Le(p) are not necessarily weakly closed.

With X standard Borel space, let us recall the following: we say that a se-
quence of probability measures (on X) P, — P weakly if

[ Patan)s@) ~ [ Pans

for all f € Cp(X). If this holds for every f measurable and bounded, we say
convergence holds setwise.

To establish (v), we will present two counterexamples below in Theorem 4.2
and Theorem 4.3.

Remark 3.1. (i) In the economics and game theory literature, information
structures have been studied extensively. Stochastic team problems are
called identical interest games. In this literature, Lo(p) appears in the
analysis of Aumann’s correlated equilibrium [13]. Common and indepen-
dent randomness discussions appear in the analysis of comparison of in-
formation structures [97]. For further discussions, including a multi-stage
generalization known as communication equilibria, see [64]. For a detailed
treatment, we refer the reader to [104, p. 131].

(i) In quantum mechanics, the set Lo(u) corresponds to the set of local hidden
variable correlations: in a well-known paper [56], Finstein, Podolsky, and
Rosen argued that due to the probabilistic nature of quantum mechanics,
the description of randommness should be classically explained by a suffi-
ciently large local hidden variable, where the local hidden variable describes
the uncertainties in an experimental setup. This will be discussed later in
the article when quantum correlations will be presented.

3.3. Sets of strategic measures for dynamic teams in the absence of
static reduction

Note that if the dynamic team setup admits a static reduction (in particular
independent static reduction), then one can define strategic measures by con-
sidering the equivalent static problem and characterize the convexity properties
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of the set of strategic measures, as done in the previous section. In this section,
we suppose that dynamic team does not admit a static reduction. Let p be the
distribution of wy. Recall that in the dynamic setup, the distribution of measure-
ments y is not fixed as opposed to the static case. In this case, we present the
following characterization for strategic measures in dynamic sequential teams.

Let, for all n € N,

_ 1 1 n—1 n—1 n n
hn_{w07yvu7"'7y , U Y ,u }a

and py,(dy"™|hn—1) := P(dy™|h,—1) be the transition kernel characterizing the
measurements of DM n according to the intrinsic model. We note that this may
be obtained by the relation:

pn(yn € "UJanlaulf o 7yn_17un_1)

— P<ni(w,u[1,i—1]) e | wo,yt,ul, - 7yn—17un—1)

= P(gn(w07wn7u17"' ,un—l) S

Ojo,yl,ul,"' 7yn_13un_1>‘ (8)

Note that once a policy is fixed, p,(dy™|h,—1) represents the conditional
distribution of y™ given the past history h,_1. Let L4(u) be the set of strategic
measures induced by measurable policies and let Lr(u) be the set of strategic
measures induced by individually randomized policies for the dynamic team. We
have the following characterizations of L4(u) and Lr(u) that are quite useful
when establishing the closedness of these sets.

Theorem 3.2 ([151, Theorem 2.2]). Consider a dynamic team problem that
does not admit a static reduction. Then, we have the following characterizations.

(i) A probability measure P € P (Qo X Hfj:l(Yk xU’“)) is a strategic measure

induced by a measurable policy (that is in La(p)) if and only if, for every n =
1,..., N, we have

J Pty gty = [Pl ([ otz )

and
/ P(dhn) g1, 4" u") = / P(dhn_1, dy") ( / o(hn1,y"a) 1w<yn>em}),

for all continuous and bounded function g with appropriate arguments, where
P(dwy) = p(dwo) and 4™ € T™.

(i1) A probability measure P € P (Qo ><1_[£]:1(Y’C xU*) ) is a strategic measure
induced by a individually randomized policy (that is in Lr(w)) if and only if, for

everyn =1,..., N, we have

[ Pt et = [Pl ([ ot mEne) o
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and

/P(dhn)g(hn_l,y”m”)
= [ Pnacsstr) ([ oty o

for all continuous and bounded function g with appropriate arguments, where
P(dwy) = p(dwp) and II" is a stochastic kernel from Y™ to U™.

Remark 3.2. A result similar to Theorem 3.1 can also be stated for the dy-
namic case, in particular with regard to L () being the set of extreme points
of the convex hull of Lr(p). The reader is referred to [151, Theorem 2.5] which
essentially establishes this; see also [59, Theorem 1.c] for related discussions.

A celebrated result in economics theory, known as Kuhn’s theorem [86], notes
that the convex hull of admissible (i.e. those in L 4(u)) strategic measures (hence
Le(p)) is equivalent to Lr(p) when the information structure is classical. We
can thus state that this does not apply in the absence of classical-ness, as Lr(u)
would not be convex (if the information structure is not classical, then convexity
fails [151, p.12]), but the convex hull of admissible policies is, by definition,
convex; but the convex hull of Lr(p) is Lo(p).

3.4. Measurability properties of sets of strategic measures

As noted earlier, the set L 4 (u) is a Borel subset of P (g x [, (Y* x U¥)) under
weak convergence topology. The same is true for Lg(u), which is stated in the
following theorem. This result will be crucial in the analysis to follow.

Theorem 3.3 ([151, Theorem 2.10]). Consider a sequential (static or dynamic)
team.

(i) The set of strategic measures Lr(u) is Borel when viewed as a subset of the
space of probability measures on Qg X Hivzl(Y’“ x U*) under the topology
of weak convergence.

(i) The set of strategic measures L 4 (1) is Borel when viewed as a subset of the
space of probability measures on Qg X ngl(Y"”‘ x U*) under the topology
of weak convergence.

For further properties of the sets of strategic measures, see [151].

4. Relative compactness and closedness of strategic measures, and
existence of optimal policies

Existence of optimal policies for static and a class of sequential dynamic teams
have been studied recently in [69, 151, 119]. More specific setups have been
studied in [144], [137], [150] and [149]. Existence of optimal team policies has
been established in [45] for a class of continuous-time decentralized stochastic
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control problems. For a class of teams which are convex, one can reduce the
search space to a smaller parametric class of policies, such as linear policies for
quasi-classical linear quadratic Gaussian problems [117, 85, 73].

The following theorem states a general existence result for static teams and
for dynamic teams admitting static reduction. Its proof depends on Weierstrass
Extreme Value Theorem.

Theorem 4.1. Consider a static team or the static reduction of a dynamic
team with ¢ denoting the cost function. Let ¢ be lower semi-continuous in u for
every fized wy,y and Lr(u) or Lo(p) be a compact set under weak convergence
topology. Then, there exists an optimal team policy. This policy can be chosen
deterministic and hence induces a strategic measure in La(u).

Remark 4.1. Since the cost function cs in an independent static reduction
of a dynamic team also depends on the measurements y, we include y as an
argument to the cost function c in the previous theorem.

By Theorem 4.1, to prove the existence of an optimal team policy, it is suf-
ficient to establish the lower semi-continuity of the cost function ¢ and com-
pactness of Lr(u) or Lo(p) or any other subset of Lo(u) that is sufficient
for optimality. However, we recall that unless certain conditions are imposed,
the conditional independence property dictated by IS is not preserved under
weak convergence (indeed this is also true even for setwise convergence which
is a stronger convergence notion). Hence, Lr(p) and Lo (p) are in general not
closed and so compact. The following theorem establishes that Lp(u) is not
closed under the weak convergence topology.

Theorem 4.2 ([151, Theorem 2.7]). Consider a sequence of probability mea-
sures P, € P(U' x Y x U?) so that for all n:

Py(du'ly, u?) = Py(du'ly).
If P, — P setwise (and thus also weakly), it is not necessarily the case that
P(du'ly,u®) = P(du'ly).
That is, conditional independence of u' and u? given y is not preserved under
setwise convergence. In particular, Lr(p) is not (weakly or setwise) closed.

Before we present the proof of Theorem 4.2, let us note that, for each n, we
can view P, as a strategic measure of the following static team problem. In this
team problem, (2 is a degenerate space and we have two DMs that are sharing
the same measurement y. Therefore, Theorem 4.2 states that the set of strategic
measures Lr(u) is not closed under setwise (and so weak convergence) topology.

Proof. Tt suffices to provide a counterexample. We build on an example from
[150] (used in a different context) in the following. Let Y = [0,1], U! = U? =
{0,1}, and y ~ m where m the Lebesgue measure (uniform distribution) on

[0,1]. Let
2k —2 2k —1 2k —1 2k
Lnk = l: > ; Rnk = l:— > (11)

2n ' 2n om ' 2n
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fi f2 f3
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F1c 3. Plots of probability density functions fi, fa2, and f3.

and define the square wave function
n

() =Y (Ltent = Luerad)-
k=1

Define further f,(t) = h,(t) + 1.
Let By1 = Ujp_y Lnk and By, o = [0,1] \ By, 1. Define {Q,} as the sequence
of 2-cell quantizers given by

Q’n(l‘y) = 1{y€Bn,1}a Qn(0|y) = l{yGB,,,,g}~

Let
Py (u' = aly) = Pu(u® = aly) = Qn(aly),
where a € {0,1}. Define P € P(U' x Y x U?) as P(a, 4,b) = l{a—py3m(A),
where a,b € {0,1} and A € B([0,1]).
By the proof of the Riemann-Lebesgue lemma ([136], Thm. 12.21), observe
that for all A € B([0,1]),

Jim [ @u(lpmidy) = lin [ S50 ma@) = G4,

and thus for all A € B([0,1])
lim P,(u' =1,y € A,u® =1)

n—oo

= lim [ P,(u' = 1ly)P,(u* = 1|y)m(dy)

n— oo A

= lim [ P,(u' = 1ly)m(dy)

n— oo A

= %m(A)

= P(1,A,1) (12)
A similar property applies for (u!,u?) = (0,0),(0,1) and (1,0) so that

1
lim P,(u' =a,y € A,u? =b) — P(a, A,b) = 1{a:b}§m(A)

n—oo
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Thus, P, — P setwise. But even though P, satisfies the conditional indepen-
dence property that P,(u! = 1|y,u?) = Q,(1]y), P does not satisfy the condi-
tional independence property of u' and u? given y: Under P, u' and y are inde-
pendent but u* = u? and thus P(u! = aly,u® = b) = 1,y # 5 = P(u' = aly).
Thus, setwise (and hence weak) convergence does not preserve the conditional
independence property. O

We can also show via counterexample that Lo (i) is not closed either with
respect to the weak convergence topology.

Theorem 4.3. L¢(p) is not weakly or setwise closed.

Proof. Consider the same example as in the proof of Theorem 4.2, modified as
follows. Let Y = [0,1]U(1, 2], U! = U? = {0, 1, 2, 3}. Let « be a {0, 1}-valued uni-
formly distributed Bernoulli random variable and let y ~ 1,—gyv+1g—13(v+1)
where v ~ m with m being the Lebesgue measure (uniform distribution) on
[0,1]. Let Ly and R, be as given in (11) and define the square wave function,

as before,
n

hn(t) = Z(l{teLnk} - 1{t€Rnk})'
k=1
Define also f,(t) = hn(t) + 1. Let By 1 = Uj—; Lnk and By, o = [0,1] \ By.1.
Define {Q,,} as the sequence of 4-cell quantizers given by

Qn(1|y) = 1{y€Bn,1}7 Qn(0|y) = l{yeBn,z}v NS [07 1]

and

Qn(3|y) = 1{y€1+Bn,1}7 Qn(2|y) = l{yel-i-Bn,g}v Yy e (172]

Let
Pn(ul = a|y) = Pn(u2 = a|y) = Qn(a|y)7
where a € {0,1,2,3}. Define P € P(U' x Y x U?) as

1 1
P(a’a Aa b) = Z 1{{1:1),(16{0,1}} m(A n [07 1]) + Zl{a:b,a6{2,3}} m(A n (17 2])

where a,b € {0,1,2,3} and A € B([0, 2]).

We can show that P, — P setwise (and so weakly). In the limit, it is the
case that u! = u? almost surely. However, notice that P ¢ Lc(u): P is not a
mixture of conditionally independent random variables given y, with the mixture
being independent of y. Here, the mixture representation of P in terms of the
two independent {0, 1}-valued and {2, 3}-valued random variables is so that the
mixing random variable is correlated with y (and gives information on y). O

We refer the reader to [2] [70] [14, Theorem 1.1] [150], [20] for further related
results on such intricacies on conditional independence properties. A sufficient
condition for compactness of Lr(u) under the weak convergence topology was
reported in [69]. We re-state this result in a brief and different form below for
reader’s convenience.
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Theorem 4.4 ([69]). Consider a static team where the action sets U* are com-
pact. Furthermore, the measurements

N
P(dylwo) = [ [ ¢'(dy*[wo)

i=1

satisfy g'(dytlwo) = £(y?,wo) Vi(dyt) for some positive measure v* and contin-
uous £ such that, for every e > 0, there exists § > 0 so that for p;(a,b) < &
(where p; is a metric on Y*)

|€i(b7 WO) - fi(a7w0)| < ehi(avwo)v

with sup,,, [ h*(a,wo) v'(dy') < oo. Hence, static team admits independent static
reduction. Then, the set Lr(p) is compact under the weak convergence topology.
Therefore, if c(wo, n) is lower semi-continuous in u for any wy, then there exists
an optimal team policy (which is deterministic and hence in La(p)).

The results in [69] also apply to static reduction of sequential dynamic teams,
and a class of teams with non-compact action spaces that however has moment-
type cost function leading to a tightness condition on the set of strategic mea-
sures with a finite cost. In particular, the existence result applies to the coun-
terexample of Witsenhausen [137].

However, the result above can be significantly relaxed where the relaxation
is not only in the compactness condition, this can be modified by the usual
tightness conditions which will also be presented below. The generalization is
with respect to the topology considered: in the following, we present the most
general conditions to our knowledge on existence of optimal policies. In the
following, we slightly strengthen [148, Theorem 5.2] to allow for lower semi-
continuity of the cost function only in the actions.

Before we present a general result on existence, we recall the w-s topology
introduced by Schél [125]: The w-s topology on the set of probability measures
P(XxU) is the coarsest topology under which [ f(z,u)v(dz, du) : P(XxU) - R
is continuous for every measurable and bounded f which is continuous in u for
every x (but unlike weak topology, f does not need to be continuous in ).

Theorem 4.5 ([148, Theorem 5.2]). (i) Consider a static or a dynamic team
that admits an independent static reduction. Let the action sets U' be
compact. Then, the set Lr () is compact under weak convergence topology,
and is also in the w-s topology (weak in actions, strong in measurements).
Then, the set Lr(u) is compact under weak convergence topology, and is
also in the w-s topology (weak in actions, strong in measurements).

(i) Consider a static or a dynamic team that admits an independent static
reduction with the loss denoted with ¢ (for either case). Let ¢ be lower
semi-continuous in u for any wy,y. Suppose further that U' is o-compact
(that is, U* = U, K,, for a countable collection of increasing compact sets
K, ) and, without any loss of generality, the control laws can be restricted
to those with E[¢!(u?)] < M for some lower semi-continuous ¢* : Ut — R
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which satisfies limy, o0 infyig g ¢'(u') = oo. Then, an optimal team policy
exists.

Proof. (i) For each m, consider the strategic measure:
N
P(dwy) H Q* ) (dy®, du®).

Suppose that (Q*~*),,, (dy*, du*) converges to (Q*+*)(dy*, du*) weakly. By [113,
p. 57], the joint product measure P(dwy) Hfj:l(Qk'y]’“)m(dyk7 du®) will converge
weakly to P(dwy) H,{Ll(Qk’yk)(dyk,duk); see also [126, Section 5].

Since the marginals on [], Y* are fixed, [125, Theorem 3.10] (or [16, Theorem
2.5]) establishes that the set of all probability measures with a fixed marginal
on ], Y* is (sequentially) compact under the w-s topology.

(ii) If the function ¢, (wo, y, ) were continuous, this in turn would ensure that
the function (by a truncation and then a limiting argument)

N
[ P T1@")(d" o) ey,

is lower semi-continuous under the w-s topology. Now, by approximating the
lower semi-continuous function ¢s(wp,y, ) from below by continuous functions,
applying the argument above, and taking the limit, we conclude that the lower
semi-continuity also applies when c;s(wp,y, -) is only lower semi-continuous.
Finally, since the set of admissible strategic measures is sequentially compact
under the w-s topology, existence of an optimal team policy follows. The proof
for the dynamic case follows analogously by considering its static reduction. [J

Remark 4.2. Building on [151, Theorems 2.8 and 2.5] and [69, p. 1691] (due
to Blackwell’s theorem on irrelevant information [30, 32], [149, p. 457]), an
optimal policy, when exists, can be assumed to be deterministic.

Note that Theorem 4.5 provide weaker conditions when compared with The-
orem 4.4. So far, we present existence results for static or dynamic teams that
admit independent static reduction. In the following, we present existence re-
sults for teams that do not admit independent static reduction.

Theorem 4.6 ([151, Theorem 2.9]). Consider a sequential team with a classical
information structure with the further property that o(wo) C o(y') (under every
policy, y* contains wy). Suppose further that Hfj:l U* is compact. If ¢ is lower
semi-continuous and each of the kernels p,, (defined in (8)) is weakly continuous
so that

/f(?/n)pn(danO’yla s 7yn71au17 e 7un71) (13)

is continuous in wo,yt, - ,y" "L ul, - u™L for every continuous and bounded

f, then there exists an optimal team policy which is deterministic.
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A further existence result along similar lines, for a class of static teams, is
presented next.

Theorem 4.7 ([148, Theorem 5.6]). Consider a static team with a classical
information structure (that is, with an expanding information structure so that
o(y™) C o(y™),n > 1). Suppose further that Hllgle(Y’“ x U*) is compact. If

é(y Y U, 7uN) = E[C(wo,u)\y,u}

s lower semi-continuous in u for every y, then there exists an optimal team
policy which is deterministic.

Proof. Different from Theorem 4.6, we eliminate the use of wg, and study the
properties of the set of strategic measures. Different from [151, Theorem 3.5],
we relax weak continuity. Once again, instead of the weak topology, we will use
the w-s topology [124].

Note that when Hszl UF is compact, the set of all probability measures on

H;ICV:1 Y* x U* forms a weakly compact set. Since the marginals on [],_, Y*

is fixed, [124, Theorem 3.10] (or [16, Theorem 2.5]) establishes that the set of
all probability measures with a fixed marginal on [],_, Y* is relatively com-
pact under the w-s topology. Therefore, it suffices to ensure the closedness of
the set of strategic measures, which leads to the sequential compactness of the
set under this topology. To facilitate such a compactness condition, we first
expand the information structure so that DM k has access to all the previ-
ous actions u',--- ,u*~! as well. Later on, we will see that this expansion is
redundant. With this expansion, any w-s converging sequence of strategic mea-
sures will continue satisfying (10) in the limit due to the fact that there is
no conditional independence property in the sequence since all the informa-
tion is available at DM k. That is, P,(du™[y",yjo,n—1]>U[o,n—1)) satisfies the
conditional independence property trivially as all the information is available.
On the other hand, for each element in the sequence of conditional proba-
bility measures, the conditional probability for the measurements writes as
P(dy™y0,n-1] Ujo,n—1]) = P(dy™|y"~'). We wish to show that this also holds
for the w-s limit measure. Now, we have that for every n, y™ < y" ! < hp_1
forms a Markov chain. By considering the convergence properties only on con-
tinuous functions and bounded f, as in (9), with P,, — P weakly, we have
that

[ Py P S5 )
-/ (P(dy"|y”—1>f<y”,hn_n)Pm(dhn_l)
—>/<P(dy"y"_1>f(y"7hn1)>P(dhn1)

= [ P P ) £ )
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Here, <P(dy"y"1)f(y",hn1)> is not continuous in y™ ', but it is in An,_o

and v~ ! by an application of the dominated convergence theorem, and since
Po(dy,...,dy" L dul, ... du"t) = P(dy',... . dy" 1, dut, ... du""Y),

in the w-s sense (setwise in the measurement variable coordinates), conver-
gence holds. Thus, (9) is also preserved. Hence, for any w-s converging se-
quence of strategic measures satisfying (9)-(10) so does the limit since the team
is static and with perfect-recall. By [124, Theorem 3.7], and the generaliza-
tion of Portmanteau theorem for the w-s topology, the lower semi-continuity
of [ p(dy,du)é(y,u) over the set of strategic measures leads to the existence
of an optimal strategic measure. As a result, the existence follows from similar
steps to that of Theorem 4.1. Now, we know that an optimal policy will be
deterministic (see Remark 4.2). Thus, a deterministic policy may not make use
of randomization, therefore DM k having access to {y*, y*~1,y¥=2 ...} is infor-
mationally equivalent to him having access to {y*, (y*~1,u*=1), (y* =2, u*~2)}
for an optimal policy. Thus, an optimal team policy exists. O

We can report that Theorem 4.5 (for static teams or dynamic teams with an
independent static reduction) and Theorems 4.6 and 4.7 (for sequential teams
that do not allow an independent static reduction) are the most general existence
results, to our knowledge, for sequential team problems considered in this paper.
These results complement each other and cover a very large class of decentralized
stochastic control problems.

We finally state the following result.

Theorem 4.8. [75] Lo(p) is compact whenever Ly(u) 4s.

Proof. Let {¢r} be an arbitrary sequence of information structures in Le(p)
defined with B € B (Qo x [[;_, (Y* x U¥))

o) = [ ( [ianoas).

Following the relationship between Loor(p) and Li(u), as well as Theorem 3.2,
we can view Lo (p) as the mixture of elements of Lr. The convergence prop-
erties of the sequence {¢y} can be studied by the convergence of the family of

measures: ou(B) = /Bfm(z) (/ Vk(d@)e(dz)> ,

for a fixed countable collection of weak-convergence determining functions f,, :
Q x ([T, X* x Y¥) = R [57, Theorem 3.4.5].
Now, using Fubini’s Theorem, we can rewrite the above as:

/ v (d6) / Fn(2)6(d2),

and can note that the inner integral is continuous and bounded in 6.
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Thus we can write this as:

/uk(dﬁ)Fm(G),

for the continuous and bounded F},, on L (u) given with F,,,(0) := [ f(2)0(dz).

Since Lp(p) is weakly compact, the set of probability measures on B(Lgr(u))
is weakly compact [27]; and accordingly there exists a subsequence of {vy},
{vk, }, which converges weakly to some v in P(Lg(u)). Since F,, is continuous
and bounded on Lg(u), it follows then that [ vk, (df)F,,(#) will converge to
[ v(d9)F,,(0). This applies for each m, and therefore, we conclude that {¢y}
has a convergent subsequence in La(p). Thus, Lo (i) is compact. O

In the following, we will discuss lower and upper bounds on the optimal costs,
numerical programs, and convex relaxations.

5. Convex relaxations

In this section, we introduce convex relaxations for static teams or dynamic
teams that admit independent static reduction through relaxing conditional
independence among actions. Therefore, in this section, the joint distribution
of wg,y is in product form u(dwy,dy) = P(dwo) HkN:1 Q*(dy"*). These relax-
ations can be classified in increasing order as quantum-correlated relaxation and
non-signaling relaxation. These classes are new to team decision theory and we
believe that these new classes provide novel perspectives and results to team
decision theory and decentralized stochastic control in the future.

We saw earlier in the article that individual or common (independent) ran-
domness does not improve optimal team cost, whereas we will see that quantum-
correlated and non-signaling relaxations in general improve the optimal cost.
Moreover, the optimization problem associated with the non-signaling case can
be written as a linear program.

A related hierarchy of policies was introduced in [12] to study games with local
information. In [12], the advantages of quantum-correlated and non-signaling
equilibria over classical ones were discussed and it was established that quantum-
correlated and non-signaling equilibria are socially more beneficial. However, our
aim is not to show benefits of quantum-correlated and non-signaling policies over
classical ones, instead our main motivation is to obtain an approximation to the
classical team problem by using these new classes of policies.

The non-signaling type relaxation for team problems was studied in [151]
with a different name, building on [4] where it was proved that the set of strate-
gic measures corresponding to the extreme points of non-signaling policies is
a strict superset of the set of strategic measures corresponding to measurable
policies. This set arises in applications in information theory in the context of
converse theorems in multi-terminal source coding (see e.g. Berger-Tung inner-
outer bounds [132]). In the quantum information theory literature [41], this cor-
relation structure has evidently also been studied extensively, as we will present
later in this section.
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5.1. Non-signaling relaxation

A joint conditional distribution of actions given observations is non-signaling
if, for any i € N, the marginal distribution of the action of DM i given its
observation does not give any information about the observations of other agents
[102, 21]. Non-signaling has been investigated in quantum mechanics due to its
close connection to the foundations of quantum mechanics and relativity [116].

Let Lys(u) denote the set of non-signaling strategic measures. Formally, non-
signaling strategic measures are defined as follows. An element P € Lyg(p) if
P(dwo,dy) = p(dwo,dy), and for any subset {k1,...,kn} of {1,..., N}, the
actions of the agents in {k1,...,kas} given their measurements are independent
of measurements of agents in {1,..., N} \ {k1,...,ka} and wp; that is, for any
{k1,...,km} C{L,..., N}, we have

P(du*, ... duf™ |wo,y) = P(du®,. .. duf™ [yFr) .. yken). (14)

We also define a more relaxed version of Lyg(u), denoted by Lps () (which
we will call local-Markov correlations), as follows: An element P € Ly ()
if P(dwo,dy) = p(dwo,dy), and for any k € {1,...,N}, the action u* of
agent k given the measurement y* is independent of measurements of agents
in {1,..., N} \ {k} and wp; that is, we have

P(du*|wo,y) = P(du"[y*). (15)

At first sight, it is tempting to claim that Lo (p) is the same as the set of
non-signaling strategic measures Lyg(u) or Las(p). Indeed, in [4] this question
was raised: a counterexample to the claim that Lo (p) is equivalent to the set
Lys(p) was given to establish that the set of extreme points of non-signaling
policies is not L4 (p), which would imply that non-signaling policies are more
general than randomized ones as L4(u) is the set of extreme points of Lo (p)
(see Theorem 3.1). In the quantum information literature, this result was known
long ago, as we will review later.

It turns out that the non-signaling condition (14) can be derived from fewer
linear constraints, which will be described below. These constraints indeed en-
able us to write the optimization problem associated with non-signaling policies
as a linear program.

Lemma 5.1 ([102, Section II-A]). An element P with P(dwg,dy) = u(dwg, dy)
s a non-signaling strategic measure if and only if it satisfies the following con-
dition:

(N) For each k € {1,..., N}, the marginal distribution of actions excluding

u¥ is independent of the observation y* and wy:

P(du™"|wo,y) = P(du"|y~"). (16)

Proof. Note that each constraint (16) is linear in P. The equivalence of (14)
and (N) can be established as follows. First, it is immediate that (14) implies
(N). Conversely, let P satisfies (N). Fix any subset {k1,...,kap} of {1,...,N}.
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Let {l1,...,lr} ={1,...,N}\{k1,..., ka}. Then, using the condition (N), we
can prove that

P(du®, ... duf™ |wo,y) = P(du®,. .. du*™ | &g, 90, .. 917, gk, Ly,
for all wo, y'*,...,y'" and &g, §", ..., 4'7, which implies that
P(du®', ... duf™ |wo,y) = P(duf, ... duf™ |yFr, o R,

Indeed, we have
P(dukly"'7dukM |w07Y) :/ P(duill ‘UJOaY)
Ulz x...xUT
= [ Pt e gy ) Gy (N)
Ul2 x...xU'T
= P(du™, ... du"™ | &g, 91,y ™)

- / Pldu | &, 3, y~)
Ul xU3 x

..xUlT

P(da=" @0, 5", 9", y~7") (by (N))

Ul xUls x...xUlT

= P(du®, ... du™ | &g, 9", 92,y 1 71)

= P(du®, ... du™ | &g, 9, ..., 0 gk R,
This completes the proof. O

The following result establishes convexity and topological properties of the
sets Lys(p) and Las ().

Theorem 5.1. (i) Ly(p) is a convex set and it is closed under the weak
convergence topology.
(i) Lns(p) is a convex set and it is closed under the weak convergence topol-

0gy.
Proof. Convexity of both sets follow since both Lps(u) and Lyg(u) are inter-
sections of convex sets.
Let P, € Ly () converge to P weakly. Then, for any continuous and bounded
g:
/Pn(dyi7dy_i,dwo, N9y’ y " wo,u') = / (dy', dy ™", dwo,u')g(y',y " wo, u')

Since P, € Ly (), we have that
/Pn(dyzady dw07 ) (y y wOa )

// dy dw0|y) (dy du) (yivyiiaw()vui)‘
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But since the information structure is static, we write
/ Pn(dyiv dy7i7 dwo, ui)g(yi7 yiia Wo, ui)
= [ [ty denly) Pl gl v o

Now
h(y',u') == (/u(dy‘i,dwolyi)g(yﬂy"',wo,u"))

is continuous in u* as g is continuous by dominated convergence theorem. Since
the marginal on y* is fixed, as noted earlier, [124, Theorem 3.10] (or [16, Theo-
rem 2.5]) establishes that the set of all tight probability measures with a fixed
marginal on [], Y* is relatively compact under the w-s topology. This implies
that P, converges to P in w-s topology as the sequence {P,} is tight. Hence,

/ Po(dy', dy", duo, u)g(y', y s wou ') — / Wy, u)P(dy, dus)

=//u(dy"}dwoly")P(dyi,dui)g(yi,y"}wo,ui)

and hence P € L (p) also.

By viewing each subset {ki,...,kn} of {1,..., N} as a single decision maker
with a collective action u,, := {u**,... v} and y,, := {y**, ... ,y"}, apply-
ing the same analysis above shows that each set is closed, and since intersection
of closed sets is closed, the closedness of Lyg (i) follows. As noted above using
the condition (IN), without any loss, we can only consider the sets of cardinality
N —1. U

Since the constraints P(du~f|y’,y =% wo) = P(du~fly~%),i € N, in Lys(u)
for P are linear, the optimization problem associated with non-signaling strate-
gic measures can be written as a linear program over appropriate vector spaces.
One such formulation will be given in Section 5.4.

5.2. Quantum-correlated relaxation

To introduce quantum-correlated strategic measures, we briefly introduce the
mathematical formalism necessary to discuss quantum operations. We refer the
reader to books [111, 135, 76] for basics of quantum information and compu-
tation. In this section, we suppose that all Hilbert spaces are complex and
separable.

Quantum physical systems are described by complex Hilbert spaces. For a
Hilbert space H with an inner product (-, ), let £(H) and D(H) denote the set
of Hermitian and positive Hermitian operators with unit trace. A state p of a
quantum system, living in H, is an element of D(H); that is, it is a positive
Hermitian operator with unit trace. A quantum state p is said to be pure if it
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has rank equal to 1. Equivalently, p is pure state if there exists a unit vector
u € H such that
p=uu”,

where u* is the complex conjugate of the vector u. By the spectral decompo-
sition, every quantum state can be written as a mixture of pure states. Hence,
the extreme points of D(H) coincides with the set of pure states.

A measurement on a quantum system is given by Positive Operator Valued
Measure (POVM) [76]; that is, given any measurable outcome space (X, X), a
POVM is a mapping M : X — L(H) from the o-algebra X of X to the Hermitian
operators £(H) on H such that

(1) M(0) =0, M(X) = Id;

(2) M(B)>0VB € X;

(3) M(U, Bj) = >_,; M(B;) for any disjoint collection {B;}, where the series
is weakly convergent.

Here, weak convergence means the following:

lim <w,ZM(Bj)w> = <w,ZM<Bj>w>,
j=1 j=1
for all ¥ € H.

If the measurable outcome space (X, X) is finite in POVM M : X — L(H),
it is sufficient to define POVM M : X — L(H) on X and extend the definition
to X as follows: for any A € X, define M(A) = > ., M(x). For instance, if
X = {0,1}, then we will only need to define M(0) and M(1). In the finite case,
M : X — L(H) should satisfy the following conditions: M(z) > 0 Vz € X and
Yo, M(x) =1d.

When one applies the measurement M : X — L(H) to the quantum system
in the state p, the probability of obtaining the event B € X is given by

P(B|p) = Tt{M(B) p}.

Note that since Tr{p} = 1 and M(B) > 0 for all B € X, we have P(B|p) > 0
for all B € X and P(X|p) = 1. Moreover, for any disjoint collection {B;} of
events, by (3) we have

P(B|p)=Y_P(Bjlp),
J
where B := |J; B;. Hence, P(-|p) is indeed a probability measure on X. We note
that if p is a pure state given by a unit vector u, then
P(B|p) = (u, M(A) ).

In quantum physics, a compound of N quantum systems with the underlying
Hilbert spaces {H;,i = 1,..., N} is represented by the tensor product H; ®
Ho ® ... ® Hy of the individual Hilbert spaces. Therefore, any state p (called
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the compound state) of this compound quantum system is an element of D(H; ®
Hs...® Hy). If the state p is in product form

pP=p&...0 PN,

then it is called product state. In this case, the individual quantum systems are
said to be independent. If p is a mixture of product states, it is called separable.
If the state is not separable, then it is called entangled.

Quantum-correlated strategic measures. With these definitions, we can
now define quantum-correlated strategic measures. An element P is a quantum-
correlated strategic measure if agents have access to a part of a quantum com-
pound state p € D(H1®@Hz ... ®Hy), where {H;,i =1,..., N} is a collection of
arbitrary Hilbert spaces, and, for each ¢ = 1,..., N, DM ¢ makes measurements
M . U* — L(H;) on i" part of the state p depending on its observations
y' to generate its action u’ as the output of the measurement (recall that I/°
is the Borel o-algebra on the action space U’ of DM 4); that is, the conditional
distribution P(dulwy,y) is of the following form:

P(du|wo,y) = Tr { (Ml’yl () ®...0 MN" (duN)) p} .

Let the state p be separable; that is,

p=/V(dZ)pT®-~-®p?v-

Suppose that on each individual quantum system, we are performing the follow-
ing measurement MY : U" — L(H;). Then, the corresponding joint probability
of obtaining the event du' x ... x du’¥ given observations (y!,...,y") and state
wp is the following:

P(du',... du"|wo,y) = /u(dz) Tr{Ml’yl(dul)pf} . ’IY{MN’yN (du™)pi}
= /Z/(dz) P(dut|yt,2) ... P(du|yN, 2),

where P(du'ly’, z) = Tr{M"¥ (du')p?}. This follows from Tr(A ® B) = Tr(A)
Tr(B) and that (A® B)(C® D) = (AC)® (BD). Therefore, P € Le(v). Hence,
separable states can only generate correlations that can be classically generated;
that is, if individual quantum systems share a common randomness v(dz), then
they can also realize P(du’, ..., du"|wp,y) independently using classical devices
given the common randomness. Hence, to generate correlations that cannot be
realized classically, one must use entangled states.

Let Lg(p) denote the set of quantum-correlated strategic measures. In the
next section, we will show that Le(p) is a strict subset of Lg(p). In view of the
discussion in the previous paragraph, the strategic measure P € Lo(u) \ Lo ()
if the shared state p is entangled.
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As an example, consider the two-agent team problem with Y! = Y2 = U! =
U? = {0,1}. Suppose that € is degenerate. Let H; = Ho = C2. Consider the
following states on C? x C2:

1 1
n= §E1,1 ®FEi1+ §E2,2 ® a0
1 1 1 1
T = §E1,1 ®E11+ §E1,2 ®@ FEi2+ §E2,1 ® F21 + §E2,2 ® Ea 2,

where E, ;, is a matrix on C? such that E, (i, j) = 146, )=(a,b)}» for a, b € {1,2}.
Note that E1 1, E2 2 € D(C?). Hence, 7 is a mixture of product states, and so, it
is separable. However, note that E1 2, Fo1 ¢ D((CQ). Therefore, 7 is an entangled
state (indeed it is maximally entangled state). For any angle 8, let us define

_ cos?(0) cos(f)sin(f)\ cos(8) sin cos(0)
Mo = <cos(9)sin(9) sin?() ) = (cos(#) sin(9)) (sin(@)) ’

Using ITy, we now define two collection of measurements {M¥" : Ul — £(C2);
yt e Y}, {M2Y" 1 U2 — L£(C2);y2 € Y2} for DM 1 and DM 2, respectively, as
follows:

M"Y0(0) = o, MM0(1) = I, jo; MBH(0) = I pq, MY(1) = I3, 4
and
MZ,O(O) = H‘IT/Sa M2,0(1) = H57r/8; M2’1(0) = H77r/87 M2’1(1) = H37r/8'

Namely, if the observation of DM 1 is y', then DM 1 applies the measurement
MWyl Ml’yl(ul) to the quantum state. Similarly, if the observation of
DM 2 is 32, then DM 2 applies the measurement M2V ;2 M2V (u?) to
the quantum state.

Now, if we apply these measurements to the quantum states n and 7, we
obtain two quantum-correlated strategic measures P, and P;, respectively. The
conditional distributions of these quantum-correlated strategic measures on ac-
tions given observations can be computed as follows:

Pn(ul,u2|y1,y2)
_ 1
)
x Te{ MY’ (UQ)EQ,Q})

(Te(d @) By T M2 () By} Te{ MY (0 Ep 5}

PT(ul,u2|y17y2)
_ 1
T2
x Te{ MY’ (UQ)ELQ})

(T (@) By} T2 (42) By} + Te{ M () By o)

1 1 1
5 (T @) Ba} T{ MY (u) By} + Tr{MYY (u!) By}
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2
x Te{ M2V (u2)E2’2}).

Since E 1, B2 2 € D(C?), the conditional distribution P, (u!, u?|y', y?) is a mix-
ture of the following independent conditional probability measures

Py (ulyt) Py (u]y?) = Te{M"Y (u") By} Te{M?Y (u?)Ey 1}
and
Py (ul[y") Pay (u?[y?) i= Te{ M (u)) By o} To{ M*¥" (u?) By o}

Hence P, can be classically realized via common randomness; that is, P, €
L (). However, this is not true for P since Ej o, Fa 1 ¢ D(C?), and so,

TI'{MLyl (ul)E1,2} Tr{MQ’yQ (UZ)EI,Q}

and
Te{M"“¥ (u)) By} Tr{M>¥" (u?)Ey 1}

are not probability measures. Therefore, P, cannot be realized classically; that
is, P. € LQ(/J) \LC(M)-

Here, one can view the following collection as the joint strategy of the decision
makers:

{Hi GeEN), pEDH1®@Ha ... @ Hy), {M"Y U = LOH;);y' € Y} (i € N)}.

Namely, at the beginning of the problem, decision makers agree on the Hilbert
spaces H; (i € N) and share a compound state p € D(H1®Hs ... QHy) (i-e., en-
tangled state) to be used in the measurements. Then, they choose decentralized
measurements {M>Y" : U — L(H;);y" € Y'} (i € N) without communicating
with each other.

Given the Hilbert spaces and the compound state, it is possible to view de-
centralized measurements as the decentralized strategies of the decision makers.
However, when designing optimal quantum-correlated strategic measures, deci-
sion makers must also find the optimal Hilbert spaces and the corresponding
optimal compound state. Note that the maximally entangled state is in general
not the optimal choice [42]. Therefore, the optimization variable in the deci-
sion problem corresponding to the quantum-correlated strategic measures is in
general quite large even if the measurement and the action spaces are finite.
However, note that [48, 84] (see also Example 5.1) give evidence that quantum-
correlated teams with finite measurement and action spaces can be computation-
ally tractable as opposed to their classical randomized counterparts even though
the optimization space is quite large compared to the classical case. Namely, in
these papers, optimization problems associated with quantum-correlated strate-
gic measures can be written as (or can be approximated by) semi-definite pro-
grams whose sizes scale with the cardinality of the measurement and action
spaces. As a result, they can be solved exactly or approximately in polynomial
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time. In particular, [48] computes the optimal value of XOR team and [84]
approximates the optimal value of the unique teams via semi-definite programs.

However, there are other instances of finite team problems [83, 131, 107,
81], where exact or approximate computation of the optimal cost of quantum-
correlated teams is NP-hard, and therefore, cannot be cast as a semi-definite
program. One of the reasons for such negative complexity results might be the
fact that the optimal value of quantum-correlated teams can be attained via
quantum systems living in infinite-dimensional Hilbert spaces (see, e.g., [58]).
Therefore, in order to obtain a computationally tractable problem, we may need
to put a constraint on the dimensions of the Hilbert spaces where quantum
systems live in.

To that end, let Lgq) (1) C Lg(u) denote the set of quantum-correlated
strategic measures where each agent has access to a part of quantum compound
state p € D(H1 @ Ha ... ® Hy) with dim(H;) < d for all i € N.

In the following, we state convexity and topological properties of the sets
La(p) and Lo (1)-

Theorem 5.2. (i) Lo(p) is a convex set but it is not closed under the weak
convergence topology.
(1) Lga) (i) is not convex if Lo (i) ¢ Loy (). In particular, Lg1y(p) is not
convex and Lg2) (1) is not convex for certain models.
(iii) For each d, Lo (1) is closed under the weak convergence topology if the
observation spaces are finite and action spaces are compact.

(iv) Lq(p) is a strict super-set of | Jg Loay(1)-

Proof. Proof of (i): The convexity of Lg(p) can be proved easily and so we omit
the details. Non-closedness of Lg (1) has been a longstanding open problem and
is proved recently in [128] who showed that the weak closure of the set is strictly
larger than the set itself by explicit construction.

Proof of (ii): By [53, Corollary 2], Lg(q) () is not convex if Lo (i) & Loa) (1)
In particular, Loy (x) is not convex by [53, Proposition 1] and Lg s () is not
convex for certain models by [53, Proposition 2].

Proof of (iii): Since both the set of states and the set of POVMs of fixed (local)
dimension are compact in finite measurement space and compact action space
case and the trace is a continuous map, Lqq)(x) is closed (see [67, Appendix
B] where the finite action case is considered but the same argument applies for
the compact case also).

Proof of (iv): The fact that Lg(u) is a strict super-set of (J,; Lo (u) is
proved in [49]; that is, the authors show that there exists a joint strategy which
is not attainable by quantum systems of any arbitrary finite dimension, but is
attained exclusively by infinite-dimensional quantum systems O

The following result is a corollary of Theorem 5.2-(iii).

Corollary 5.1. Consider a static team decision problem with finite measure-
ment spaces (and hence independent measurements reduction) and compact ac-
tion spaces. Then, the following team problem infpeLQ(d) (w) J(P) has an optimal
team policy.
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To show the effectiveness (both computationally and optimally) of quantum-
correlated strategic measures over classical randomized ones, we consider the
XOR team problem and a variation below.

Example 5.1. In the XOR team, we have two agents with binary action spaces
{0,1}; that is, U' = U? = {0,1}. Measurements are generated independently
and uniformly over some finite sets Y' and Y? wvia probability measure u(y*,y?).
Hence, there is no wgy variable in the problem, and so the problem is automati-
cally static. The reward" function is defined as

r(yty? ut u?) = Lo ifut et =h{y'y")
—1, otherwise,

where h @ Y! x Y? — {0,1} is some arbitrary binary-valued function. This
team problem with quantum-correlated policies can be written as a semi-definite
program due to Tsirelson’s Theorem [185, Theorem 6.62].

Indeed, let us define

1 2
gyt g%) = ulyt,y?) ()@ v,

Given any p € D(H1 ® Hz) for some finite-dimensional Hilbert spaces Hi, Ha
(finite dimensional Hilbert spaces are sufficient for this problem) and given any
two collection of POVMs {M¥" y' € Y1}, {M>¥* > € Y2}, the corresponding
strategic measure P is P(y*,y?) = p(y*,y?) and

Pt u?ly' ) = T { (MM (') @ M2V (u2) ) p
and its expected reward function can be written as

J(P) =" glyt,y?) Te{(MMY'(0) — MY (1)) @ (M>¥"(0) — M>¥"(1))p}.

yly?

Note that an operator H is Hermitian with operator norm ||H|| < 1 if and only
if it can be written as H = M(0) — M (1), where M(i) (i = 0,1) are positive
semi-definite operators with M (0)+ M (1) = Id. Therefore, for any pair (y*, y?),
HY = MW (0)— M (1) and HY" = M2¥" (0)— M%¥" (1) are Hermitian with
operator norms less than 1. Conversely, for any pair (y',y?), any Hermitian

operators HY' , HY with operator norms less than 1 can be decomposed as above.
Let X be a |Y!| x |Y2| real matriz. Tsirelson’s Theorem states that the fol-
lowing assertions are equivalent:

1. There exist Hilbert spaces Hy1 and Ha, a state p € D(Hy @ Ha), and two
collections of Hermitian operators

{Hyl,y1 €Y'} and {lT{yQ,;y2 € Y%}

1All results in this paper are also true for maximization of a reward function.
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whose operator norms are less than 1, and
X(y'y?) = T&f{(Hy1 ® Hyz) p} :

for all y* € Y', y? € Y2. o
2. There exists two collections {u,1,y* € Y'}, {v,2,y% € Y2} C RIV XV of
unit vectors such that
X(y'y?) = ugrvy2

for all y* € Y', 42 € Y2.

Therefore, Tsirelson’s Theorem and the above fact about Hermitian operators
imply that

1,2y, T
sup J(P) = sup . E 9 Y7) wyavye,
1
PeLg(n) 1,2 cRIVIXIY |y1,y2
ylev! y2ev?

subject to
ugluy1 =1 and vz,;vyz =1, for y* € Y',y? € Y2

This optimization problem is indeed a semi-definite program. Therefore, the op-
timal value of the XOR team with quantum-correlated policies can be computed
in polynomial time as opposed to its classical counterpart.

Example 5.2. A special case for XOR team is the celebrated CHSH (Clauser-
Horne-Shimony-Holt) team [185]. In CHSH team, we have binary observation
and action spaces {0,1} and the reward function is defined as

1, if ut ®u? =yt y?

—1, otherwise.

r(y' y?ut u?) = {
For this problem, the optimal value of randomized policies is 0.5 [185, Section
6.3.2], which can be verified by an inspection of 16 measurable strategic mea-
suresas they are sufficient for optimality. However, quantum-correlated policies
can achieve the mazimum reward of 2v/2/4, that is obtained by solving the cor-
responding semi-definite program. Therefore, for CHSH team, we have

sup J(P) > J.,
PeLg(n)

that is, quantum-correlated policies improve the optimal value J* of the original
team as opposed to randomized policies.

Indeed, Let Hy = Ha = C? and let p € D(H1@H2) be the mazimally entangled
state

1
pP= 5 Z Ea,b & Ea,b-
a,be{1,2}
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Recall the two collection of POVMs {M'' yb € Y1}, {M2¥" 2 € Y2}:
MM0(0) = o, MMO(1) = I jp; MH(0) = Theyg, MUH(1) = Ty
and
M*°(0) = I g, M*°(1) = s, 87 M>"(0) =y, M>' (1) = 3,8,
where
o — cos?(0) cos () sin(0)
9= \ cos(0) sin(h) sin?(0) ’

Then, the corresponding quantum-correlated strategic measure P has the follow-
ing conditional distribution P(u',u?|y*,y?):

P(.’.|0,0)(2+f 2—8\F 242 22

10,1) = (2 \f2+\f 2—f 2+f§
Pl 1,0) = (2+f 2—\f 2—\f 2+\/—>
L) = (2 \f2+\f 2+\F 2 — 2)

(17)

Now, it is straightforward to compute that J(P) = 2v/2/4. Hence, P is the
optimal quantum-correlated strategic measure.

5.3. Relations between convex relaxations

Up to this point we have introduced a number of convex strategic measures,
we now present a comparison. First, we note that the joint strategies in the set
Le(p) indeed correspond to the local hidden variable correlations in quantum
mechanics. In [56], Einstein, Podolsky, and Rosen have made the point that due
to the probabilistic nature of quantum mechanics, the theory cannot be com-
plete and should be supplemented by a local hidden variable to describe the
probabilistic nature, where the local hidden variable describes the uncertainties
in the experimental setup. In other words, they claimed that Lo (p) = Lo(p).
However, John Bell, in his influential paper [25], constructed a quantum mechan-
ical system whose statistical behavior cannot be explained via the local hidden
variable theory; that is, Lg () is a strict super-set of Le (). This result implies
that quantum mechanical systems are intrinsically probabilistic and cannot be
explained by the lack of precision in experimental measurements. Experimental
verification of Bell’s prediction has been established by Alain Aspect in [10].
Additionally, in [116], Popescu and Rohrlich also discussed that correlations
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(strategic measures in our setting) achieved by quantum mechanical systems
can be as large as Lyg(u) which itself is larger than Lg(p). However, no exper-
imental verification has been provided for this claim as yet, to our knowledge.

We also note that the lower bounds on the optimal team costs achieved
by classical strategies Lo (u) is known to be Bell inequalities in the quantum
information theory literature. Bell inequality violations correspond to quantum-
correlated strategies that improve the classical optimal team cost [48]. Identify-
ing Bell inequality violations is an active are of research in quantum information
theory. One such violation is established in Example 5.2 for CHSH team. Since
the considered sets are convex, by the Hahn-Banach Separation Theorem [99],
identifying Bell inequality violations is equivalent to finding a separating func-
tion in an inner-product form. Accordingly identifying Bell inequality violations
would be implied by finding a cost function for which the optimal quantum-
correlated team cost is strictly smaller than the optimal classical team cost;
that is;

PeanCf(#)/P(ds) c(s) < PeanCf(#)/P(ds) c(s).
Since both Lg (1) and Lo (1) are convex sets, the above inequality states that the
hyperplane {P : [ P(ds) c(s) = J*} separates the convex sets Lo (p) and L (p).
It is in general very hard to find all Bell inequality violations (i.e., separating
hyperplanes) for a certain setup.

Before we establish the relation between convex relaxations, we introduce a
further information structure, denoted by Lcy, which allows for the common
random variable z to be correlated with wq,y; in this case, the information
structure is essentially centralized, since the dependence between z and the
exogenous variables are arbitrary:

Log(p) = {P € P(QO X ﬁ(w X Uk)> :

k=1

P(B) :/ w(dz, dwg, dy) 1k mnk (k) eBE Y,
[0,1]N><BU><H:]:1A19 1;[ { vk (yk,z)eBF}

i (-, z) € T*, B € B(Qp x H(Yk X Uk))},
k

where the marginal of wq,y is fixed as p.

Theorem 5.3. We have the following relation between convex relazations.

(i) Le(n) C Lo(p) € Lns(p) € Ly(p) C Les(p)-
(ii) The sets Lo(w), Lo(w), Lns(w), Ly (p), Lo (p) are conve.
(iii) The inclusions among the convex sets above are strict.

(iv) There exist problems for which

inf / P(ds)e(s) < inf / P(ds) cls)

PeLqg(n) PeLo(p)
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inf P(d < inf / P(d
Pei?vs(m/ (ds) els) PeLo() (ds) ele)

and in particular

inf /P(ds) inf /P ds)c
PeLns(p) PELC(H)

One implication of the above is that, the convex programs:

inf /P(ds) c(s) and  inf /P(ds) c(s)

PeLg(u) PeLns(p)

orinfper,, ) J P(ds) c(s) provide lower bounds to the original problem. In par-
ticular, since the optimization problem associated with non-signaling strategic
measures can be written as a linear program, it can be solved in a polynomial
time if the measurement and action spaces are finite.

Proof. Proof of (ii): We have already proved the convexity of Lc(p), Lo(p),

Lns(p), and L (p).
Proof of (i): Let P € Lr(u); that is,

P(du|wo,y) HH’ (du’|y®).

Let H be a Hilbert space with dimension 1. Let e,, € H with unit norm. We
define
p=eyey®...Qeye,
MY (4) = I (Aly') ewe,
for all y* € Y¢, A € B(U%), and i = 1,..., N. Then, we have
P(dulwy,y) = Tr{ (Myl(dul) ®...0 MY" (duN)> p}.

This implies that Lr(u) C Lo(p). Since the convex hull of Lg(u) is Le(p) and
Lg(p) is convex, we have Lo () C Lo(p).

Let P € Lg(p); that is, agents have access to a part of a compound quantum
state p € D(H1 @ Ha ® ... @ Hy), where {H;,i = 1,..., N} is a collection of
arbitrary Hilbert spaces, and, for each ¢ = 1,..., N, DM ¢ makes measurements
MY :U* — L(H;) on the i*" part of the state p depending on its observations
y* to generate its action as the output of the following measurement:

P(dulwy,y) = Tr{ (Myl(dul) ®...0 MY (duN)) p}.

We prove that P satisfies the non-signaling condition. Fix any k € {1,..., N}.
Then, we have

/k P(du|wo,yt,....9", ...,y
U,
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_ /U (MY (@) .o MY (@) @ MY (@) p)
= Tr{ ( g MY (duh)®...0 MY (duf) @ ... .0 MY (duN)>p}
- Tr{ (Myl (M) ®..0lde...0 MY (duN)) p}

_ / T{ (MY (du') @0 M (duF) @ ... MY (du)) p}
o

= P(du|wo,yt, ..., 5%, ...,y")
[Uk
for all y', ... y*= 1 y*, g% v*T1 ... y"N and wy. Therefore, P is in Lyg(i).

Proof of (iii) and (iv): We prove (iii) and (iv) by providing an example.
This example is CHSH team. Recall that in CHSH team, we have two agents
with binary measurement and action spaces {0,1}. Observations are generated
independently and uniformly. Hence, there is no state variable in the problem,
and so the problem is automatically static. The reward function is defined as

1.2 1 2 L iful@u?=y' -y
Yy e {O, otherwise.
For this problem, randomized strategic measures Lo (p) can achieve 0.5 [48].
Quantum-correlated strategic measures can achieve the maximum reward of
21/2/4 [135, Section 6.3.2] (see also Example 5.2). However, non-signaling poli-
cies can achieve the maximum reward of 1 using the following policy, which is
called Popescu-Rohrlich (PR) box in the literature [116]:

Pt 2yt %) = {1/2, if u! @'UQ =yl .y?

0, otherwise
It is easy to show that P is non-signaling; that is, u* is independent of 47 given y?,
for i,5 = 0,1 and ¢ # j. The reward of P is 1, which is the maximum achievable
reward by any policy as 0 < r < 1. Hence, P is the optimal non-signaling policy.
Therefore, for CHSH team, we have

sup / P(ds)r(s) > sup / P(ds)r(s) > sup / P(ds)r(s)

PeLns(p) PeLg(p) PELc(p)

that is, non-signaling policies improve the optimal team cost of
quantum-correlated policies and quantum correlated policies improve the op-
timal team cost of randomized policies. O

Remark 5.1 (On comparing quantum and non-signaling policies). Note that
to implement the optimal non-signaling policy in the CHSH team, agents should
communicate their observations to a mediator, and then, mediator directs them
to apply either the same actions or different actions based on the product of
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their observations. This kind of communication is, in general, infeasible for
team decision problems. Therefore, although allowing non-signaling correlations
among actions of agents enables us to formulate the team problem as a linear
program (solvable in a polynomial time for finite case), it is in general not
realistic to assume that agents can apply such policies in real-life applications due
to communication constraints dictated by decentralized information structure.
Therefore, non-signaling relazation can only be used to provide a lower bound
to the original team problem.

However, quantum correlated relaxation is indeed an admissible extension or
relaxation of classical team problem since it does not require any communica-
tion between agents and a mediator (assuming that we live in the quantum world
equipped with appropriate instrumentation!). Hence, the solution or approxima-
tion (as explained in the previous section) of quantum correlated team problems
will be a significant contribution to team decision theory.

Remark 5.2 (Information theoretic relaxations). At the heart of information
theory’s success is the arrival at single-letter characterizations of optimal infor-
mation transmission problems which are, in operational formulations, strictly
non-conver optimization problems. As detailed out in [149, Section 5.4] in the
context of optimal quantization problems, information theory convezifies these
problem by first relazing the constraints (such as conditional independence) with
mutual information constraints and randomized codes and then showing the
attainability of such bounds as the dimension of the problem reaches infinity.
Building on this insight, various efforts have been presented for team theoretic
problems. Notably, [89] studied strategic measures in the context of product mea-
sures involving an encoder and a decoder, and a class of team problems, and
have considered convexification of the strategic measures by characterizing in-
formation channels with information theoretic inequalities. Here, the idea is to
abstractly view a channel by its mutual information properties, and thus avoiding
the product-structure which ultimately makes Lr(p) non-conver.

5.4. Linear programming formulation and its dual

Since the non-signaling constraints are linear in P, the optimization problem
associated with non-signaling strategic measures can be written as a linear pro-
gram over an appropriate vector space. The dual of this linear program and its
approximation will provide a lower bound to the original problem. This lower
bound, serving as a benchmark, can be quite useful in evaluating how a sub-
optimal policy performs in the team problem.

One such linear programming formulation can be done as follows. For any
metric space E, let M(E) denote the set of finite signed measures on E and C'(E)
denotes the vector space of some real measurable functions on E. Depending
on the topological properties of the cost function ¢, one should choose C(E)
appropriately. For instance, if ¢ is continuous, then C'(E) must be chosen as the
set of all continuous functions.
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Consider the vector spaces

(QOXH xUk> <QO><H ><Uk>

For each i € N, we also define

N N
QOXHYkXHUk , C QOXHYkXHUk

k=1 ki k=1 ki

To ease the notation, we will denote these sets as M, C, M;, C; for i € N.
Let us define bilinear forms on (M, C') and on (Hivzl M; x R, Hf\il C; x R) by
letting

(p,v)1 = /v(wo,y,u) p(dwy, dy, du), (18)
N N
<<Hpi,a> , (Hw,b)> Z/vl wo, ¥, u” ) pi(dwo, dy, du™") + ab.
i=1 i=1
(19)

The bilinear forms in (18) and (19) constitute duality between spaces [22, Chap-
ter IV.3]. Hence, the topologies on these spaces should be understood as the weak
topology of the duality induced by these bilinear forms. One should not confuse
these topologies with the topologies induced by dual vector spaces.

We define the linear map L : M—)H 1 MixRby L(p)= (Hz 1 Li(p), T(p )),

where

L; : p(dwy, dy, du) — p(dwo, dy,du") — p(dy ", du™") u(dwo, dy"), i € N
T : p(dwo, dy, du) — (p,1);.

Using L, the optimal team cost with non-signaling strategic measures can be
written as a linear program as follows:

(NS) minimizepe i, (p, )1
subject to L(p) = (0,...,0,1). (20)

With this linear programming formulation, the optimal team cost with non-
signaling strategic measures can be found in polynomial time if the measurement
and action spaces are finite sets. This is not possible for teams with random-
ized policies [112] and also class of teams with quantum-correlated relaxations
[83, 131, 107, 81]. Note that if the measurement and action spaces are con-
tinuous, the linear program (NS) is infinite dimensional, and so, should be
approximated. But, this approximation may not provide a lower bound to the
original team problem. To achieve this, we should first formulate the dual of
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(NS) and approximate the resulting infinite dimensional dual linear program to
obtain a lower bound to the original team problem.
Note that the dual of L is given by L* : Hf\;1 C; x R — C, where

N
L* (Ulv -+ UN, b) = Z (Ui(w()a Yy uii) - / u(dw()a dyz) U’L’(WOa ) ul)) + b.
p— Qo xY?

Then the dual program of (NS) can then be written as [22, Chapter IV.6)

07"'7071)3(U17"'7U27b)>2 =b

(NS*) maXimize(vl,..‘,vN,b)eHil C; xR <(

subject to L*(v1,...,vn,b) < c. (21)

Note that this dual linear program (INS*) is in infinite dimensional spaces
that are often computationally intractable. By weak duality, the maximum value
of (NS*) is a lower bound to the original team decision problem. Therefore, its
approximation is also a lower bound to the original team problem as we are
maximizing the objective function as opposed to the linear program (NS). To
approximate the infinite dimensional linear program (NS*), we can use the
techniques developed in [106] in which approximations to infinite dimensional
linear programming problems were introduced. Indeed, in this work, authors
applied the findings of the paper to approximate the Markov decision processes
(MDPs) using the linear programming formulation of the MDPs. Similar to
the (NS™), this linear programming problem is defined on a function space. In
[106], the authors first approximate the infinite dimensional function space with
a finite dimensional subspace spanned by finitely many independent functions.
For instance, one can use finitely many Fourier basis functions to generate this
finite dimensional subspace. With this reduction, the problem becomes semi-
infinite since the functions should still satisfy the inequality constraint (i.e.,
L*(vy,...,on,b) < ¢ in (NS*)) for uncountably many variables (i.e., for all
(wo,y,u) € Qo x Hg:l(Yk x U*) in (NS*)). The next step is the randomization
step; that is, simulate i.i.d. samples using some distribution and let functions
satisfy the inequality contraint only for these sampled points. As a result, we
obtain a (random) finite dimensional approximation to the original linear pro-
gram with some probabilistic convergence guarantee. In our setup, by solving
this finite dimensional approximation, we can then obtain a lower bound to the
original team problem.

In the following, we will apply a similar reasoning, but to the primal problem
to arrive at (as tight as desired) upper bounds, instead.

6. Finite approximations of information structures via quantization

In this section, we consider the finite approximation of static team problems.
Since results of this section can also be applied to static reduction of dynamic
teams, we suppose that the cost function ¢ also depends on the measurements y
(which is not the case in the original problem formulation). Recall that, in the
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independent static reduction of a dynamic team, the reduced cost function cg is
a function of wy, u, and y. To obtain finite approximation result, the following
assumptions are imposed on the components of the model.

Assumption 6.1. (a) The cost function c is continuous in (u,y) for any
ﬁ:zed wo. In addition, it is bounded on any compact subset of g XHIJCV:l(Yk X
U”).

(b) For each k, U* is a closed and convex subset of a completely metrizable
locally convex vector space.

(c) For each k, Y* is locally compact.

(d) For any subset G ofl_[kN:1 U*, the function wg(wo,y) = supyeg c(wo,y, u)
is integrable with respect to p(dwo, dy), for any compact subset G of Hivzl
U* of the form G = Hlivzl G*.

(¢) For any v € T with J(y) < oo and each k, there exists u** € U* such
that J(y=F, 4k, ) < 0o, where 7F, . = uh.

Note that Assumption 6.1-(d),(e) hold if the cost function is bounded. Indeed,
conditions in Assumption 6.1 are quite mild and hold for the counterexample of
Witsenhausen [137].

In what follows, for any subset G of HkN:1 U*, we let

I‘G::{lel‘:1<ﬁY’“> CG}

k=1

and I'c ¢ '=T'; NI, where I'. denotes the set of continuous strategies. Using

these definitions, let us define the following set of strategic measures for any
N k
subset G of [],_; U*:

LG (w)

N
=qPeLa(p): P(B):/ w(dwo, dy) | | Liwkenkyryenrys 7 € I‘G}.
{ Box][Y, A% kl;[l {ur=y*(y*)eBr} T

Let Li’c(,u) denote the set of strategic measures in LG (1) induced by continuous
policies.
The following result states that, there exists a near optimal strategic measure
. N k.
whose support on the product of action spaces [[,_; U* is convex and compact
(and thus bounded) subset G of it, and conditional distributions of actions given
measurements are induced by continuous policies.

Proposition 6.1. Suppose Assumption 6.1 holds. Then, for any € > 0 there
exists a compact subset G of HJkV:1 UF of the form G = Hf\;l G, where each G*
is convexr and compact, such that

inf /P(ds) c(s) < J* +e.
PeL$(n)
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Sketch of Proof. Given any strategic measure, using Assumption 6.1-(e) and the
fact that every measure on a Borel space is tight [113, Theorem 3.2], one can
construct a strategic measure in L 4(x) whose support on the product of action
spaces is convex and compact and whose cost is £/2-close to the cost of the
given strategic measure.

For the new strategic measure, since it has a convex and compact support
on the product of action spaces, using Lusin’s theorem [54, Theorem 7.5.2], we
can construct a strategic measure induced by continuous policies whose cost
function is £/2-close to the cost of bounded support strategic measure.

We can complete the proof by combining these two results. O

Since each Y’ is a locally compact separable metric space, there exists an
increasing sequence of compact subsets {Kl’} such that KZ C int K, ll 1 and
Y = U2, K/ [3, Lemma 2.76], where int D denotes the interior of the set D.

Let d; denote the metric on Y. For each [ > 1, let Y?n = {yiﬁl, .. ,yml,n} C
K} be a 1/n-net in K. Recall that if Y]  is a 1/n-net in Kj, then for any
y € K] we have

Sie

min d;(y,z) <
ZGY;,n

For each [ and n, let qlim Kl — Y;,n be a nearest neighborhood quantizer given
by

Qf,n(y) = arg HllIl di(y7z)a

zeY;
where ties are broken so that ¢, is measurable. If Kj = [-M,M] C Y' = R
for some M € Ry, the finite set Yj, can be chosen such that ¢f, becomes a

uniform quantizer. We let Qf,n (Y — Yf,n denote the extension of qli’n to Y¢
given by

: a4,(y), ifyekK],
Q;,n(y) = { b .l
Y05 otherwise,

where y; o € Y is some auxiliary element.
Define Iy, =1I" Q}n C I'"; that is, I}, is defined to be the set of all
strategies ' € I'? of the form 7% = 4% o Q!

X3
l,ns

va:l fn C I'. Note that, for any i = 1,..., N, I‘fm is the set of policies for

DM ¢ which can only use the output levels of the quantizer Qf,n. In other words,

where v¢ € T, Define also T';,, ==

in addition to the measurement channel g*(dy‘|wy) between DM i and the state
of nature, there is also an analog-to-digital converter (quantizer) between them.

Using these definitions, let us define the following set of strategic measures
for any [ and n:

)



492 N. Saldi and S. Yiiksel

= {P € La(p) : P(B)

N
= /j’(dw()ady) Liuk =~k (yk)eB*Y ’yerl,n}'
fop T wrnens 2

The following theorem states that an optimal (or almost optimal) strategic
measure can be approximated with arbitrarily small approximation error for
the induced costs by strategic measures in Lf;‘”(,u) for sufficiently large [ and n.

Theorem 6.1. [120] For any € > 0, there exist (I,n(l)), a compact subset G of
Hgil Uk of the form G = Hi\]:l G?, where each G* is convex and compact, and
Pe ij‘n(l)(u) N LG (1) such that

/ P(ds) e(s) < J* +e

Sketch of Proof. Fix any strategic measure P € L4(u). Then, by Proposi-
tion 6.1, there exists a strategic measure Pg € Lg’c(,u) for some compact subset
G of Hivzl U* of the form G = vazl G*, where each G* is convex and compact,
such that

/P(;(dS)C(S) < /P(ds) c(s)+¢e/2.

Let v € g, be the strategy that induces Pg. Then define 'yli,n =~'o0 Q}n for
each i = 1,..., N. Note that on any compact subset of Y¢, we have vlim -5t
as 7' is continuous. Let P, the strategic measure induced by the strategy

(7[1777,7 R 77[17\;)
Note that since p(dwp,dy) is tight, for any 6 > 0, there exists a compact

subset K of Hszl Y* of the form K = Hivzl K%, where each K' is compact
such that (9 x K) > 1 — 4. By choosing a sequence of {§(I,n)} and the
corresponding compact sets {K;,,} appropriately, we can prove that

lim [ Ppo(ds)e(s) = / Per(ds) e(s),

(I,n)—o00

as vlim — 7% on each compact set K, and u(Qo x K; ) > 1 — §(I,n). Hence,
there exists (I,n(l)) such that

/ Prnoy(ds) cfs) < / Po(ds) e(s) + 2/2.

This completes the proof. O

The above result implies that to compute a near optimal strategic mea-
sure for the team problem it is sufficient to consider quantized measurements
(@1, ("), ..., QY. (y")) for sufficiently large I and n. Furthermore, this nearly
optimal strategic measure can have a compact support of the form G = Hf\;l G?
on chvzl U*, where G is convex and compact for each i = 1,..., N.
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For ease of reference, we define

()= L")
(0]
and we define L 4(.) (1) to be the subset of L 4(p) defined in (7) where the policies
are restricted to be in I'..

6.1. Finite measurement approximate models

In this section, for each (I,n), we define a team model with finite measurement
spaces. We prove that, for sufficiently large [ and n, an optimal strategic measure
of the team model corresponding to (I,n) will provide a strategic measure to
the original team model which is nearly optimal.

To this end, fix any (I, n). For the pair (I,n), the corresponding finite measure-
ment team model has the following measurement spaces: Zf’n = {0, Yi 1, -
Yiiy, } (ie., the output levels of Q] ), i € N'. The stochastic kernels g/, (- wo)
from g to me denote the measurement constraints and are given by:

Zln

i l,
G (- |wo) : ZQS”WO Oy 5 (+)s

where Sf; = {y'e Y an(y) = y;; }- Indeed, g;n( . |u{0) is the push-forward
of the measure g*( - |wo) with respect to the quantizer @] ..
Let @i, = {¢' : Z;, — U’,¢" measurable} denote the set of measurable

policies for DM ¢ and let ®;, = Hfil <I>;n The cost of this team model is
Jin @1, — Ry and defined as

Jin(9) = / (o, y+ ) Pon(deo, dy),
QOXH 1 ln

where ¢ = (¢',...,¢"), u=¢(y), and
N

Py (deo, dy) = P(dewo) [ | gin(dy'|wo) = pun(dewo, dy).
=1

For any compact subset G of HkN:1 U¥, we also define <I>fn ={¢ € ¥, :

N .
?(Hi:l Z;,n) C G}
In order to obtain the approximation result, we need to impose the following
additional assumption.
Assumption 6.2. For any compact subset G of ngl U* of the form G =

vazl G*, we assume that the function wg is uniformly integrable with respect to
the measures {1 ,}; that is,

lim sup/ wa(wo,y) dprn = 0.
{wc>R}

R—o0 | p
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This assumption is quite mild and satisfied by the celebrated counterexample
of Witsenhausen.

Let Ta(pu,n) denote the set of strategic measures induced by measurable
policies for this team model. Let Tf (141,n) be the strategic measures in T4 (f4,n,)
whose support on H,Zj:l UF is a subset G.

The following theorem is the main result of this section. It states that to
compute a near optimal strategic measure for the original team problem, it is
sufficient to compute an optimal strategic measure for the finite measurement

team problem corresponding to sufficiently large [ and n.

Theorem 6.2. [120] Suppose Assumptions 6.1 and 6.2 hold. Then, for any
e > 0, there exists a pair (I,n(l)) and a compact subset G = Hf\il G of Hivzl Uk
such that an optimal (or almost optimal) strategic measure PLrD) in the set
TAG(/LMU)) for the (I,n(l)) team is e-optimal for the original team problem when

PLr() s extended to Q x Hivzl(Yk x U*) via quantizers Q! () that is,

N
Pé},:t(l)(.) = /M(dwo,dy) H 1{uk:VkOth(l)(yk)e.}
’ k=1

where
N

Pl,n(l)(.) — /Ml,n(l)(dwde) H 1{uk:,yk(yk)€.}
’ k=1

Proof. We first prove the following fact. Let {Ql n} be a sequence of strategies

such that ¢, € <I>lcfn, where G = Hf\]:l G' and each G* is convex and compact.
For each [ and n, define Vg = ?l,n o Qi n, where Q. == (Qlln7 . Qan) Then,
we have

lim | Jia(9,,) = J(7,,)] = 0.

l,n—o0 -

Indeed, let us introduce the following finite measures on ¢ x chvzl Y*:

mw:éwwww

uw$:éwwwwm

Since p,, converges to p weakly, by [127, Theorem 3.5] and Assumption 6.2
we have ug" — pe weakly as [,n — oo. Hence, the sequence {ulcn} is tight.
Therefore, there exists a compact subset K of Qg x HJkV:1 Y* such that pug(K°¢) <

e/2 and pll' (K€) < &/2 for all [,n. Then, we have

in(@,,) — (2,

Lin

— c(wo, Qun(y), 7, (¥ d—/ wo,y,7. (v)) d
‘/Qoxnglw (wo, Qun(y): 7, (¥)) du oI (w0, ¥,7,,,(¥)) du
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< [ felen, @ua(y)3,,,(7)) = el v, , )] d
; , ,
+ [ waleny) dut [ waln,y) dun

The first term in the last expression goes to zero as [, n — co by the dominated
convergence theorem and the fact that ¢ is bounded and continuous in y. The
second and third terms are less than € by tightness. Since ¢ is arbitrary, this
completes the proof of the fact. Note that this fact implies that for any P“" €
TS (41.), we have

lim ‘ / P(ds) e(s) — / PL™(ds) c(s)| = 0.

l,n—o0

Note that using this fact, it is straightforward to prove that

liminf  inf /P(ds) c(s) > J*.

l,n—o00 PGTE (H1,n)

Since the extension of the strategic measures TS (1u.,) to Qo x ]_[kN:l(Y’C x UF)
forms the set of strategic measures LIA"(/,L) N LG (1), by Theorem 6.1, we can

complete the proof. Indeed, let PLr0 ¢ LT(M) N LG (1) be the € optimal policy
for the original problem. Then we have

J*+¢e>1lim sup/Pé;(”(l)(ds) c(s)

l,n—o0

= limsup/Pl’”(l)(ds) c(s)

l,n—o0

>limsup  inf /P(ds) c(s).

l,n— 00 PETE(Hl,n)

Hence

J*+¢e>limsup  inf /P(ds) c(s) > liminf  inf /P(ds) c(s) > J*.

l,n—o00 PGTE(M,n) l,n—o00 PGTE(#l,n)
This completes the proof. O

We interpret this result as saying that the space of information structures
obtained by quantizing the original information structure is approximately op-
timal: denseness under weak convergence implies denseness of strategic measures
as far as optimality is concerned.

Remark 6.1. Results proved in this section about approzimation of static team
problems can be directly applied to static reductions of dynamic teams if static
reductions satisfy Assumption 6.1 and Assumption 6.2. In particular, the above
approzimation results hold for Witsenhausen’s counterezample.
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7. Product topology induced by individual policies and relations
with information structures

Instead of strategic measures, one may choose to directly induce topologies on
control policies or strategies alone. We will see that such an approach will let
us arrive at complementary conditions compared with what we have studied
earlier. In the following, we first revisit some classical results in optimal control
theory via this approach.

7.1. Some remarks on classical deterministic and stochastic control
and Young measures

It is instructive to revisit various control topologies that are already well-known
in classical control theory (when there is a single controller who has access
to the state variable). In deterministic nonlinear, geometric, and continuous-
time control, properties on stabilizability, controllability, and reachability are
drastically impacted by the restrictions on the classes of allowed controls (e.g.,
continuous, Lipschitz, finitely differentiable, or smooth control functions in the
state or time when control is open-loop [118, 40, 129, 80]) and naturally the
control topology induced is dictated by the class of admissible controls.

For optimal control, to allow for continuity /compactness arguments, apriori
imposing compactness over spaces of measurable functions would be an artificial
restriction, and the use of powerful theorems such as the Arzela-Ascoli theorem
which necessarily entail (usually very restrictive and suboptimal) conditions on
continuity properties of the considered policies. In deterministic optimal control
theory, relaxed controls [146] [134] allow for this machinery to be applied with
no artificial restrictions on the classes of control policies considered; these are
known as Young measures.

Let us consider an open-loop controller, where the control is only a function
of the time variable. We let v(dt, du) be a measure on [0, 7] x U where the first
marginal A(dt) is the normalized Lebesge measure on time interval [0, 7] and let
v(dult) = 1{y()edu} be the conditional measure induced by deterministic open
loop control. So, any deterministic open-loop control is embedded via:

v(dt, du) = Ndt) 1 eauy-

If we allow for randomized policies, we obtain the set P ([0, T] x U) of all prob-
ability measures with fixed marginal on [0, T]. This set is weakly closed, whose
extreme points are those induced by deterministic policies (as also was discussed
in the context of (4)). Thus, any deterministic optimal control problem, which
can be written in an integral form and has a lower semi-continuous cost func-
tions in actions, will have an optimal solution, which will then be deterministic
as these form the extreme points of randomized controls. It can also in fact
be shown that such policies are dense in the space of randomized policies, in
addition to these policies forming the extreme points in the set of randomized
policies (see e.g., [24, Proposition 2.2] [92], [105, 19, Theorem 3], but also many
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texts in optimal stochastic control where denseness of deterministic controls has
been established inside the set of relaxed controls [33]). We refer the reader to
[103] (see also the review paper [92]) for further discussion.

The following example builds on these, with somewhat different arguments.
Let X = R,U = [0,1], and let f : X x U — [0,1] and ¢ : X x U — [0, 1] be
measurable functions continuous in the control action variable. Consider the
following optimal control problem:

inf /0 c(xy, ug) N(dt) (22)

v:X—=U
ur="(x¢)

subject to

L = Floeu) (23)
The natural space to consider is the set of all control functions which depends
on the current state, where the only restriction is measurability. However, al-
lowing for measurability only does not facilitate continuity/compactness argu-
ments since, as noted above, imposing compactness on a space of functions is an
unnecessarily restrictive condition. Accordingly, one often cites appropriate but
tedious measurable selection theorems building on optimality equations through
dynamic programming.

On the other hand, every deterministic function of the state can be expressed
as a deterministic function of time, and so, be considered open-loop. Accordingly,
we consider open loop controls and those which are relaxed. Let Py ([0, 7] x U)
be the set of relaxed open loop policies (Young measures). Now consider the
space C([0, 1]; X) x P»([0,T] x U), where C([0,1];X) is the space of continuous
functions from [0, 1] to X. We endow this space with the product topology with
the first component being under the supremum norm and the second under the
Prohorov metric (or any weak convergence inducing metric). Note now that the
cost (22) is continuous on C([0,1];X) x P»([0,T] x U). Note that since f is
uniformly bounded, we have that the set A of all admissible sample paths of
the state x : [0, 1] — X is equicontinuous, and so, by the Arzela-Ascoli theorem,
A is relatively compact in C(]0,1];X). Accordingly, our space of interest A x
Px([0,T] x U) is a relatively compact subset of C([0, 1];X) x Px([0,T] x U).

Define now

H{(x,m) € C([0,1]; X) x P»([0,T] x U) : ostf/o flas, u)ymgs(du)A(ds) = O},

where mg(du) = m(du|s). This set is closed under the topology defined on
C([0,1];X) x PA([0,T] x U) and is a subset of C([0,1];X) x Px([0,T] x U).
Hence, H is compact. Now, the problem then is to find an optimal (z,m) € H
which minimizes (22), reformulated as:

1
inf w)m(dt, d
(m,g})eH/o c(x, u) m(dt, du)
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This is continuous in (z,m) by an application of the generalized weak conver-
gence theorem under continuous convergence [126, Theorem 3.5] or [95, Theorem
3.5]. Therefore, there exists an optimal solution to the problem.

Note that as has been reported in various literatures (e.g. in optimal quanti-
zation [150, p. 878]) that the set of deterministic controls is not weakly closed
(or setwise) under Young’s relaxation. In fact, there exist problems where an
optimal solution exists among relaxed controls but not in deterministic controls
[92].

On the other hand, in the continuous-time stochastic context, the analysis
can be quite subtle due to the fact that the control policy (only restricted to
be measurable in general) may violate conditions needed for the existence of
strong solutions for a given stochastic differential equation since the control
policy may couple the state dynamics with the past in an arbitrarily compli-
cated, though measurable, way and hence violating the existence conditions
for strong solutions to stochastic differential equations [98] [90] (e.g., in [143]
Lipschitz continuity conditions are imposed, where Lipschitz property holds in
the control when viewed as a map from the normed linear space of continuous
functions on measurements to control actions). To avoid such technical issues
on strong solutions, relaxed solution concepts were introduced and studied in
the literature based on the measure transformation technique due to Girsanov
[26, 50, 51] which allows the control to be a function of an independent Brow-
nian innovations process. These approaches require strong absolute continuity
conditions on the measurement process which may not be always applicable.
See [92] for a detailed analysis for controlled stochastic differential systems. As
we will see later in the paper, in the partially observed setup, a further inter-
pretation of relaxed controls, called wide sense admissible controls [62, 36, 38]
has been utilized to arrive at existence results on optimal control policies.

As we will see in the following, adding more general, non-classical, information
structures will entail further intricacies but also facilitate additional creativity
for the analysis in optimal stochastic control.

7.2. Trading-off continuity with compactness: a product space
approach for individual control policies

To make the ideas in this section more explicit, consider the set of individu-
ally randomized strategic measures Lr(u) studied in Section 3.2. In this set,
a policy of a DM k is a stochastic kernel IT*(du*|y*) from Y* to U*. Instead
of studying continuity and compactness properties regarding strategic measures
(joint probability measures on the state, measurement and action spaces), we
can focus on individual control policies and measurements, and their Cartesian
products. Let us denote, as in Section 3.1,

O’ = {v e P(Y' x U') : v(dy’ x U’) = £'(dy’)}

to be the distributional strategy for DM ¢, which is the joint probability measure
with a fixed marginal £* on the measurement variable y*. Note that if the problem
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is an independent static reduction of a dynamic team, then one can choose &°
as the reference measure @Q° in the static reduction.

By our earlier analysis, we know that ©¢ (a subset of ©° that is sufficient
for optimality) is compact under the weak topology or the w-s topology if U’
is compact (if this subset satisfies some moment condition). Hence, since the
marginal on measurements are fixed, we can view the weak topology or w-s
topology on ©° as a topology on the set of policies I'*. In particular, any sequence
of policies:

v, = Vs 5 )
will have a converging subsequence, Yo, to a limit ~, and therefore, closedness

(in particular compactness) is not an issue under this topology. In other words,
the IS is always preserved under this topology, which is not the case in the
strategic measure approach as it has been shown in Theorem 4.2.

Note that if the measurements are independent, then strong existence re-
sults can be obtained using this approach. This is precisely the same condition
obtained via the strategic measures approach studied in Theorem 4.5.

On the other hand, what is not clear is, in general, whether we have

Jim J(y,) =J(7)

under this topology (this is always true when we place a topology on the set of
strategic measures). In particular, if we have a general u(dwy, dy), it is not clear
if we have this joint continuity condition. The following example will demon-
strate this subtlety through a negative implication. Therefore, there is a trade-off
between continuity and compactness in these approaches: The strategic measure
approach provides continuity but may not preserve the IS (so compactness); and
conversely, the approach via topology on individual policies leads to a compact
strategy space but loses continuity.

Example 7.1. Consider the counterexample presented in Theorem 4.2. By con-
stdering each individual decision makers’ policy separately, we have that each
will converge individually; that is,

P, (dy', du') — P(dy',du'), P,(dy?,du®) — P(dy?,du?).

Now, consider a cost function c(wg,u',u?) = (u! —u?)2. Note that, for each n,
under Py, actions u' and u?® are the same (i.e., u' = u?) given y* = y*> =y, and
so, J(v,) = J Po(ds) c(s) = 0 for every n. However, in the limit where u' and
y=1y" (i =1,2) are independent under P, we have J(y,) = J P(ds)c(s) =1/2.
This is a consequence of viewing individual policies separately without their joint
convergence properties. Thus, we do not even have lower semi-continuity. Hence,
while we have established compactness, we have lost lower semi-continuity by
placing the topologies directly on control policies and not on the strategic mea-
sures.

Remark 7.1 (Hilbert space construction for static quadratic Gaussian teams).
For static Linear Quadratic Gaussian (LQG) team problems, it is instructive to



500 N. Saldi and S. Yiiksel

note that [149, Theorem 2.6.6] (building on [117]) utilizes a Hilbert space theo-
retic construction of control topologies on individual control policies (and on the
team policy via a product space construction). Via this topology on the controls,
the optimality of affine solutions was established via the Projection theorem. In
view of the discussion presented above (on the trade-off between continuity and
compactness), it is interesting to note that the Hilbert space topology simultane-
ously leads to both closedness and continuity, though the setup is restricted only
to quadratic cost criteria.

7.3. Policies defined by conditional independence given
measurements

[148] considered the following topology on control policies, while developing a
universal dynamic programming algorithm applicable to any sequential decen-
tralized stochastic control problem, generalizing Witsenhausen’s program [140]
which was tailored primarily for countable probability spaces.

Define

(i) State: x; = {wo,ut, -, ut~ Lyt -yt 1<t < N.
(i’) Extended State: m; € P(Qp X H§=1 Y¢ x H:;i U*) where, for Borel B €
Qo x [T0, Yo x [TiZ; U7,

T(B) = Br Lo, syt w-1)eBy -

Thus, 7 € P(Q x [['_, Y* x []'Z] U) where the space of probability
measures is endowed with the weak convergence topology.

(ii) Control Action: Given s, 4 is a probability measure in P(£2g x szl Yk x
H};:l U*) that satisfies the conditional independence relation:

t t 1 .
u =y th:(wan YL YU, U

(that is, for every Borel B € Uf, almost surely under 4¢, the following
holds:

P(ut € B|yt7(w07y17"' ayt;ula"' 7ut_1)) = P(ut € B|yt)

with the restriction
Ty ~ T¢.

Denote by T'(7;) the set of all such probability measures. Any 4% € T'(m;)

defines, for almost every realization y!, a conditional probability measure

on Ut. When the notation does not lead to confusion, we will denote the

action at time ¢ by 7! (du'|y’), which is understood to be consistent with

A1,

(ii") Alternative Control Action for Static Teams with Independent Measure-
ments: Given m;, 4% is a probability measure on Y! x U! with a fixed

marginal P(dy') on Y, that is 7} (dy') = P(dy"). Denote by I' (7)) the
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set of all such probability measures. As above, when the notation does not
lead to confusion, we will denote the action at time ¢ by «*(dut|y®), which is
understood to be consistent with 4¢. In particular, (y¢, u?) is independent
of (y*,u¥) for k # t.

With the control actions defined as in the above [148] developed a universal
dynamic program for any sequential decentralized stochastic control and estab-
lished, as a corollary of the program, further existence results, one of which is
essentially identical to that presented in Theorem 4.5, but slightly more restric-
tive in that the cost function is assumed to be continuous in all of its arguments.

Theorem 7.1. [148]

(i) Under the kernel (8) and controlled Markov construction presented, the
optimal team problem admits a well-defined backwards-induction (dynamic
programming) recursion.

(ii) In particular, if the problem is independent static-reducible, actions are
compact-valued and the cost function is continuous, an optimal policy ex-
ists and the value function is continuous in the prior (that is, in the dis-
tribution of primitive noise variables) under weak convergence.

Remark 7.2. The above construction is related to an interpretation put forward
by Witsenhausen in his standard form [140] where all the uncertainly is embed-
ded into the initial state and the controlled system evolves deterministically.
Witsenhausen had considered only countable probability spaces for an optimality
analysis.

7.4. Weak-* topology on randomized policies

In this section, inspired by the topology on policies for classical stochastic control
problems constructed in Borkar [34] (see also [9]), we study a topology on the
set of randomized policies for static teams or dynamic teams that admit static
reduction introduced in [119]. With an abuse of notation, we denote the set of
randomized policies for DM i by I'!, which can be written as

I = {'yi : " is a measurable function from Y* to P(Ui)},

where P(U?) is endowed with the Borel o-algebra generated by the weak conver-
gence topology. We will use the latter characterization of I when introducing
the topology.

For a metric space E, let Cy(E) be the Banach space of all continuous real
functions on E vanishing at infinity endowed with the norm

9]l = sup |g(e)].
ecE

Recall that M(E) and P(E) denote the set of all finite signed measures and
probability measures on E. Let E; and Es be two metric spaces. For any u €
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M(E; x E2), Projg, (1)(-) = p(- x Ez) be the marginal of ;x on Ei. For a
Banach space K, let K* denote its topological dual. For any i, we now introduce
a topology on I'?. To this end, we impose the following assumption.

Assumption 7.1.  (a) Qo, Y¢, and U* (i =1,...,N) are locally compact.
(b) For alli, the measurement channel g*(dy;|wo) = g*(yi, wo) ' (dy*) for some
probability measure p* on Y'; that is, g'(dy;|wo) is absolutely continuous
with respect to pu'(dy?) for all wy.

Note that by Riesz representation theorem [63, Theorem 7.17], the topological
dual of (Co(U?), || - ||eo) is (M(U?), || - ||7v), where | - ||y is the total variation
norm on M (U?).

We now define the set of w*-measurable functions from Y? to M(U?). Later,
we will prove that the set of randomized policies I'* for DM i is a bounded subset

of this set. A function v : Y? — M(U;) is called w*-measurable if the mapping
¥ sy [ dy)dn o) < B

is measurable for all g € Co(U?) [43, p. 18]. Let £(u*, M(U")) denote the set of
all such functions. With this definition, we now define the following set

Loo (', M(UY)) = {fy € L', M(UY) : [Y]lo = ess su%;)‘ lyW)llrv < oo},
yeY"
where esssup is taken with respect to the measure u‘. Recall that u; is the ref-
erence probability measure in Assumption 7.1-(b) for the measurement channel
Let Ly (u’,Co(U%)) denote the set of all Bochner-integrable [52] functions
from Y* to Cp(U?) endowed with the norm

161 = [ 17l )

By using the fact that Co(U?)* = M(U?), one can prove that the topological
dual of (Ly(p,Co(U")), [ - |l1) can be identified with (Lo (1, M(U)), || - ||lsc)
[43, Theorem 1.5.5, p. 27]; that is,

Li(1',Co(U9))" = Loo (', M(U)).

Using this identification, we equip Lo (1f, M(U?)) with the w*-topology induced
by Ly (pt, Co(U?)). We write v, —* v, if v, converges to v in Lo (', M(U?))
with respect to the w*-topology. As noted earlier, for this topology, we have been
inspired by the topology introduced in [9, 34], where in these works, a similar
topology is introduced for randomized Markov policies to study continuous-time
stochastic control problems with average cost optimality criterion.

Note that we can identify the set of randomized policies I'* as a bounded
subset of Lo (ut, M(U?)):

I = {7 € Loo (', M(UY)) : v(y) € P(UY) p* — a.c.}.
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Hence, we can equip I'¥ with the relative w*-topology inherited by the w*-
topology on Lo (1, M(UY)).

Now, we derive some properties of this topology on I'*. Firstly, since P(U?) is
bounded in M(U?), by the Banach-Alaoglu Theorem [63, Theorem 5.18], I'? is
relatively compact with respect to w*-topology. Since Cq(U?) is separable, then
by [71, Lemma 1.3.2], I'® is also relatively sequentially compact. However, I'* is
not closed with respect to the w*-topology. Indeed, let Y = U* = R. Define
Yoy () = ,(+) and y(y*)(-) = 0(-), where &, denotes Dirac-delta measure
at point n and 0(-) denotes the degenerate measure on U; that is, 0(D) = 0
for all D € B(R). Let g € L1 (11, Co(U?)). Then we have

lim ( /U ivn(y)(du)g(y)(U)> p(dy) = lim [ g(y)(n) p'(dy)

n—00 Jyi n—o0 Jyi

= [, Jim_a(s)n) () s o)l 5 p'-intezrabie)

i M—»00

=0 (as g(y) € Co(UY)).

Hence, 7, —* v. But, v ¢ I'?, and so, I'* is not closed.

Thus, as opposed to the topology introduced in Section 7 on randomized
policies, here the set of policies is not closed under the w*-topology; that is, the
IS may not be preserved. However, as we will see in the sequel, under this topol-
ogy, the cost J is lower semi-continuous, which is in general not the case for the
topology introduced in Section 7. However, by imposing additional assumptions
on the components of the problem, we may first ensure the closedness of the
set of policies or subset of it that is sufficient for optimality under this topology
using lower semi-continuity of the cost. Then, we can prove the existence of
an optimal policy. This result will be complementary to the existence results
presented in Section 4.

In the remainder of this section, I'? is equipped with this topology. In addition,
T has the product topology induced by these w*-topologies; that is, 7,, converges
to v in T' with respect to the product topology if and only if 42 —* ~* for all
i=1,...,N.In this case we write 7, —" 7 Note that I is sequentially relatively
compact under this topology.

To this end, for any L > 0, we define

r, = {ZEI‘:J(I)<J*+L}

and
N .

Sy, = {)\ eP (QO X H(Yz X Ul)> :
=1

N
Adwo, dy, du) = p(dwo) [ [~ (du'ly") ' (dy'), ~ € FL}~
=1
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For each i = 1,..., N, we define S} = Projy:y:(SL). In order to prove that
T'; is closed with respect to the w*-topology, we should impose the following
assumption.

Assumption 7.2. For some L >0, St is tight fori=1,...,N.
We provide several conditions that imply Assumption 7.2.

Theorem 7.2 ([119, Theorem 4]). Suppose either of the following conditions
hold:

(i) Ut is compact for all i.
(i) For the non-compact case, we assume

(a) The cost function c satisfies the following condition: for each j, for

any M > 0, and for any compact K C Qqy X Hszl Y* x Hi;ll Uk,
there exists a compact L C U7 such that

inf c(wo,y,u) > M.

N
c k
KXxL XHk:H—l

(b) For all j, ¢ > 0 and ¢’ is lower semi-continuous.
Then, Assumption 7.2 holds.

The following theorem establishes the existence of an optimal team decision
rule using the w*-topology.

Theorem 7.3 ([119, Theorem 6]). Suppose Assumptions 7.1 and 7.2 hold.
Moreover, we assume that ¢ is lower semi-continuous and measurement chan-
nels g*(dy'|wo) are continuous with respect to the total variation distance. Then,
there exists v* € I', which is optimal.

Sketch of Proof. Note that when the cost function ¢ is a compactly supported
continuous function, by the Stone-Weierstrass Theorem [94, Lemma 6.1], ¢ can
be uniformly approximated by functions of the form

=

T
1 i=1

k
fj,igj,ia (24)

J

where T € Co(Qo), fj,i S Co(Yi), and gji € Co(UZ) foreachj=1,...,kandi =
1,..., N, are compactly supported. One can prove that the cost J is continuous
with respect to the w*-topology if ¢ is of the form in (24) [119, Theorem 5].
Since any compactly supported function can be uniformly approximated by
such functions, J is also continuous if ¢ is compactly supported. Note that if
c is lower semi-continuous, then ¢ can be approximated pointwise from below
by compactly supported functions (see the proof of [71, Proposition 1.4.18]).
Hence, if ¢ is lower semi-continuous, then J is also lower semi-continuous with
respect to the w*-topology by the monotone convergence theorem.
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Now, we prove that I'j, is closed under the w*-topology, which will complete
the proof since I'y, is relatively compact. To this end, let

*
4\17

’—YTL
for some v € Hf\;l Lo (/ﬂ, M(Ui)) (recall that T' is not closed with respect to
the w*-topology). If v € P(U?) ut-a.e. for all i, then 7 is in 'z, and so, T'y, is
closed. B

Fix any i. Note that the sequence {7, ® u'} is tight as it is a subset of S%.
Thus, there exists a further subsequence, denoted for simplicity by {y; @ u'},
that converges weakly to some A\ € P(Y? x U?). This implies that 7' @ u® = A,
and so, 7' @ pu*(Y? x U%) = 1. Hence, v* € P(U?) p'-a.e. Thus, ', is closed. This
completes the proof. O

Remark 7.3. Weak topology has been used in a similar context in [87, 88];
[87, Lemma 4.9] and [88, Lemma A.1] can be exploited to prove the existence
of optimal policies. Indeed, if one can prove that actions are square integrable
under any strategy, the set of actions is weakly relatively compact, and the cost
function is lower semi-continuous, then the existence of optimal policies can be
deduced by the Weierstrass Extreme Value Theorem since [87, Lemma 4.9] and
[88, Lemma A.1] guarantees that the limiting actions preserve the information
structure of the problem.

7.5. Exchangeability, infinite products of individual policies and
optimality of symmetric randomized policies for mean-field
teams

As a final example on the utility of placing a product topology on individual
policies, we consider stochastic team problems with infinitely many decision
makers. Such problems have seen a significant activity in the context of mean
field theory [78, 77, 96] (see also more recent papers [61, 29, 8, 91]) and in mean-
field team problems [79, 133][7] [101] [122]. In the context of mean-field team
problems [101] and [122] have shown that, under sufficient convexity conditions,
a sequence of optimal policies for teams with N number of decision makers
as N — oo converges to a team optimal policy for the static team with a
countably infinite number of decision makers, where the latter establishes the
optimality of symmetric (i.e., identical for each DM) policies as well as existence
of optimal team policies for both finite and infinite DM setups. In the following,
we demonstrate how the control topology approach can be utilized to relax such
strong convexity conditions.
Consider the following:

Problem (Py): Let N = {1,...,N}. Let v, = (v, yN) and T'y =

Hf\il I'. Define an expected cost function of Yy B8

JN(ZN) = EZN [C(wovﬂN)] = ]E[C(WOv ’71 (y1)7 e a’yN<yN))]7 (25)
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for some Borel measurable cost function ¢ : €y x H,Icvzl U* — Ry. We
define wp to be the Qg-valued cost function relevant exogenous random
variable as wp : (Q,F,P) — (Qo, Fo), where Qg is a Borel space with its
Borel o-field Fy. Here, we have the notation uy := {u’,i € N'}.

Problem (P ): Consider a stochastic team with a countably infinite
number of decision makers, that is, N' = N. Let I' = J[,.T" and v =
(v'4%,...). Let ¢: Qo x U x U — R, Define the expected cost of v as

J(7) = lim sup %El{iccuo,ui, % iuz’ﬂ (26)

N —oc0 i—1

With a slight abuse of notation, we use the same notation for the cost
function c as in (25).

Assumption 7.3. Ass_ume for any DM, there exists a probability measure Q
on Y and a function f* such that for all Borel sets S = S* x --- x SN, we have

N
P((y',...,y") € S|wy) = H/Si Fiyt wo,uts ..y HQN(dyY). (27)
i=1

As observed in Section 2.2, Assumption 7.3 allows us to reduce the problem
to a static team problem where the observation of each DM is independent of
observations of other DMs and also independent of wy. Hence, under Assump-
tion 7.3, we can focus on each DM’ separately and identify I'* via the set of
probability measures

o' = {P c P(U* x Y%

P(duz, dyl) = l{vl(yl)edui}Ql(dyl),’yl S FZ} (28)

As noted earlier, the above set is the set of extreme points of the set of probabil-
ity measures on (U’ x Y?) with fixed marginals Q? on Y¢. Hence it inherits Borel
measurability and topological properties of that Borel measurable set [35]. As
before, we define convergence of policies as 7}, = 7" iff 1y (yi)caui} @ (dy') —
1{7i(yi)edui}Qi(dyi) (in the weak convergence topology) as n — oo for each
DM. We will also allow for randomized (relaxed) policies. Accordingly, each in-
dividual control policy 7% € T'? is an element in the set of probability measures
P(U! x Y?) with a fixed marginal, Q?, on Y.

Now that we have a standard Borel space formulation for policies, we can
define the set of probability measures on policies with product topology on
'y = vazl I'". We define the following set of Borel probability measures on
admissible relaxed policies I'y as follows:

LY ==P(Ty), (29)

where Borel o-field B(T"?) is induced by the topology defined above.
Recall the definition of ezchangeability for random variables.



Stochastic information structures 507

Definition 7.1. Random variables x',22,..., 2N defined on a common proba-
bility space are N-exchangeable if for any permutation o of the set {1,... N},

P(:L’”(l) e AL 2@ e A% o) ¢ AN>
:P(a:l e AL, z?2 e A%, .. 2N EAN>

for any measurable {A',... AN}, and (zt,22,...) is infinitely-exchangeable if
it is N- exchangeable for all N € N.

Now, we define the set of exchangeable probability measures on policies as:

LY, = {P,, € LN |for all A; € B(T") and for all o € Sy :

Pr(v' e Ay,...,AN € AN) =P, ("M € Ay,... W) e AN)},

where Sy is the space of permutations of {1,..., N}. We note that LEX is a
convex subset of LY. Define the set of probabihty measures on policies induced
by a common randomness as:

for all A; € B(I') :

LgO::{PﬂeLN
Pt e Ay AN € Ay) = /[ prefm( )mepqo,m},
zeOl

where 7 is the distribution of common, but independent (from intrinsic exoge-
nous system variables), randomness. Note that conditioned on z, policies are
independent. We also define the set LgO’SYM as the set of identical probability
measures on policies induced by a common randomness:

for all A; € B(I'") :

Lo sym = {Pw eL”

P.(y' € Ay, 4N € An) = /dMHP " e Ailz)n(d ),neP([O,l])},

where we drop the index ¢ in P, to indicate that the independent randomization
is identical through DMs. Also, define the set of probability measures on policies
with only private independent randomness as:

N
LPR

N
for all A;€B(T%) : Pr(y! EAl,...,'yNeAN):HP,i(vieAi)}.

:{PWEL
=1
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Finally, define the set of probability measures on policies with identical and
independent randomness:

N
Lpgr,sym

N
= {PﬂeLN for all A;€B(I") : Pr(v' €Ay,... /N eAy) =[] P-(v' € Ai)}.

i=1

For a team with a countably infinite number of decision makers, we define
sets of probability measures L, Lgx, Lco, Lco,sym, Lpr, Lpr,sym similarly us-
ing the Ionescu Tulcea extension theorem by iteratively adding new coordinates
for our probability measure (see e.g., [3, 72]). We define the set of probability
measures L on the infinite product Borel spaces I' = [, [ as:

L:=7P(). (30)
Now, we define the set of infinitely exchangeable probability measures on policies
as:

Lrgx = {PW € Lifor all A; € B(l"i) and for all N € N, and for all o € Sy:

Pyt e Ay,... AN € AN) =P, ("M e Ay,..., M) e AN)},
and we define

Lco := {PTr € Lifor all A; € B(FZ) :

Pr(v' € A1,7% € 4. =/ [ ]HPTZ}W € Alz)n(dz), n € P([0, 1])}-
z€[0,1

ieN
Note that Lco is a convex subset of L and its extreme points are in the set of
probability measures on policies with private independent randomness:

Lpr

= {PWEL

for all A; € B(I'") : Pr(y' € A1,7* € Ay,...) = HP;(VZ' € Ai)}.
€N

Also, we define

Lcosym i= {P,r € Lifor all A; € B(T) :

PMeAl,v?eA%...):/[ ]HPW<¢eAi|z>n<dz>,nemo,u)},
z€[0,1 ieN

and we define

Lpr.syMm

= {PWEL

for all A; € B(I') : Pr(y' € A1,02 € Ag,...) = [[ P-(v' € Ai)}.
i€N
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Theorem 7.4. [121] Suppose that Assumption 7.3 holds. Then, any Pr € Lgx
satisfying the following condition:

o For everyi € N, E(¢;(u?)) < K for some finite K, where ¢; : U* — Ry is
a lower semi-continuous moment function.

is in Lco,sym, i.e., for any Pr € Lgx satisfying the above moment conditz’o_n,
there exists a [0, 1]-valued random variable z ~ n such that for any A; € B(T')

Pr(y' € Ay,h? € Ay, .. ) = / HPﬁ(W" € A;|z)n(dz) (31)
z€[0,1] ;N
Assumption 7.4. The cost function ¢ in problem (Py) is exchangeable with
respect to actions for all wy, i.e., for any permutation o of {1,..., N}

c(wo,ul, ..., ul) = c(wo,u"(l)7 . 7u"(N))

for all wy.

Lemma 7.1. For a fized N, consider an N-DM static team. Assume LV is an
arbitrary convex subset of LY. Under Assumption 7.3 and Assumption 7.4, if
observations of DMs are exchangeable conditioned on wy, then

inf / Pr(dy)p™ (dwo, dy)c™ (v, y, wo)
P.eLN

_ i / P (dy) ™ (duo, dy)e™ (3, 7, wo),

PreLNNLY,

where ¢ (

Y, UJO) = C(W07 71(y1)7 s 77N(yN))
Assumption 7.5. The cost function c: Qo x U x U — Ry in problem (Ps) is
continuous in its second and third arguments for all wy.

Under mild conditions, we can show that the optimal expected cost function
induced by LYy and Lgx are equal as N goes to infinity. Hence, by Lemma 7.1,
under symmetry, this allows us to show that without loss of global optimality,
optimal policies of static mean-field teams with a countably infinite number of
DMs can be considered to be an infinitely exchangeable type.

Lemma 7.2. Suppose that Assumption 7.3 and Assumption 7.5 hold. Assume
further that U is compact and the cost function is bounded. If observations of
DMs are i.i.d. random vectors conditioned on wq, then

limsup inf /P;V(dl),uN(dwo, dg)cN (7, y,wo)

N
N—oco PNeLl,

= hj{fn sup. | iéllf:EX Pr n(dy) Y (dwo, dy)e™ (v, y, wo), (32)
—oo I
where N (v,y,wo) = % vazl c (wo, YY), + Zévzl ’yp(yp)), P, n is the

marginal of the P, € Lgx to the first N components and u” is the marginal of
the fized probability measure on (wo,y*,y?,...) to the first N + 1 components.
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We now establish an existence of a randomized optimal policy for (P),
which is symmetric.

Theorem 7.5. [121] Consider a static team problem (Po,) where Assump-
tion 7.3 and Assumption 7.5 hold. Assume further that U is compact. If ob-
servations of DMs are i.i.d. random vectors conditioned on wqg, then there exists
a randomized optimal policy P} for (Ps) which is in Lpr sym:

min  lim sup/P,ryN(dv)ﬂN(dwo,dy)cN(%y7w0) (33)
Pre€Lprsym N-—oo - - -
— inf timsup [ Pry (i (den,dye® (3., 00) (34)
P.cLpr N—oo - - -

Following from Lemma 7.1, Lemma 7.2, and our analysis in the proof of
Theorem 7.5, thanks to Theorem 7.4, we can show that without losing global
optimality, optimal policies for mean-field teams can be considered to be sym-
metric and privately randomized (Lpgr,.sym)-

We note that if one also has convexity in the cost as well as action sets
U?, then one can also establish that for every finite N, the optimal policies
are symmetric and deterministic, but in the infinite limit, randomization may
be required [122]. Similar results also hold for dynamic team problems [123].
We emphasize that a strategic measures approach would not be feasible for
arriving at this solution since exchangeability in the actions is not sufficient to
ensure that the dominating random variable (in the de Finetti representation)
is independent of the intrinsic randomness in the system.

7.6. Extended weak convergence, topology of information, and
adapted topologies

A versatile topology, which has evidently been used in a variety of contexts
in stochastic analysis, is essentially given by the following convergence notion.
Consider a stochastic process converging to another one in the following sense:
all finite dimensional marginals converge weakly and the conditional kernels
on the future random variables given the past converge weakly as well when
conditional kernels are viewed as measure valued stochastic processes.

This notion has been applied for different problems: Aldous has termed it
extended weak convergence [2] and Hellwig has named it the information topol-
ogy [70]; these have recently been shown to be equivalent in discrete-time [14,
Theorem 1.1]. In addition to the conditional independence preservation [70] [68],
applications in robust stochastic control also follow from this discussion, with
details being very context-specific: [82], [95], [23, 15].

In relation to our context, such a convergence notion again requires strong
continuity conditions under all admissible policies. In the same spirit of the dis-
cussion in Section 7.2, though continuity and closedness hold under convergence
with this notion, compactness will require more restrictive conditions.

With this approach, the recent work [68] (see also [20]) has established exis-
tence results for a setup where either the measurements are countable or there is
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a common information among decision makers which is countable space-valued
with the private information satisfying an absolute continuity condition. As
noted earlier in the paper, static reduction applies in both such setups and the
results presented in this paper (notably Theorem 4.5) generalize those reported
in [68]. We note also that the use of the w-s topology in Theorem 4.5 significantly
relaxes the requirements of continuity.

8. Revisiting (and avoiding a subtle potential error in) relaxed
policies for partially observed stochastic control

In this section, we will revisit the concept of relazed control policies for classical
stochastic control problems, with a further relaxation known as wide sense ad-
missible policies introduced by Fleming and Pardoux [62] and prominently used
to establish the existence of optimal solutions for partially observed stochastic
control problems. Borkar [36, 38, 37] (see also [39]) has utilized these policies
for a coupling/simulation method to arrive at optimality results for average cost
partially observed stochastic control problems.

The main goal of this section is to show that if wide sense admissible control
policies are not defined in a correct form, this can lead to a significant error
in reasoning: the controllers may be allowed to have access to information that
they should not.

Relaxed control policies are extremely useful concepts as shown in Section 3.2
and allows one to use topologies on the sets of probability measures to study
existence, optimality, and structural results. A key aspect of such relaxations
is that, the relaxation should not allow for optimal expected cost values to be
improved; they should only be means to facilitate stochastic analysis. Our goal
here is, building on the insights developed in Section 5.1 (in particular by the
analysis on the CHSH team [47] reviewed in Theorem 5.3), to highlight a sub-
tlety which may lead to incorrect conclusions if the relaxation is not cautiously
constructed. Accordingly, we first present a brief overview of relaxed control
policies in continuous-time or discrete-time stochastic control.

Consider a continuous-time Markov decision process {x:} on an Euclidean
space R, controlled by a control process {u;} taking values in a convex and
compact Borel action space U C RY, and with an associated observation process
{y;} taking values in RM, where 0 < t < T. The evolution of {z;,y;} is given
by stochastic differential equations

dxt = b(mt,yt,ut)dt+J(xt,yt)th, (35)

Here, W and B are independent standard Wiener processes with values in R”
and RM | respectively (hence, o is a N x D-matrix). Typically the functions b, o, h
above are assumed to have some regularity and growth conditions to ensure the
existence of strong or weak solutions. The objective is to minimize the following
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cost function

E{/OT F(xg,u)dt + G(xr) |,

where F : RY x U — [0,00) and G : RY — [0,00). In the literature, it is
customary to require that control process {u;} be adapted to the filtration
generated by the observation process {y;}; that is, for each ¢ € [0,T], u; is
o (ys,0 < s < t)-measurable. We will call such policies (strict-sense or precise)
admissible policies. In [62], Fleming and Pardoux introduced another class of
policies which they called wide-sense admissible policies. Using this relaxed class
of policies, they study the existence of optimal policies to the above problem.

To define wide sense admissible policies, we first reproduce the above pro-
cesses on a canonical probability space

Q:Q()XQ:LXQQXQ?,,

where Qq, Q1, and Q9 are C([0,T];R™) with m = D, N, M, respectively, and
Q3 = L2([0,T];U). We identify the Wiener process W, state process x, ob-
servation process y, and action process u as follows. If w = (W, z,y,u) € Q,
then

w(t) = (w(w), ze(w), ye(w), ug(w)), 0 <t < T.

Here, 21, Q9, and Q3 are endowed with the usual sup-norm topology and 23 is
endowed with the weak topology. Let % = Qs x Q3 and define

Fi(y) =0 (ys,0 < s < t), Fi(u) =0 (us,0< s <t), GF = Fi(y) x Fe(u).

Here, G7 is the product o-field generated by F:(y) and F;(u). Note that {GZ}
is a filtration on Q2.

We can now define the class of wide-sense admissible policies. A wide-sense
admissible policy m is a probability measure on (22, G%.) such that y is a (7, {G?})
Wiener process. Note that this definition requires that the projection (y,u) —
y maps m onto Wiener measure and {us,0 < s < t} is independent of the
increment y,. — y; for all t < r < T. The latter condition states that actions up
to time t are independent of the observations after time ¢ given past observations
and actions. In other words, instead of saying that actions should be dependent
on current and past observations, this condition states that actions should be
independent of future observations given past observations and actions.

Given a distribution pu of xq, each wide-sense admissible policy induces a joint
measure P7 of (w, z,y,u) as follows. Let P¥* denote the conditional probability
of (w, x) given (y, u) induced by stochastic differential equations (35),(36), which
is independent of the policy as the action process u is given. Then define Pf as
follows

PJ (dw,dz, dy,du) = PY"(dw, dz) @ 7(dy, du).
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Let us define the following density function

Zr = exp UOT h(ws)dys — %/OT |h(x5)2ds}.

Then, P7 is given by

P~
Py

=Zr.

Here, we apriori assume that this is integrable under the new measure, and so,
we are indeed applying Girsanov’s transformation. Let By = y; — fot h(zs)ds.
Then, under P™, W and B are independent standard Wiener processes and
stochastic differential equations (35) and (36) hold. Hence, the cost function of
the wide-sense admissible policy 7 is given by

s = | " Flrudt + G|,

where E™ denotes the expectation with respect to P™.

Note that in this setup, a policy 7 is admissible in the classical sense if 7 is
wide-sense admissible and there exists Fr(y)/Fr(u)-measurable f : Qy — Qg
such that m(dy, du) = 0(,)(du) ®w(dy), where w is a Wiener measure. Likewise,
we can say that the policy is relaxed if f : y — P(U) is probability measure
valued. We refer the reader to [62] for a more explicit construction of wide-sense
admissible policies in the continuous time setup.

In [62, Theorem 7.2], Fleming and Pardoux proved the existence of an op-
timal wide-sense policy by converting the original problem to a fully-observed
continuous-time Markov decision process on the belief-space P(RY); that is,
the state of the belief-space MDP is the conditional distribution of the state x;
given the past observations and actions G2. Then, by adding some mild con-
ditions on the stage-wise cost functions F' and G, they also proved that the
infimum achieved by classical admissible policies is the same as the infimum
achieved by wide-sense admissible policies [62, Theorem 6.1]. Therefore, with-
out loss of generality, one can work with wide-sense admissible policies instead
of classical policies in order to further analyze such problems.

Remark 8.1. It may be important to note that Bismut [28] arrived at further
existence results, through an approach which avoids separation (and the con-
struction of a belief~-MDP), in discrete-time a similar approach is given in [148,
Section 5.4.2].

8.1. Discrete-time case

Inspired by the work of Fleming and Pardoux [62], Borkar introduced wide-sense
control policies to study discrete-time partially-observed finite state-observation
Markov decision processes with average cost criterion in [36, p.675 ], [38, item 1].
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Using coupling methods, Borkar proved that fully-observed belief-space Markov
decision processes under wide-sense admissible policies admit the solution of
the average cost optimality equation, and any stationary policy for the belief-
space MDP that solves this equation is optimal. Borkar later extended this
result to continuous state-observation MDPs in [37, 39]. While it is evident that
the discussion in [36, p.675], [38, item 1] is just an oversight (since this was
corrected later, as we will discuss below), nonetheless we wish to note that if a
reader applies this as written, this may lead to a consequential error, as we note
in the following and as this was not explicitly noted.

To this end, we first review the construction of Borkar, which is very similar
to the above construction, and we wish to recognize also that Borkar achieves
what is in essence equivalent to Witsenhausen’s static reduction reviewed in
Section 2.2. For simplicity, we only consider here the case where state and ob-
servation spaces are finite. We consider a discrete-time Markov decision process
{z,} on a finite state space X, controlled by a control process {u, } taking values
in a compact Borel action space U, and with an associated observation process
{yn} taking values in a finite observation space Y, where n = 0,1,2,.... The
evolution of {z,,y,} is given by

P($n+1vyn+1 € '|xm71‘m;umam < TL) = p(Tni1,Ynt1 € “|Tn, un),

where p : XxU — P(X) xP(Y) is some transition kernel. To ease the exposition,
we assume that p is of the following form:

p(mn—&-la Yn+1 |xn7 Un) = r(yn-l-l'-rn—i-l) & p(xn+1 ‘-’I;ru un)7

where p is the state transition kernel and r is the observation kernel. The initial
distribution of xg is .

A control process {u,} is admissible in the classical sense if it is adapted to
the filtration {o(y,,, m < n)} generated by observations {y,}. In this case, one
can write

unzﬁn(yOa"'ayn)anOa (37)

for some m, : [[1_, Y — U. Let us denote m = {m,}.
Note that one can always write the evolution of the state process {z,} as a
noise-driven dynamical system

Tnyl = F(xn,un; wn)a (38)

where F' : X x U x [0,1] — X is measurable and {w,} are independently and
identically distributed uniformly on [0, 1]. Using this dynamical system, we now
reproduce the above process on a more convenient probability space. This will
then enable us to define wide-sense admissible policies.

In the following, we reduce the problem to an independent static one via
Witsenhausen/Girsanov/Borkar, see Borkar’s [36, 38] explicit analysis or Wit-
senhausen’s method presented in Section 2.2.

Under this reduction, we obtain a new probability measure Fj under which:



Stochastic information structures 515

(a) {yn} is i.i.d. uniform on Y and independent of =y and {w,},
(b) {un,vo,--.,yn} is independent of {w,}, zo, and {y,,, m > n}, for all n.

Using these properties, Borkar defined wide sense admissible policies in [36, 38]
as follows. A policy Py is wide sense admissible if Py satisfies (a) and (b). Note
that condition (b) is very similar to the non-signaling condition introduced in
Section 5.1. It assumes that the action at time n is independent of the observa-
tions after time n given past observations (but not necessarily past actions). In
other words, instead of saying that action u, should be dependent on current
and past observations {yo, . . ., Yn , this condition states that action u, should be
independent of future observations {y,,, m > n} given past observations. Borkar
and Budhiraja thankfully realized this seemingly simple, but consequential as
we will see later, typo as this was corrected in further publications: in [37, 39],
when Borkar and Budhiraja extend this definition to the continuous space case,
they have slightly changed the condition: This condition is denoted by (b’) and
stated as follows:

(b) {uo,.-- Un,Y0,---,Yn} is independent of {w,}, zo, and {y,,, m > n}, for
all n.

In (b’), in addition to {u,, Yo, - - . , Yn }, We suppose that past actions ug, . .., Up_1
are independent of {w,}, zo, and {ym;,, m > n}. In other words, u,, is indepen-
dent of the observations after time n given past observations and actions (note
that in condition (b) past actions are missing). This is indeed the right relaxation
since in the next section, we establish via a counterexample that the optimal
value achieved by wide sense admissible policies (with condition (b)) is strictly
better than the optimal value achieved by classically admissible policies. More-
over, we show that an optimal wide-sense admissible policy under (b) evidently
has access to a control policy that it should not have; that is, it violates the
causality of the problem, which is prohibited in general.

8.2. A counterexample

We have a partially observed MDP with the components X = {0,1} x {0,1} x
{0,1}, U={0,1}, and Y = {y*} contains only one element. Let xy ~ m ® 7o,
where 7 is a distribution on {0,1} x {0,1} and ¢ is a distribution on {0, 1}.
A typical element of X is denoted by z = [z}, 22, 23]. The transition and the

observation kernels are defined as follows:

p([$}z+17 x31+17 'T?LJrl] ’ [x}w x?w 'T?LL un) = )\(l‘}l+1, x721+1 |x:w :L‘i) ® 6“71. ($i+1)

T(yn|xn) = 6?;* (yn)a
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where A : {0,1} x {0,1} — P({0,1} x {0,1}) is a stochastic kernel such that m
is an invariant probability measure of A\. The reward? function is given by

(2, ) 1, ifed@u=czl-a?
c(x,u) =
0, otherwise.

To construct this counterexample, we have been inspired by the CHSH team [47]
reviewed earlier in Theorem 5.3, which establishes that non-signaling policies are
not admissible relaxations as they strictly improve the performance. A similar
conclusion will be obtained in this counterexample.

In this problem, the observation process {y,} is non-informative as, for each
n, Yn ~ dy+. Since any admissible control process {u,, } is adapted to the filtration
generated by the observation process; that is, one can write

Up = T (Yo, -+, Yn), 7 > 0, (39)

for some 7, : [];_, Y — U, any admissible control process {u,} can be repre-
sented as a deterministic sequence {a,}°2, C {0,1}*, i.e., u, ~ d,, for all n.
Note that, by the definition of the state transition kernel, the distribution 7 of
the first two components of the state (z1,22) remains as it is during the evolu-
tion of the state. With these observations, the maximum reward an admissible

policy can attain is
max {mo(zg - 25 = 0),mo(zg - x5 = 1)}. (40)

For instance, if

max {mo (2 - 25 = 0),mo (2 - 25 = 1)} = mo(zg - 25 = 0),

then this reward can be obtained by picking the control sequence as follows:
Uug :O,Ul = 1,U2 :O,Ug = 1,

We now construct an optimal wide sense admissible policy with the reward
function 1, which is in general strictly larger than (40). Let the probability
distribution Py on §2 have the following properties:

(a) {yn} is i.i.d. uniform on Y and independent of zy and {w,},
(b) For any n >0,
1/2, if up @ upsy = k- 22

PO(unvun+1|xmaymvwmam§ n) = .
0, otherwise

One can prove that Py is wide sense admissible; that is, {tun,yo,...,yn} is in-
dependent of {w,}, zo, and {y,,, m > n}, for all n, under Py. Indeed, we have
PO(un|$maymawm7m < TL) = U{O,l}(un) and PO(un+1|1'm;ymvwmam < TL) =

2We note that all results in this paper apply with straightforward modifications for the
case of maximizing reward instead of minimizing cost.
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Ugo,1} (tny1), where Uggqy is the uniform distribution on {0,1}. The average
reward of Py is 1, which can be the maximum achievable by any policy as
0 < ¢ < 1. Hence, F, is the optimal wide-sense policy.

Note that if

max{wo(xé -x% = 0),7r0(xé -x% =1)} = wo(x(l) . x% =0)= wo(x(l) . x% =1)=1/2,

then classical policies at most attain the reward of 1/2, while wide sense ad-
missible policies can get the reward of 1 which is twice as big as 1/2. Hence,
this proves the fact that wide sense admissible policies are much bigger than
the classical policies. Furthermore, Py cannot be implemented in real life control
applications as the action u, at any time n depends on the knowledge of the
action u,y1 at time n + 1, which violates the causality of the problem. Hence,
this shows that for certain class of problems, wide-sense admissible policies are
not a legitimate class of policies to study in the discrete-time setup. In order
to work with such policies, it is necessary to establish a theorem like [62, Theo-
rem 6.1] that establishes equivalency of these two classes of policies in terms of
achievable optimal value. This can indeed be done if condition (b) is replaced
by condition (b’). Note that the wide sense policy Py defined above violates the
condition (b’). Therefore, it is not wide sense admissible under condition (b’).

In summary, if the relaxation is done with the interpretation that u,, is con-
ditionally independent from future observations given the past observations, an
incorrect conclusion can be made. If the relaxations is so that the control action
u, is conditionally independent from future observations, given all the past,
then relaxation is valid.

9. Conclusion, topics left out and some open problems
9.1. Concluding remarks

The way information is decentralized is a key attribute determining how to
approach a problem in various areas of applied mathematics. In this review
article, we studied information structures in a probability theoretic and topo-
logical context. We defined information structures, placed various topologies on
them, and study closedness and compactness properties. We presented existence
and approximation results for optimal decision/control policies. We discussed
various upper and lower bounding techniques, through relaxations and convex
programs ranging from classically realizable and classically non-realizable (such
as quantum and non-signaling) relaxations. Figure 2 depicts a summary of our
findings on strategic measures.

We later presented various topologies on decision/control strategies defined
independently of information structures, but for which information structures
determine whether the topologies have utility in arriving at existence, compact-
ness, convexification or approximation results.

We showed that viewing decentralization with regard to the induced strategic
measures and viewing decentralization with respect to the applied control poli-
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cies, lead to different operational conclusions and tools to arrive at optimality
conditions and results for optimal decentralized decision making.

We showed that externally provided randomness should be well motivated
and when one defines relaxed control; which is a common solution technique
in discrete-time and continuous-time classical stochastic control, this should be
introduced cautiously since such randomness may indeed lead to unacceptable
performance improvement.

In the paper we considered the set of correlations given an information struc-
ture. A further related set of results involve the problem of optimal design of
information structures. This subject is beyond the scope of this review article
with some related results in [150, Thms. 3.2, 3.3, 3.4] and [149], which also
directly apply to the multi-agent setting.

9.2. Discussion on existence and some related results

As noted earlier, while the topological constructions on policies are quite use-
ful, Theorem 4.5 (for static teams or dynamic teams with an independent-
measurements reduction) and Theorems 4.6 and 4.7 (for sequential teams that
do not allow an independent-measurements reduction) are the most general ex-
istence results, to our knowledge, for the problems considered here. However,
some slightly weaker versions of these results can be arrived at through different
methods, as laid out in the paper. We also note, for completeness, that existence
of optimal policies for static and a class of sequential dynamic teams had been
studied in [144], [137] [69, 151], [150] [148]. Conditions for optimality have been
established in [45] for a class of continuous-time decentralized stochastic control
problems. We also noted in the article, for (classical) partially observed models,
existence results in [62], [28] with a discrete-time review in [148]. For a class of
teams which are convex, one can reduce the search space to a smaller paramet-
ric class of policies, such as linear policies for quasi-classical linear quadratic
Gaussian problems [117, 85, 73].

Note that standard dynamic programming is known to be a useful tool for
a class of dynamic teams since the 1970s. Clearly, if all the information at any
given decision maker is common knowledge between all decision makers, then the
system can be viewed as a centralized system and standard dynamic program-
ming is applicable. However, if only some of the system variables are common
knowledge, the remaining unknowns may or may not lead to a computationally
tractable program generating an optimal solution. A possible approach toward
establishing a tractable program is through the construction of a controlled
Markov chain where the controlled Markov state may now live in a larger state
space (for example a space of probability measures) and the actions may be ele-
ments from appropriately defined function spaces [149]. This controlled Markov
construction may lead to a computation of optimal policies. Such a dynamic
programming approach has been adopted extensively in the literature (see for
example, [11], [145], [46], [1], [147], [93] and significantly generalized and termed
as the common information approach in [109] and [110]) through the use of a
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team-policy which uses common information to generate partial functions for
each DM to generate their actions using local information. This construction
requires a common knowledge among decision makers, which is a unifying as-
sumption in the aforementioned contributions in the literature. Witsenhausen
[140] and [148] developed universal dynamic programming algorithms, which
are conceptually useful and mathematically consequential (on existence and re-
cursive analysis) but practically of limited algorithmic use with our current
knowledge.

9.3. Some open problems

In the following, we present a number of open problems:

(a) Note that one can prove, using the same argument in Theorem 5.3-(ii),

that
inf / Pds) cls) < J*,
PeLgy(m)

since there exists an optimal individually randomized policy that achieves
J*. Therefore, for any d, the team problem infper,, () [ P(ds)c(s) is
indeed an admissible extension or relaxation of classical team problem
since it does not require any communication between agents and a medi-
ator. Hence, the solution of this problem will be a significant contribution
to team decision theory as the optimal quantum-correlated policy can be
realizable in real life in view of recent and potential advances in quan-
tum technology. However, it is important to note that Lgqy() cannot be
convex if the dimension constraint d is small [53] (see also Theorem 5.2).
Therefore, with dimensionality constraint, the optimization problem corre-
sponding to the quantum-correlated strategic measures can be non-convex.
To convexify the problem, we can either add unlimited common random-
ness without changing d or increase d and allow for a limited common
randomness [53]. We can now state the following open problem:

(OP1) Under what conditions on the components of the team, there exists
d > 1 such that the optimization problem

/P(ds) c(s) (41)

inf
PGLQ(d) (}l.)
can be written or can be approximated by a semi-definite program?

One way to approach (OP1) may be to adopt the so-called NPA hierarchy
[108], which provides an infinite hierarchy of semidefinite programming
(SDP) outer approximations to the set of quantum-correlated strategic
measures. In the NPA hierarchy, given a set of finitely many operators that
are linear combinations of products of projectors, one forms the moment
matrix, where each entry of the moment matrix is obtained by computing
the trace of the product of the operators in this finite set. This moment
matrix satisfies some semidefinite constraints and cost can be written as a
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trace of the product of moment matrix and properly extended cost opera-
tor. Hence, for each finite set of operators, one can write the optimization
problem over moment matrix as a semidefinite program. Since semidefi-
nite constraints satisfied by moment matrix are necessary conditions for
the original quantum-correlated relaxation, it gives an outer approxima-
tion to the original problem. As the number of operators in the finite set
converges to infinity, it can be proved that the outer approximation con-
verges to the original quantum-correlated setup. However, although this
gives SDP outer approximations, there are no bounds on the rate of con-
vergence quantifying how the approximation improves as the level in the
hierarchy increases. On the other hand, if we can bound the rate of con-
vergence for the NPA hierarchy, it will be possible to use it for solving
(OP1).

Recall the dual program introduced in Section 5.4 using non-signaling
policies. In this section, we establish the dual problem for Witsenhausen’s
counterexample and pose several open problems. To this end, we let Y! =
Y? = U' = U? = R, which denote the observation and action spaces
of agents. In Witsenhausen’s celebrated counterexample [138], depicted
in Fig. 4, there are two decision makers: Agent 1 observes a zero mean
and o-variance Gaussian random variable y' € Y! and decides its action
u! € U'. Agent 2 observes y2 = u' + v € Y2, where v € V = R is zero
mean and unit variance Gaussian noise independent of ', and decides its
action u? € U?

1 2 2
u Yy u

7' @ 72
v

Fic 4. Witsenhausen’s counterexample.

The cost function of the team is given by
ey ut ) = R — g+ ('),

where k£ > 0. Let g(y) = \/%exp{—yQ/Q} be the probability density

function of a zero mean and unit variance Gaussian random variable. Then
we have

P(s* € S|ut) = [ gls? — u')m(ds?),
s
where m denotes the Lebesgue measure on Y?2. Let

flul,y?) = exp{—W} (42)
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so that g(y* —u') = f(u',y*) = exp {—(y*)*/2} = f(u',y®) g(y?). The
independent static reduction of Witsenhausen’s counterexample proceeds
as follows: for any strategic measure P € Lg(u), the expected cost can be
written as

J(P) = / (", ul, u?) P(du?[y?) P(dy?lu’) Pduly") o (dy)
- / ey us u?) Futs o) i (dy) o (dy"),

where 1, denotes zero mean and p-variance Gaussian distribution. Hence,
by defining ¢, (y',y%, u',u?) = c(y',u',u?) f(u',y?) and p(dy',dy?) =
po(dyt) pa(dy?), we can write J(P) as

J(P) = /Cs(yl,y2,ul,u2)P(du2|y2)P(dullyl)u(dyl,df) (43)

Therefore, in the static reduction of Witsenhausen’s counterexample, the
agents observe independent zero mean Gaussian random variables. In the
remainder of this note, we consider the static reduction of Witsenhausen’s
counterexample. Note that a strategic measure P € P(Y! x Y2 x Ut x U?)
is non-signaling if

P(du'ly',y?) = P(du'ly"),
Py, y?) = P(du®|y?). (44)

As noted in Section 5.4, since the constraints in (44) for P are linear, the
optimal team cost with non-signaling policies can be written as a linear
program over an appropriate vector spaces as follows. Recall that, for any
metric space E, M(E) denotes the set of finite signed measures on E and
C(E) denotes the set of continuous real functions. Consider the vector
spaces M(U! x U2 x Y! x Y?), C(U* x U? x Y! x Y?), M(U* x Y! x Y?),
C(U x Y! x Y2), M(U? x Y! x Y?), and C(U? x Y! x Y?). Let us define
bilinear forms on

(MU' x U? x Y' x Y?),C(U' x U? x Y' x Y?))
and on

(M(U'SY'XY?) x M(U?XY')Y?) xR, C(U' x Y x Y?) x C(U? x Y! x Y?) xR)

by letting
pon= [ ot ut, gt y?) pldut du? dy dy?),  (45)
UlxU2xY!xY2
<(p1,p2,a),(1}1,1}2,b)>2 ::/ Ul(u17y15yQ)pl(dulvdyladyg)
Ul xY!xY2
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+ / va(e?, ' y?) paldi, dy', dy?) + ab.  (46)
U2xY!xY?

The bilinear forms in (45) and (46) constitute duality between spaces [22,
Chapter IV.3]. Hence, the topologies on these spaces should be understood
as the weak topology of the duality induced by these bilinear forms. We
define the linear map L : M(U! x U? x Y! x Y?) - M(U! x Y! x Y?) x
M(U? x Y! x Y?) x R by

L(p) = (L1(p), L2(p), L3(p)) ,

where
Ly : p(du®, du®, dy*, dy*) — p(du’, dy", dy®) — p(du', dy") p1 (dy?)
Ly : p(du', du®, dy", dy®) — p(du®, dy", dy*) — p(du®, dy?) pio (dy")
L3 : p(dula du27dyla dyQ) = <p7 1>1

Using L, the optimal value of the team with non-signaling policies can be
written as a linear program as follows:

(NS) minimizep€M+(U1 xU2x Y1 xY2) <p, Cs>1
subject to L(p) = (0,0,1). (47)
Since Lo (p) C Lys(i), the solution of above linear program gives a lower
bound to the original formulation of Witsenhausen’s counterexample. Note
that the dual of L is given by L* : C(U'x Y! xY?)x C(U?2x Y! x Y?) xR —
C(U' x U2 x Y! x Y?), where

L*(Uluv27b) = vl(u17y17y2) - /YZ Ul(u17y1>y2)dul(y2)

+ U2(u27y17y2) - Al U2(U273/1a92) d,uO'(yl) + b. (48)

Then the dual program of (NS) can be written as [22, Chapter IV.6]

(NS™) maximize (y, v, b)eC(U x Y1 x¥2)x C(U? x¥! x¥2) xR D
subject to L* (v, v2,b) < cs. (49)
We can now state the following problems:

(OP2) Approximate numerically the dual linear program (NS™) to obtain a
lower bound to J*.

(OP3) Analyze the difference

inf /P(ds) cs(s) — inf /P(ds) cs(9),

PeLns(p) PeLc(p)

or at least with an upper bound obtained with numerical methods
(see [120] for a review of numerical results in the literature).



Stochastic information structures 523

(OP4) We know that when there is no u' - u? term in the original cost
function ¢, there is an affine optimal policy which can be obtained
analytically using information theoretic tools [17]. In this case, what
is the relation between

it / P(ds) cs(s)

PeLns

and

inf /P(ds) cs(s)?

PeLco(p)

More generally, for which cost functions, can we establish that

inf / P(s)ei(s) = inf / P(ds) cs(s)?

PeLys(p) PeLlc

(¢) In the paper, we considered only sequential decentralized stochastic con-
trol. As noted earlier, if there is a pre-defined order in which the deci-
sion makers act, then we say that a system is sequential; otherwise, the
system is non-sequential. Such non-sequential systems are substantially
more difficult to study, since the ambiguities in the order of actions lead
to challenges on the interpretation of local information. Optimal design
of such non-sequential models requires the systems to be deadlock-free,
that is the actions of a given DM should not depend on the actions of
DMs acting in the future, for any realized random ordering. Furthermore,
the optimization problem for such systems should be well posed/solvable,
since for some designs the expected cost may not be well-defined. We refer
the reader to Witsenhausen [139], Andersland and Teneketzis [5], [6] and
Teneketzis [130] for a comprehensive study of non-sequential systems, see
[149] for a brief review. We also note that with the observation that the
information fields generated by local measurements lead to subtle condi-
tions on solvability and causality, an alternative probabilistic model, based
on quantum mechanics, for describing such problems has been proposed
by Baras in [19] and [18]. These papers also present an accessible review
of related developments on the quantum information literature prior to
the publications. In summary, the study of non-sequential decentralized
stochastic control systems in the context of what we studied throughout
this paper is an open problem.
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