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Abstract. Within the framework of Witsenhausen’s intrinsic model for discrete stochastic
control, we provide a unified framework to extend and study three binary relations between agents:
the so called precedence, subsystem and memory-communication relations. These are tools to analyze
nonsequential systems, those for which, in contrast to sequential ones, any a priori ordering of
control actions is impossible independently of the set of control laws. We give localized versions of
these relations are given; localizing the precedence relation provides an evocative characterization
of Witsenhausen’s causality property (C). Connections between these three binary relations are
exhibited. We show in particular that the subsystem relation is the reflexive and transitive closure
of the precedence relation. We give new characterizations of sequentiality, and introduce systems
closed under precedence, as well as partially nested systems. We prove that partially nested systems
without self information (causal ones in particular) are sequential. We end up with a summary table
providing a classification of information structures in terms of binary relations.
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1. Introduction. In two papers [10, 11], Witsenhausen introduced and devel-
oped the so called intrinsic model for discrete stochastic control. It provides a trans-
parent and elegant framework to deal with interactions between a finite number of
agents (decision makers), without presupposing any ordering of actions. Such a frame-
work is adapted to general stochastic control systems, also called information struc-
tures, when one deals with nonsequential systems, those for which, in contrast to
sequential ones, any a priori ordering of control actions is impossible independently
of the set of control laws. Witsenhausen’s model has been used by a limited number
of authors (see [5, 6, 1, 3] for some references) interested by nonclassical information
structures. We share such an interest since our study of dual free stochastic controls in
[2]. In this paper, we try to provide tools, based upon three binary relations between
agents, in order to analyze general information structures.

In Section 2, we recall Witsenhausen’s intrinsic model for discrete stochastic con-
trol and definition of causality. Examples are provided. In Section 3, we provide a
unified framework to define and study three binary relations between agents, scat-
tered in the litterature [5, 6, 11, 2]: the so called precedence, subsystem and memory-
communication relations. We provide an extension by localizing such relations to
any event. As an illustration, localizing the precedence relation provides an evoca-
tive characterization of Witsenhausen’s causality property (C). Connections between
these three binary relations are exhibited. By using binary relations tools, we show
in particular that the subsystem relation is the reflexive and transitive closure of the
precedence relation. In Section 4, we recall the typology of systems presented in [11]
and relate it to the three binary relations. By using binary relations tools, we are
able to give new characterizations of sequentiality. We introduce systems closed un-
der precedence, those for which the precedence relation is transitive, and give their
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properties. The most interesting one is the equivalence between self information and
sequentiality. We also introduce partially nested systems which are the extension of
quasiclassical systems to non necessarily sequential systems. As pointed out in [12],
strictly partially nested systems are adapted to a general dynamic programming for-
mulation, in the case they are sequential. We prove that partially nested systems are
closed under precedence. As a consequence, we show that partially nested systems
without self information (causal ones in particular) are sequential.

2. Witsenhausen intrinsic model for discrete stochastic control. We
present here the so called intrinsic model for discrete stochastic control introduced by
Witsenhausen in [10] (see also [11]).

2.1. The model. Let A be a finite set representing agents. Each agent o € A
is supposed to take one decision u, € U,, where U, is the control set for agent
a, equipped with o-algebra U,. This includes the (discrete time) dynamics case by
considering that an individual taking one decision at each period is in fact made up
of several different agents, one for each period. We put

Ua def H Ug, (2.1)
BeA

the product set, equipped with the o-algebra generated by rectangles:

Ua def ®Ug . (2.2)
BeA

Let © be a measurable set, with o-algebra F. This is the sample space of random
issues, but we do not equip it with a probability measure. We put

HYUyxQ and HE¥Us0F. (2.3)
The information field of agent « is a subfield Z, C Uy ®F. By this, the information of
agent o may depend upon other agents decisions and upon realizations of the sample
space ().
The collection consisting of A, (Q, F), (Un,Un,Za)aca is called an information
structure [10] or a (stochastic control) system [11].

For any subset B of A, we define the cylindric extension of &) sepUp toUa by:
UB) = Qs @ R){0,Us} CUa . (2.4)
BeEB B¢B

Any element in U(B) is of the form K x []5,5 Us, where K € @4 5Us. We have
that, forall BC Aand C C A

UBNC)=UB)NUC) and UBUC)=UB)VUC). (2.5)
For any B C A, let Up def HaeB U, and wp denote the projection from Uy x 0

to UB x
V(u,w) €Uxs x Q, wp(u,w) def ((ua)acn,w) € Ug x Q. (2.6)

We have that U(B) @ F = w§1(®ﬂeBZ/[g) ® F. Notice that wy(u,w) = w, while
walu,w) = (u,w).



2.2. The decision process. Quoting Witsenhausen in [10], “The decision pro-
cess is considered as a feedback loop and the game is characterized by its interaction
with the policies of the agents, without prejudging questions of chronological order.
”We denote

Ao D0 UA X Q= Us | A Us) C T} (2.7)
Any A\, € A, represents a possible policy of agent «, in the sense that it depends, in
a measurable way (with respect to Z,, i.e. taking information into account), upon all
agents decisions and upon the random issue. We put

Aa T A (2.8)

acA

Open loop policies are constant ones, that is are elements of

A E T AL where AL (A, UaxQ— Uy | A Ua) € {0,UaxQ}}. (2.9)
a€A

For any A = (Aq)aca € Aa, the problem is to find, for any w € €, solutions
u € Ua (dependent upon w) satisfying the closed-loop equations wa(u) = Ag(u,w),
where @, is defined in (2.6), that is:

Uo = Aa((ug, B € A),w), VacA. (2.10)

For an open loop policy A € A, equation (2.10) has a unique solution u, = A, by
identifying the function )\, with its constant value. However, in general, all cases are
possible: no solution, multiple solutions, unique solution.

Witsenhausen says that solvability property (S) holds when, for any A € A4 and
any w € €, there exists one and only one u € Uy satisfying (2.10).

DEFINITION 2.1 ([11]). Absence of self information is the property that I, C
U(A\{a}) @ F for all agent « € A. Witsenhausen proves in [11] that solvability
property (S) implies absence of self information.

2.3. Causality. The subtle notion of causality is treated with care in [10] (see
also [11, 6]). A weaker notion of causal implementability property (CI) is defined and
studied by Andersland and Teneketzis in [1].

Let n =card(A). For k € {1,...,n}, let S denote the set of injective mappings
from {1,...,k} to A. Thus Sx = S7% is the set of total orderings of A. We also put
S’% =0. For 0 <i<j<m,let Tij : Si — Sf; denote the truncation map which
restricts any o € Sf;l to the domain {1,...,i}, or to ( if i = 0.

An information structure is said to possess causality property (C) (or a system is
said to be causal) if there exists (at least) one mapping ¢ from U x Q towards Sa,
with the property that

Veke{l,...,n}, VseSh, Zuyn(Iyop) (s) cU{s(1),....s(k—1)}) @ F.

(2.11)

DEFINITION 2.2. A sequential system is one for which the causality condition
holds with a constant mapping @, that is there exists ¢ € S 4 such that

VEe{l,...,n}, Tw CU{sO),....s(k—1)})®F. (2.12)

Witsenhausen proves in [10] that causality property (C) implies (recursive) solvability
(S). Andersland and Teneketzis prove in [1] that causality property (C) implies causal
implementability property (CI), and that this latter implies (recursive) solvability (S).
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2.4. Examples. We present examples, either with finite decision and sample
sets (for which subfields are equivalently described by partitions as illustrated in
Figures 2.1-2.2-2.3), or continuous decision and sample sets. The notation o() means
the o-field generated either by subsets or by a mapping.

Single agent with two decisions, two random issues. Consider the case of
a single agent A = {a}, U, = {a1,as}, together with ¢, = 2Y, and with sample
space Q = {w_,w;} and F = 2%, We have H = U, x Q = {a1,a2} x {w_,w,} and
H=U,RF =2V @2?% =2" The set of orderings S 4 is reduced to the mapping ¢
such that ¢(a) = 1.

e 7, = {0,H}. The agent knows nothing. Possible policies coincide with open-
loop ones, so that the decision process is elementary. Notice that the system
is sequential, with ¢ : HL — S4 equal to ¢ = ¢, where ¢(a) = 1.

o 7, =2V ®{0,Q} = 0c({a1} x {w_,wi },{as} x {w_,wy}). The agent takes his
decision in function of his own decison: this is an example of self information,
which precludes solvability. Indeed, A4 in (2.8) identifies with one of the
four mappings from U, to U,. Thus, equation (2.10) becomes u, = Ay (uq)-
Existence (and unicity) holds if and only if A, is the identity mapping. The
system is non sequential.

¢ 7, = {0,U,} @ F = o({a1,as} x {w_}, {a1,as} x {ws}): the agent knows only
the random issue. The system is sequential, with ¢ : HH — S4 equal to ¢ =,
where ¢(a) = 1. Solvability holds and the decision process u, = Aq(a,w) is
recursive since A\,(a,w) = A,(w) because A, is measurable with respect to
Z, = {0,U,} ® F, hence does not depend upon the variable a: the random
issue is observed, and the decision depends upon it.

Two agents with two decisions, two random issues. Consider the case
A = {a,b}, U, = {a1,az2}, U, = {by, b2}, together with U, = 2« and U, = 27,
with sample space @ = {w_,wy} and F = 22, We have H = U, x U, x Q =
{a1,as} x {b1,b2} x {w_,wy}and H =U, U, @ F = 2.

The set of orderings S4 = {ab, ba} is reduced to two mappings: ab = ¢4 such that
Sab(a) = 1 and ¢up(b) = 2; the reverse for ba = ¢,. With the same type of notation,
we also have S} = {a,b}.

e 7, = {0,H}, 7, = {0,U,} ® {0,Up} ® F. Agent a knows nothing, while
agent b knows the random issue. There are no interactions between agents,
just a dependence upon random issues: this is an example of static team (see
subsection 4.1).

e 7, = {0,Us} @ {0,Up} @ F, T, = U, ® {0,Up} ® F. This corresponds to

Figure 2.1.
The system is sequential with ¢ = ab: agent a observes the random issue and
takes his decision in function; agent b observes both agent a’s decision and the
random issue and takes his decision in function. Notice that Z, C Z;, which
may be interpreted in different ways. One may say that agent a communicates
his own information to agent b. If agent a is an individual at time ¢ = 0, while
agent b is the same individual at time t = 1, one may say that the information
is not forgotten with time (memory of past knowledge).

o 7, ={0,Us}{0, Up}F, Iy = Uy {0, Up } {0, 2}. The system is sequential
with ¢ = ab. Here, Z, and Z; are not comparable: indeed, agent a observes
only the random issue, while agent b observes only agent a’s decision.

e 7, = {0, U} @ Uy @ {0, 0}, Tp = U, ® {0, U} ® {0, Q}. This corresponds to
Figure 2.2. Agent a observes only agent b’s decision, while agent b observes
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F1a. 2.1. A sequential information structure described by partitions

only agent a’s decision: this corresponds to a deadlock situation [1] where the
decision process may have no solution or multiple solutions. The system is
not sequential.
T, ={0,U,} {0, Up} @ F, I, = o({ar} x {b1,ba} x {w_}). The system is
sequential with ¢ = ab. Z, and Z; are not comparable.
T, = o({a1, a2} x {b1,b2} x {wy},{ar, a2} x {b1} x {w-}), Iy = o({a1, a2} x
{b1,ba} x {w_},{a1} x {b1,b2} x {wy}). This corresponds to Figure 2.3.
Define oy, xu,x{ws} = @b and P, xu,x{w_} = ba. We shall show that
causality holds. However, it may easily be seen that the system is not se-
quential.
For k = 1, recall that St = {a,b}. For s =a € S}, we have (T2 )_ (a) =
“Hab) =Ua x Uy x {wi} and Zyqy N (TF 0 0) 7 (s) = Lo N (TT 0 ) "' (a) =
I NU4 x Up x {ws} = {0, {a1,a2} x {b1,b2} X {w+}} C U0) ® F. When
s = b e S}, we prove in the same way that Z,)N(Tfop)~(s) = {0, {a1, as} x
{bl, bg} X {w,}} C u(@) X f
For k = 2, recall that S%3 = Sy = {ab,ba}. For s = ab € S%, we have
(T22 O(p)_l(ab) = <p_1(ab) =Us xUp x {wy} and Is(g) N (T22 O(p)_l(s) =7pN
UaxUpx{wi} ={0,{a1, a2} x {b1,bo} x {wy}, {ar} x {b1, b2} x {w}, {az} x
{b1,b2} x {wi}} cU{a}) @ F =U{s(1)}) ® F. When s = ba € 5%, we
prove in the same way that Zyo) N (T35 0 )~ (s) C U({s(1)}) ® F.
Thus (2.11) is satisfied, and causality holds true.

0
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F1G. 2.2. An information structure with deadlock

State space observed and controlled systems. Witsenhausen’s model in-
cludes the case where information is given by signals: agent « learns about the
location of h € H by a mapping H, : H — Y,. Assuming that H, is measur-
able from (H,H) to (Ya, V), the connection between both approaches is given by
Zo=H. (Vo) = 0(Ha).

The traditional framework where controls and random issue affect a state which,
in turn, delivers information is also included in Witsenhausen’s model. We shall
illustrate it on an example drawn from [9].

Consider the following state equations

1 = To+wr
T2 = T1 — U2

together with output equations

Yo = o
y1 = x1+v

with controls u; € Uy = R and us € Uy = R, and random issue w = (zg,v) € Q =
R x R. All sets are equipped with their Borelian o-algebras: U; = Us = B(R) and
F = B(R?). Putting A = {1,2}, H=U; x Uz x Q =R* with H = B(R*), u1, uz, zo
and v are seen either as “primitive variables” or as coordinate mappings with domain
H. The “variables” zi, x2, yo and y; are mappings with domain H.
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F1a. 2.3. A nonsequential information structure

o 71 = o(yo) = o(zo) = {0, U1} ® {0, Uz} ® B(R) @ {0, R}, Tp = o(yo, y1) =
o(xo,xo +u1 +v) = o(xo,u; +v). This is the classical information pattern
(sequential and memory of past knowledge).

o Iy = o(yo) = o(zo) = {0, U1} ®{0, U2} @ BR) @ {0, R}, o = 0 (y1) = o(zo +
u1+v). This is an example of nonclassical information pattern (Witsenhausen
counterexample in stochastic optimal control).

3. Precedence, subsystem and memory-communication binary rela-
tions between agents. From now on, we shall make use of the terminology, no-
tations and properties of binary relations as recalled in the Appendix. In brief, 14
is the equality or diagonal relation, R is the transitive closure of a binary relation
R, while R* = 14 UR™ is the reflexive and transitive closure. The complementary
relation —9R verifies a—RF < - (aRf).

3.1. The precedence binary relation between agents. A precedence binary
relation between agents was introduced by Ho and Chu in [5, 6] for the multi-agent
LQG problem. An extension of precedence! to non necessarily LQG problems was
given in [2], but not within the framework of Witsenhausen’s intrinsic model.

We now proceed to define the precedence relation: it identifies the agents whose
decisions indeed affect the observations of a given agent.

1'We took inspiration from the definition in [6], while that in [5] rather relates to the subsystem
relation to be seen in the sequel.



DEFINITION 3.1. Let [@] C A be the intersection of subsets B C A such that
I, CU(B) @ F. Since A belongs to this intersection and by (2.5), (o] exists and is
the smallest subset B C A such that Z,, CU(B) ® F. We define a precedence binary
relation P on A by

BPa = Bela], (3.1)

and we say that 3 is a precedent of a. Any [ in [«] affects the observations available
to agent a. In other words, if G is a precedent of a, then 7, indeed “depends upon

UQ”.
Examples. Consider the case A = {a,b}, U, = {a1,a2}, Uy, = {b1,b2}, Q =

{w_, w4}

L= {DH}, T, = {0,U} @ {0, Uy} @ F: [a] = )] = 0, % =0.

e 7, =1{0,U,} @ {0, Up} @ F, I, = U, @ {0, Up} ® F (see Figure 2.1): [a] = 0,
[ = {a}7 B = {(a7b)}'
e 7, = {0,U,} @ {0, U} @ F, Tpy = U, @ {0, U} ® {0,Q}: [a] = 0, [b] = {a},
P {(a b)}.
o Z, = {0,Us} @ Uy ® {0,Q}, Iy, = Uy ® {0, U} @ {0,Q} (see Figure 2.2):
o 7
B

[a] = {b}, [b] = {a}, B = {(a,b), (b,a)}.
{{( ;}}®{®7Ub}®ﬁ Ty = o(far} x {b1, bo} x{w_}): [a] =0, [b] = {a},
I = ({al,ag} X {bl,bg} X {W+}, {al,ag} X {bl} X {w_}), Ib = a({al,ag} X
{b1,ba} x {w_},{a1} x {b1,b2} x {w+}) (see Figure 2.3): [a] = {b}, [b] = {a},
B = {(a’a b)7 (b’ a)}

For any B C A, we also introduce

s 8.8
Il

BB, BCYB and vaeN, (BB (32)
pBeEB

When B is a singleton {a}, we denote [a]™ for [{a}]™.

The precedence relation is generally not reflexive: « € [o] means that agent «
decisions affect its own observation?. Witsenhausen’s Definition 2.1 of absence of self
information precludes such a possibility.

Absence of self information is a property which translates straightforwardly with
the precedence relation, as shown in the following Proposition which will be quite
useful in the sequel. Its proof is a simple rewriting of Definition 2.1.

PROPOSITION 3.2. A system is without self information if and only if o & [
for all agent a € A if and only if the complementary relation =B of the precedence
relation P is reflexive if and only if 14 NP = 0.

It is a straightforward consequence of Definition 3.1 that, for all « € A, g € A
and B C A, C C A, we have:

IsCIa= A Cld, (3.3)
[Bl]CB <= I3 CU(B)®F. (3.4)
[B]cC < Ip CU(C)® F. (3.5)

2Recall that, in a temporal framework, an agent is a decision maker at a given time.
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3.2. The subsystem binary relation between agents. For any B C A, let
Ip C 'H be the information of the subset B of agents:

75 € \/ Z5. (3.6)
BeB

Witsenhausen in [11] defines a subsystem as a subset B of A such that ZTp C
U(B) ® F. Using the precedence binary relation, this is equivalent to the following
definition.

DEFINITION 3.3. A subset B of A is a subsystem if [B] C B.  Thus, the
information received by agents in B depend upon actions of nature and actions of
members of B only.

As a consequence of (2.5), Witsenhausen notices in [11] that subsystems are closed
under the intersection and union operations, and thus they form the closed sets of a
topology 7 on A. Connected components of (A, 7) are dynamically decoupled subsys-
tems; a static coupling remains through the common dependence upon the random
issue.

DEFINITION 3.4 ([11]). The closure (B), for the topology T, of a subset B C A
s the smallest subsystem containing B; it is called the subsystem generated by B.
The subsystem generated by agent « is the closure {«) of the singleton {a}. The
corresponding subsystem binary relation & between agents is as follows:

Y(a, B) € A%, PBGa <= B€(a). (3.7)

In other words, S6Ga means that agent § belongs to the subsystem generated by
agent a or, equivalently, that the subsystem generated by agent o contains the one

generated by agent 5 ((3) C («)).
It is a consequence of the definition of a subsystem that, for B C A:

B is a subsystem <= (B) =B <= [B] C B. (3.8)

PROPOSITION 3.5 ([11]). The subsystem relation & is a pre-order (or a quasi
order), namely it is reflexive and transitive.

Proof. The subsystem relation & is reflexive since a € () for any agent « € A.
It is also transitive. Indeed, let agents «, § and & be such that & and &4, that
is € () and B € (§). From 3 € (0), we deduce that (8) C (J) and thus « € (9),
that is a&4. 0

The relation & is generally not anti-symmetric since (3) = () may occur with
a # (.

Examples. Consider the case A = {a,b}, U, = {a1,a2}, Uy = {b1,b2}, Q =
{wfvubr}'

o 7, = {0,.H}, T, = {0,U,} @ {0, Uy} ® F: (a) = {a}, (b) = {b}, & =1, =

{(a,a), (b,0)}.
Ty, ={0,U} {0, Up} @ F, It = Uy, {0, Up } @ F (see Figure 2.1): (a) = {a},
<b> { b} 6= {(avb)v(aaa)v(bvb)}'

o I, = {0,Us} {0, Up} ® F, Tp, = Us {0, Up} @{0, 2}: {a) = {a}, (b) = {a, b},
S = {(a, ) (a,a), (b,b)}.
e 7, = {0, }®Ub®{® O Iy = U, @ {0, U} @ {0,902} (see Figure 2.2):

= R
S

{a,b}, (b) = {a,b}, & ={(a,b), (b, a), (a,0), (b, D)} = A%.
oI, = {0 IU}® 0UY ® F. Ty = o({ar} x {br.ba} x {w_}): (a) = {a},
{a,0}, & = {(a,b), (a,a), (b,0)}.
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o 7, =oc({a1,a2} x {b1,ba} x {ws},{ar, a2} x {b1} x {w_-}), Iy = o({a1, a2} x
{b1,b2} x {w_}, {a1} x {b1,b2} x {wi}) (see Figure 2.3): (a) = {a,b}, (b) =
{a,b}, & = {(a,b), (b,a), (a,a), (b,b)} = AZ.

3.3. The memory-communication binary relation between agents. The
following definition of memory-communication is inspired by [5] and by [2].

DEFINITION 3.6. Let ||| be the union of subsets B C A such that Ip C Z,.
Since {a} belongs to this union and by (3.6), ||a| is the largest subset B C A such
that ITp C Ty:

BC|a| < IpCZ,. (3.9)
We define a memory-communication binary relation 9 on A by
V(a,B) € A%, BMa <= B |a| <= IsCT,. (3.10)
For any B C A, we also introduce
131 181 (3.11)
BeB

When 3 € ||al|, the observations made by agent (3 are part of those available to
agent a. Note that « € |||, so that 9 is a reflexive relation. 9N is clearly transitive.

PROPOSITION 3.7 ([2]). The memory-communication binary relation I is a
pre-order (or a quasi order), namely it is reflexive and transitive.

Examples. Consider the case A = {a,b}, U, = {a1,a2}, Uy = {b1,b2}, Q =
{w—’w-i-}-
e Z, = {0, H}, T, = {0, Ua} @ {0, Up} @ F: [lall = {a}, [bl] = {a,b}, M =
{(a’ b)7(a7 a)’(b7 b)}
o 7, ={0,U,} {0, Up} F, T = U, {0, Up }  F (see Figure 2.1): ||a]| = {a},
HbH = {a7b}’ Mm = {(avb)a (ava’)v (b7 b)}
© I, = {0, U} @{0, Up} @ F, Ip = Uy @ {0, Up} ® {0, Q}: ||al| = {a}, [|b]] = {b},
Mm = {(a,a), (b,d)}.
T, = {0, U} @ Uy ® {0,Q}, Ty = U, @ {0, Up} @ {0,Q} (see Figure 2.2):
lall = {a}, [[bl]l = {b}, M = {(a,a), (b,b)}.
I, = {0,U,} @ {0,Up} @ F, Iy = o({a1} x {b1,b2} x {w_}): |la]| = {a},
[bll = {b}, M = {(a,a), (b,b)}.
T, = o({a1, a2} x {b1,b2} x {wy},{ar, a2} x {b1} x {w-}), Iy = o({a1, a2} x
[br, b2} x (-}, {ar} % {br, bo} x {1 }) (see Figure 2.3): [l = {a}, ] = {0},
M = {(a,a), (b, b)}.

3.4. Localization of systems and relations. Let any h € H be called an issue
and any F C H an event?.

Suppose that an event F' C H is given. We define a localized information struc-
ture at event F or a localized (stochastic control) system at event F' as the collection
comnsisting of A, (Q,F), (Un,Un,Za)aca together with F. We also speak of an infor-
mation structure restricted to F or a (stochastic control) system restricted to F.

DEFINITION 3.8. Let [a]p C A be the intersection of subsets B C A such that
I.NF CU(B)®F: [a] is the smallest subset B C A such that T,NF CU(B) @ F.
We define a localized precedence binary relation P at event F' on A by

BPra < pB<lar, (3.12)

3We depart here from the tradition according to which an event is an element of H.
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and we say that B is a precedent of o on the event F'. The precedence binary relation
P on A is Py.

DEFINITION 3.9. A subset B of A is a subsystem on F if [B]p C B. The closure
(B) of B is the smallest subsystem on F containing B. The subsystem generated
by agent a on F' is the closure (&) p of the singleton {a}. The corresponding localized
subsystem binary relation G at event F' between agents is as follows:

Y(a,B) € A?, BGra < Be(a)y. (3.13)

DEFINITION 3.10 ([2]). Let ||| be the union of subsets B C A such that
IpNF CI,. ||a||p is the largest subset B C A such that Ig N F C Zy:

BClla|p <= IpNF CI,. (3.14)

We define a localized memory-communication binary relation g at event F' on A
by
Y(a,B) € A2, BMpa <= Belallp <= IsNFCI,. (3.15)

Notions of solvability, causality and self information may also be localized. All
the results concerning systems remain true for localized systems, except the property
that solvability on an event implies absence of self information on this event.

Consider the case A = {a,b}, U, = {a1,a2}, Up = {b1,b2}, @ = {w_,w+}.

o 7, =oc({a1,as} x {b1,b2} x {ws},{ar, a2} x {b1} x {w_-}), Iy = o({a1, a2} x
{b1,b2} x {w_}, {a1} x {b1,b2} x {w+}) (see Figure 2.3).
Let FJr = {al,ag} X {bl,bg} X {w+} and F_ = {0,1,0,2} X {bl,bg} X {w,}.
We have [a]F+ = Qv [b]F+ = {a}7 ‘BF+ = {(b7 a’)} and [a]Ff = {b}a [b]p; = (Z)a
PBr. = {(a7b)} We have ||a||F+ = {a’}v ||bHF+ = {U‘?b}’ g)ﬁF+ = {(avb)v (a7a)’ (bvb)}
and ”a”F, = {a, b}, ”bHF, = {b}, Mp_ ={(b,a), (a,a), (b,b)}.

The following Proposition is a straightforward consequence of the hereabove Def-
initions.

PROPOSITION 3.11. Let (F;);cr be a finite or enumerable family of subsets of H
such that [B]p, C C. Then both F_ = (\,c; and Fy =J,c; are such that [Blp_ C C
and [B]p, C C. The same holds true with (B).

Localizing the precedence relation provides an evocative characterization of Wit-
senhausen’s causality property (C), recalled in subsection 2.3, as follows.

A family (Kj)ies is said to cover H if K; C H and (J,c; K; = H. It is said to
disjointly cover H if, in addition, the K; are two by two disjoints. By these definitions,
we allow for the K; to be empty sets.

PROPOSITION 3.12. An information structure possesses causality property (C) if
and only if there exists a family (K )ces, which disjointly covers H and such that

Vke{l,...,n}, VseS%,  [s(k)]k.C{s(1),...,s(k—1)}, (3.16)

where K def U K..
s€SA, T c=s
Proof. If causality property (C) holds with the mapping ¢, we put K def 0 1(s).
Then (3.16) is a rewriting of (2.12).
Now, if there is a family (K.)ces, which disjointly covers H, we can define ¢ :
H — Sa by ¢k =<. Then (2.12) is a rewriting of (3.16). O
11



3.5. Relationships between 3 and &. Here are relationships between the
precedence relation P and the subsystem relation &.
ProrosiTION 3.13.
1. For any a € A and 8 € A, we have:

B € (a)=[8] Cla). (3.17)
2. For any o € A, we have:

(@) = J ™. (3.18)
neN
Proof.

1. By definition of (&), we have Z(o) = Vjge(ay Zs C U(()) ® F. Thus 3 €
(a)y = Tg CU({a)) @ F, that is [F] C (a) by (3.4).

2. First, we prove by induction that [a]" C (a) for n € N. By definition (3.2),
this holds true for n = 0 since o € («). Assuming [a]” C (@), we deduce
that [a]" ™! = [[a]"] C [(a)] by (3.2). Now, since (a) is a subsystem, we have
[(a)] C (@) by (3.8). Thus [o]"*! C (a) and the induction is proven.
Second, from [a]™ C (), we deduce that | J,,cy[a]™ C (). On the other hand,
U,.enla]™ is a subsystem by (3.8) since [, enle]"]= Unenla]™ ™ € Unpenle)™
(notice that the enumerable union | J,,cy[@]™ is in fact finite since A is finite).
To sum up, (J,,cnla]™ is a subsystem containing o and contained in {(ay): it is
thus equal to this latter.

0

Proposition 3.13 provides the following links between the subsystem and the prece-
dence binary relations.

THEOREM 3.14. The relation & is the reflexive and transitive closure ‘B* of the
precedence relation SPB. We thus have the following inclusions and equalities:

PCPCCS =P =P°Ul,. (3.19)

Proof. By (3.18), we have that P8 C &, since § € [a] = 3 € («). By Propo-
sition 3.5, & is reflexive and transitive. Thus, P C & = P* € 6 = &. Now, by
definition (A.9) of P°°, the identity (3.18) means that P U1y = &. We conclude
with the equality (A.11), which is here P* = P> U1,4. O

3.6. Relationships between P and 9. Here are relationships between the
precedence relation B and the memory-communication relation 9.
PROPOSITION 3.15 ([2]). For any agents o € A and B € A, we have

Belall=[8] Clo]. (3.20)
For any B C A, we have:
(B[] < [B] . (3.21)

Proof. Let agents o and 3 be such that 5 € ||a||. Thus, Zg C Z, by (3.10) and
we conclude that [8] C [a] by (3.3), i.e. [||a||]] C [a]. We deduce that, for any B C A,

we have:
iB= U B=U U BclJl=IBl.

BellB| a€B e a€B

12



4. A classification of systems.

4.1. A typology of systems. The following definitions are extended from [11].

A static team is a subset B of A such that [B] = (). Equivalently, by Theorem 3.14,
the precedence relation 3 is empty or the subsystem relation G is reduced to the
equality relation 14.

It follows from Definition 2.2 that a system is sequential if and only if there exists

an ordering (ayg,...,an—1) of A such that
Vk=0,....,.n—1, [Otk]C{OéQ,...,ak_l}4. (41)
Equivalently, there exists an ordering (ao, ..., an—1) of A such that o;Pa; =i < j

(i.e. strictly compatible with 3).

A system is classical if it is sequential and, in addition, ay € ||agt1]| for & =
0,...,n — 2. Equivalently, by using the transitivity of 9t (Proposition 3.7), there
exists an ordering («o, ..., a,—1) of A such that

Vk=0,....,n—1, J[ag] C{ag,...,ax-1} C{ao,...,0p-1,01} Cllag] . (4.2)

Thus, any agent knows what all “previous” agents know. Notice that [ay] C [ag+1].
Indeed, (4.2) together with the property that [||ag|]] C [ak] (see Proposition 3.15)
imply that [[ax]] C [a) U... U [ak—1] C [|lak|l]] C (o], hence [ap—1] C [ou].

A system is strictly classical if it is classical with U({ax}) ® F C Zq,,,. In
other words, agent ag11 knows also the actions of the “previous” agent ay, for k =

0,...,n—2.
A system is quasiclassical if it is sequential and that & C 9.

A system is strictly quasiclassical if it is sequential and that 0&a, 8 # « implies
(ZsVU{B}) ® F)) C Z,. In other words, agent o knows what know and do all the
other agents which form the subsystem that he generates.

4.2. Characterizations of sequential systems. The equivalence of the two
first assertions in the following Theorem is due to Witsenhausen in [11]. The others are
new. They will prove useful in the sequel for characterizing partially nested systems
without self information.

THEOREM 4.1. The following assertions are equivalent:

1. the system is sequential;

2. the system is without self information and the subsystem relation & is an
order;

3. the precedence relation P is acyclic (that is, Voo € A, Vn > 1, a & [a]™);

4. the relation —(P>) is reflexive (i.e. 1y NP> =0);

5. the graph of precedence G(P) is a forest.

4For k = 0, this means that [ag] = 0.
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Proof. The proof is a straightforward transcription of Proposition A.1 in the
Appendix with R = 5.

For this, recall that a system is sequential if and only if there exists an ordering
of A strictly compatible with 3.

Also, a system is without self information and & is an order if and only if =5 is
reflexive and & = * is an order. O

4.3. Definition and properties of systems closed under precedence. The
following definition covers a class of systems with original properties.

DEFINITION 4.2. A system is closed under precedence if the precedence binary
relation B is transitive. Equivalently, for any B C A, [B] is a subsystem, by (3.8).

Here is a Proposition which will prove important for partially nested systems.

PROPOSITION 4.3. A system closed under precedence is sequential if and only if
it is without self information.

A system closed under precedence and without self information is sequential.

Proof. On the one hand, by Theorem 4.1, a system is sequential if and only if the
relation —(P>°) is reflexive.

On the other hand, by Proposition 3.2, a system is without self information if
and only if the relation =58 is reflexive.

We conclude with the fact that 3°° = P for a system closed under precedence. O

4.4. Definition and properties of partially nested systems. We here gen-
eralize the quasiclassical systems to non necessarily sequential systems. The termi-
nology is taken from [5, 6]. A partially nested system is one in which any agent has
the information available to those agents which are its precedents.

PROPOSITION 4.4. The following conditions are equivalent.

1. 6 C I, that is

Vae A, (a)Claf. (4.3)
2. B C M, that s
Vae A, o] Caf. (4.4)
3. B C M, that is
Vae A, VYVn>1, [of" Cl]. (4.5)

Proof. & C 9 implies B C I, since P C & by Theorem 3.14. On the other
hand, P C 9 implies P> C M since M is transitive, by Proposition 3.7. At last,
P2 C M implies & C M since G is the reflexive closure of P>° by Theorem 3.14 and
since 9M is reflexive by Proposition 3.7. 0

DEFINITION 4.5. A system which satisfies any of the three equivalent assertions
of Proposition 4.4 is said to be a partially nested system.

The following Proposition, proved in [2], provides a curious property of the prece-
dence binary relation. As a consequence, the assertions of Proposition 4.4 hold true
for a partially nested system.

PROPOSITION 4.6 ([2]). A partially nested system is closed under precedence.

Proof. The proof is from [2].

14



Binary relations between agents
subsystem precedence memory
G} Py m
Properties pre-order G =P>XUly pre-order
I

no self information — = reflexive
static team — S=14 |or B =10
sequential = order or | =B reflexive
sequential <= order or acyclic
classical = acyclic and | M DOP
quasiclassical — acyclic and | M DOP
closed under precedence || <= L =P
partially nested = M OB
partially nested = L =P

TABLE 4.1

Binary relations characterization of a typology of systems

For a partially nested system, we have 8 C 9t by Proposition 4.4. Let («, 3,0) €
A3 be such that o33 and 3BJ. We have

BRI = LM by P CM
= [ € ||6]| by definition (3.10)
=[0] C [0] by (3.20).

On the other hand, since /33, we have a € [3] by equation (3.1). Combining o € []
and [5] C [d], we obtain a € [d], that is aJ3d by definition of . Thus, B is transitive.
d
The following Theorem is a direct corollary of Propositions 4.3 and 4.6.
THEOREM 4.7. A partially nested system without self information is sequential.
As a consequence, a causal partially nested system is sequential.

4.5. A summary table of results. In the following table, for a given system,
you find in the corresponding line either equivalent characterizations or implications.
For instance, a system is quasiclassical if and only if 3 is acyclic and 9t O B.

5. Conclusion. We have provided a unified framework to define and study three
binary relations between agents scattered in the litterature. The terminology and
properties of binary relations has allowed us to obtain new results and the typology
of systems is expressed in a compact form (see Table 4.1).

Define a strictly partially nested system as a partially nested one with the addi-
tional property that 66 «, 8 # « implies U({B}) ® F C Z,. In other words, agent
« knows what know and do all the other agents which form the subsystem that he
generates. Witsenhausen shows in [12] that, under appropriate assumptions on con-
trol and/or random sets, strictly partially nested systems exhibit policy independence
of conditional expectations. He suggests in the conclusion of [12] a mechanism of
stochastic dynamic programming to solve team problems. This mechanism supposes
sequentiality. With our results, we show that strictly partially nested systems without
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self information are sequential, allowing thus for an extension of stochastic dynamic
programming.

Appendix A. Recalls on binary relations.

We follow here [7, 8].

A binary relation on A is a subset R of A2 = A x A. As is traditional, we shall
from now on denote

Y(a,B) € A%, oRB <= (o, B) € R. (A1)

When ofR3, we say that 3 is related to «. Well known binary relations are the empty
relation (), the universal relation A?, and the equality or diagonal relation

V(a, 8) € A%, aluf < a=pf orequivalently 14 def {(,) | « € A}.

(A.2)
For each o € A, we define a subset afR of A by
def
R = {feA| RSB} (A.3)
We thus have
Y(a,B) € A%, oRB <= BCaR. (A.4)
If B is a subset of A, we define
def
BR= | ] pR. (A.5)

BeB

The set B 4 of all binary relations on A is equipped with the inclusion C:

RoC Ry < (V(a,B) € 4%, aR_B= aR ) < (Vo€ A, aR_ C aRy) .
(A.6)

The converse SR~ ! of a binary relation is
V(a, B) € A%, oR™'B <= [Ra. (A7)

We have R_ C Ry = RZ' Cc Ry

The directed graph G(9R) built from R is (A, R), where elements of A are called
vertices and those of R edges. Thus notions attached to graphs are easily transfered
to relations.

A chain in a binary relation R is a sequence («p, ..., ay) for some n > 1 such
that a;Ra;4q1 for ¢ = 0,...,n — 1; this chain is said to be from a; to ay,, and its
length is n. We also say that «; and «, are joined by a chain of length n. A chain
in a relation is the equivalent of a path in a graph. A chain is simple if the «; are all
distinct.

The chain (aq,...,a,) is a cycle if a,Raq. A cycle is trivial if n = 1, otherwise
it is nontrivial. A binary relation R is said to be acyclic if there is no cycle in fR.
This corresponds to acyclicity of the directed graph G(R) built from fR.

The composition SR o R’ of two binary relations is defined by

Y(a,B) € A%, a(RoR)B <= 6 A, aoRé and SRp. (A.8)
16



By simplicity, we shall abbreviate R o R’ 4f RR'. In the composition R? et RNR,

[ is related to « is there is a chain of length 2 from « to 5. We define as well

mr g -*R, etc. and
—

n times

R < | mn (A.9)

n>1

where two elements are related if and only if they may be joined by a chain of any
length:

Y(a, B) € A%, aR™B <= there exists a chain in R fromato /3. (A.10)

A binary relation fR is said to be reflexive if 14 C R, symmetric if R~ C R,
anti-symmetric if RNR™L C 14, transitive if R2 C R.

The transitive closure of a binary relation is the smallest transitive binary relation
which contains fR: it coincides with SR>°.

The reflexive and transitive closure R* of a binary relation R is the smallest
reflexive and transitive binary relation which contains R. We have

R* =14 UR™. (A.11)

An equivalence relation is a reflexive, symmetric and transitive binary relation.
A pre-order or quasi order is a reflexive and transitive binary relation. An order is a
reflexive, anti-symmetric and transitive binary relation.

The complementary relation =R of a binary relation R is =R def A%\, that is
a-Rf = - (aRP) = (o, 0) €R. (A.12)

An ordering (ag,...,an—1) of A is a bijection from {0,...,n — 1} to A. Such an
ordering is said to be strictly compatible (resp. compatible) with a binary relation R if
a;Ra; =1 < j (resp. i < j). Notice that a strictly compatible ordering corresponds
to a topological sort of the directed graph G(2R) built from R.

PROPOSITION A.1. The following assertions are equivalent for a binary relation
R.

There exists an ordering of A strictly compatible with R.

—R is reflerive (i.e. 14 NR =0) and R* is an order.

R is acyclic.

—(R>) is reflexive (i.e. 14 NR® =0).

the graph G(R) is a forest.

Proof.

(1) = (2) Let an ordering («o,...,an—1) of A supposed to be strictly compatible
with R. Let O be the binary relation on A defined by a;O0; < i < j.
Clearly, O is an order relation such that /8 C O\1 4.

Thus, on the one hand, R C O\14 = 14 C —%R, so that =R is reflexive, i.e.
14 NMR = 0. On the other hand, R C O = R* C O since O is reflexive and
transitive. We deduce that R* N (R*)™ € ONO~L, where ONO~L C 14
since O is antisymmetric. Thus, R* N (R*)~! C 14 and R* is antisymmetric.

(2) = (3) Assume that R is not acyclic, and let (o, ..., ax) denote a cycle. Notice
that for any ¢ € {0,...,k} and j € {0,...,k}, we have ;M\ q;, and thus
a;R*a; because K> C R*. Since R* is an order, this implies a; = ;. Thus
the cycle may be reduced to a single element o which satisfies agRayg: this
contradicts the assumption that —fR is reflexive. Thus, R is acyclic.

17
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(3) = (1) We know from graph theory that, when the directed graph G(fR) is acyclic,

(3)

(3)
O

[1]
2]

3]
[4]
[5]
[6]

7]
(8]

[9]
[10]

[11]

[12]

it is possible to perform a topological sort [4, p.485], in other words a strictly
compatible ordering.

<= (4) R is not acyclic if and only if there exists an o € A and a chain from
« to «, if and only if there exists an « € A such that afR*°aq, if and only if
—(R>) is not reflexive, if and only if 14 NR> = (.

<= (5) This is the definition of a forest.
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