Static Teams and Stochastic Games

Meir Pachter and Khanh Pham

Abstract Radner’s solution of the static team decision problem is revisited.
A careful and complete statement of the static decentralized optimization problem,
also referred to as the team decision problem, is given. Decentralized optimization
is considered in the framework of nonzero-sum game theory, and the impact of the
partial information pattern on the structure of the optimal strategies is analyzed. The
complete solution of the static decentralized multivariate Quadratic Gaussian (QG)
optimization problem is obtained.

Keywords Static quadratic Gaussian team ¢ Decentralized optimization

1 Introduction

A static stochastic decentralized optimization problem where a team consisting of
two decision makers/players is at work is considered. The cost function is

J=J(u,v,{) (D

where u € R™ and v € R™ are the two players’ respective decision vari-
ables/controls and the state of nature, { € R", n > 2, is a random variable whose
p.d.f. (&) is known to both players. This is the players’ prior information—it is
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public information. The random variable { is partitioned

¢=(6,0)"

and the information pattern is as follows. At decision time the component {; is
known to the player whose control is u, the u-player, and the component §; is known
to the player whose control is v, the v-player. Thus, both players have imperfect
information. The u-player is oblivious of the {, component of the random variable,
which is the v-player’s private information, and consequently the strategy of the u-
player is u = u({;). The v-player is oblivious of the §; component of the random
variable, which is the u-player’s private information, and consequently his or her
strategy is v = v(&,). The players have partial, or incomplete, information.

To obtain the optimal solution/strategies of the team/decentralized optimization
problem, the following optimization problem in Hilbert space must be solved.

7= M(C?;}Vr(lg2> E¢(J(u(81),v(&2),8))

i [ @) @) 6.6, Gabde @)

The instance where the u-player is interested in minimizing the cost function (1)
whereas the v-player strives to maximize the cost (1) calls for the formulation of
a stochastic zero-sum game with incomplete information, where a saddle point in
pure strategies, in Hilbert space, is sought: the value of the game, if it exists, is

Jt= 5?535?2‘2’5 E¢(J(u(81),v(&),8))

minmax || J(6)9(6).(6,G)AG GGde G

This static zero-sum game in Hilbert space is in normal form.

In both the decentralized optimization problem posed in (2) and in the zero-sum
static game formulation (3), the u- and v-players have partial information. And in
both the decentralized optimization problem and in the zero-sum game, the players
decide on their respective strategies u(-) and v(-), knowing the type of information
that will become available to them, but before the information is actually received. In
(2) and (3), the players’ strategies are of prior commitment type. This is the reason
why, although the players have partial information and consequently it stands to
reason that their respective costs are conditional on their private information and
therefore they have different costs, the game (3) is nevertheless zero-sum. And for
the same reason, the solution of the decentralized optimization problem (2) entails
the minimization of just one cost functional.

The decentralized stochastic static optimization problem in Hilbert space (2),
referred to as a team decision problem, was addressed by Radner in his pioneering
paper [1]. The present work could aptly be named “variations on a feam by Radner.”
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Since a strong interest in Witsenhausen’s counterexample from 1968 [2] persists to
this day, it is important to revisit Radner’s 1962 paper. Indeed, after the appearance
of Radner’s paper and until the publication of Witsenhausen’s counterexample, it
was widely believed in the controls community that the linear quadratic Gaussian
(LQG) paradigm is a guarantor of the applicability of the separation, or, certainty
equivalence, principle, and, as in LQG optimal control, the state is Gaussian
distributed so that the sufficient statistics are linear in the measurements/information
and are provided by linear Kalman filters. Consequently, the players’ optimal
strategies will be linear in the sufficient statistic, and in particular, the linear state
estimate. However, Radner showed in [1] that in the static Quadratic Gaussian (QG)
optimization problem with incomplete information, although the players’ optimal
strategies are affine in the information, the separation, or, certainty equivalence,
principle does not apply. And in [2] Witsenhausen showed that in the simplest
decentralized dynamic LQG optimal control problem neither does the separation
principle apply, nor are the optimal strategies linear in the measurements. The
bottom line: Radner’s paper [1] relates to Witsenhausen’s paper [2] like the Statics
and Dynamics fields in Mechanical Engineering. Thus, with a view to also obtaining
a better understanding of Witsenhausen’s counterexample, it is instructive to revisit
Radner’s work and closely examine the informational and game theoretic aspects of
the decentralized static QG optimization problem/team decision problem.

The article is organized as follows. In Sect.2 the decentralized optimization
problem is analyzed using the concept of delayed commitment strategies and
necessary conditions for the existence of a solution are obtained. The necessary
conditions derived in Sect.2 are used in Sect.3 to directly obtain the solution of
the decentralized static multivariate QG optimization problem. The applicability of
the separation principle/certainty equivalence is discussed in Sect. 4. The necessary
and sufficient conditions for the existence of a solution of the decentralized static
multivariate QG optimization problem are discussed in Sect. 5. The solution of the
decentralized static multivariate QG optimization problem using the concept of
prior commitment strategies is presented in Sect. 6. It is shown that although in the
static case the delayed commitment and prior commitment strategies are equivalent,
when the concept of prior commitment strategies is used, the strategies are harder
to derive. Finally, in Sect.7 the decentralized static multivariate QG optimization
problem where the players’ information is asymmetric is solved. The structure of the
optimal solutions for cases of extreme informational asymmetry yields interesting
insights into decentralized optimal control. Conclusions are presented in Sect. 8.

2 Analysis

The solution of the static team/decentralized optimization problem pursued in this
paper is based on the following approach. Rather than tackling the Hilbert space
optimization problem (2) head on, we instead opt for a game theoretic analysis of
the decision problem on hand.
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Consider first the decision problem faced by the u-player after he has received the
information &, but before anyone has acted. His or Her cost is evaluated as follows.

T (- ):81) = E¢(Ju.9(5),8) 1 &)
=E¢, (J(u,v(&),(6,8)) | &1)

- /cznu,v(cz),(cl,cz))f(cz | §1)d&, — min

Similar considerations apply to the v-player: having received the {, information, the
cost which the v-player strives to minimize is

IV (),v;6) = Ec(J(&):v8) &)
=Eg (J((C1)v,(6,8)) | &)

B / J(u(C)v, (G, ) f (61 | &) — rnvin

Now, the u and v-players’ strategies are of delayed commitment type. Consequently,
although both players strive to minimize the cost function (1), since they have partial
information, their expected costs will be conditional on their private information and
will not be the same—each player minimizes his or her own cost functional. The
static team problem/decentralized optimal control problem (2) has been reformu-
lated as a stochastic nonzero-sum game with incomplete information. Hence, a Nash
equilibrium is sought. Using delayed commitment type strategies has highlighted
informational issues which are apparent in extensive-form games but are suppressed
in normal form games.

If a solution to the team/decentralized control problem in the form of a Nash
equilibrium exists, it can be obtained as follows.

The u-player’s value function is

W (Gv ()" :muin/g J(u,v*(82),(C1,82)) f(&2 | C1)d & “)

and his or her optimal strategy is obtained as follows: the u-player calculates the
vector in R™«

w(6) =g min | I (%), (6.6 (% | 6)dG ¥ &

The v-player’s value function is

WO G () = min [ 6 (G) 0 (G GNAG 0)G©)
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and his or her optimal strategy is obtained as follows: the v-player calculates the
vector in R™

(&) = arg min [ I (0% (6, EDFG | GG Y &

Hence, in order to determine the players’ optimal strategies, that is, the functions
u*(-) and v*(-), the equation in u € R™,

[ Saw @), (6.8 | 6 =0 ©)

must be solved V{;, and in this way the u-player’s strategy u* (&) is obtained. At
the same time the equation in v € R"™

[ 20w @) (6. 6D | Gl =09 ™

must be solved V{,, and in this way the v-player’s strategy v*({,) is obtained. In
addition, the following second-order conditions/inequalities must hold

2
/ %J(M,V*(Cz),(Cl,Cz)) L (g (&2 1 81)dG > 098, (8)

and

2
T (G0 (0. 0)) by £G1 | G)dGr >0V ©)

A set of two coupled functional equations (6) and (7) has been derived whose
solution, if it exists, yields the u- and v-players’ respective Nash strategies u* (&)
and v*({,). Evidently, the solution of static team/decentralized optimization prob-
lems and/or nonzero-sum stochastic games calls for the solution of a somewhat
nonconventional mathematical problem, (6) and (7). The culprit is the partial
information pattern.

At this juncture it is apparent that the solution concept advanced for the original
team/decentralized control problem is a Nash equilibrium in the nonzero-sum
stochastic game (4) and (5). Using delayed commitment strategies, a Person-By-
Person Satisfactory (PBPS) minimization is pursued: the strategy u*(-) of the
u-player is best, given that the v-player uses the strategy v*(-), and the strategy
v*(+) of the v-player must be best, given that the u-player uses the strategy u*(-).
Thus, the derived strategies (u*(-),v*(-)) are person-by-person minimal. This is so
because the players’ outcomes provided by (u*(-),v*(-)) cannot be improved by
unilaterally changing, say, u*(-) alone; and, vice versa, the strategy (u*(-),v*(-))
cannot be improved by changing v*(-) alone—this being the essence of a Nash
equilibrium. Now, in nonzero-sum games, the calculated Nash equilibrium better
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be unique, for the solution to be applicable. However, in the absence of conflict of
interest, as is the case in our original team/decentralized optimization problem (2),
uniqueness of the Nash equilibrium solution is not an issue and the players will
naturally settle on that particular Nash equilibrium (u*(-),v*(-)) which yields the
minimal expected cost—we here refer to the calculated expected cost (2), namely

T =T () v () = EC(‘,(”*(CI)N*(Q),C) )
= [ [ @ @ G a0

Uniqueness of the obtained Nash equilibrium follows if the cost function (1) is
convex in u and in v. This is so because the weighted sum of convex functions is
convex—see (4) and (5).

Clearly, the optimal solution of the original team/decentralized optimization
problem (2), if it exists, is PBPS, that is, it is a Nash equilibrium. However, having
found an even unique Nash equilibrium of the nonzero-sum stochastic game (4)
and (5) does not guarantee optimality in the original team/decentralized control
problem, where one is interested in the expected cost (2). To answer the question
of the existence of an optimal solution of the original team/decentralized control
problem, the optimization problem (2) must be considered in a Hilbert space setting,
as in [1], and convexity in (u,v) of the cost function (1) is required.

In summary, if a solution of the team/decentralized optimization problem exists,
the above outlined solution of the attendant nonzero-sum stochastic game (4) and
(5) will yield its optimal solution. However, should the cost function (1) be convex
in # and v, but not in (u,v), then, while a Nash equilibrium in the nonzero-sum
game (4) and (5) might exist, a solution of the decentralized optimization problem
(2) might not exist.

3 Static Quadratic Gaussian Team

Using the theory developed in Sect. 2, the complete solution of the multivariate QG
team decision/decentralized optimization problem is now derived.
The payoff function (1) is quadratic:

Ju,v,8) = —u" RWu—vT ROy 4 20T Ry 24T T ( ? )
2

and the components of the random variable { are {; € R", {, € R" ™. The u- and
v-players’ control variables are # € R™ and v € R"™™ and the respective controls’
effort weighing matrices

R™ >0, RV >0,

R is an (n — m) X m coupling matrix.
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We calculate the v-player’s payoff

W, Giu() = 20" G =V Ry + 20" R“YE, (u(81) [ &)
+Eg, (20" (5) G —u" (§)RYu(G) 1 &) (11)

Differentiation in v yields the unique optimal control response to the u-player’s
strategy u(&),

v (&) = (RV) 1o+ (RY)TRUYE, (u(81) | &) Y6 (12)
The u-player’s payoff is
O, v (-) = 2u" G =" R u+ 20" (RN Eg, (v(&) [ &)
+E,, (2" (&) 6 = (GRYG) [ &) (13)

and differentiation in u yields the unique optimal control response to the v-player’s
strategy v(£,),

w () = R+ RY) T RN Eg (v(&) 160) Ve (14)

Furthermore, the positive definiteness of the controls’ effort weighing matrices
guarantees that the conditions (8) and (9) hold.

At this point we assume that the p.d.f. f of the random variable { is a multivariate
normal distribution, that is,

FO) = L exp DD

(27)" | det(P) |

and the covariance matrix P is real, symmetric, and positive definite. In other words,

the random variable
Py Pip
] 9 (15)
pl, PZ,Z] )

(&)~ ((2)

In the special case of a bivariate normal distribution with {;,{ € R,

Z ) [ 012 P0102:|
~N , 16
- <(Cz poicy 03 (1o
and -1 <p <1

The following is well known.
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Lemma 1. Consider the multivariate normal distribution (15). The distribution of
1 conditional on &, is

G N (G + PPy (G — o), PLi— PiaPys Ply) (17)
and the distribution of {, conditional on { is
Lo~ N (Eo+ PP (G = 81), Paa — PLLPL PLY) (18)
The marginal p.d.fs fi(§1) and f>(&,) are also Gaussian, that is,
i N (G Pr) (19)
and
G~ N (85 Pr2) (20)

In the special case of a bivariate normal distribution (16), the distribution of {;
conditional on &, is

G~ (Ctp (=T (1-p)t) @
and the distribution of {, conditional on ) is
Gl (Lot p (G =T0).(1-p)33) @)
The marginal p.d.fs fi (1) and f>($) are
L~ A (Gho07) (23)
and
G~ N (85,03) (24)

Inserting (18) into (14) yields
W'(8) = (RW) g,
+RY) RN By (W& + PP (G =81 +w1))
where

wy ~ :/V(O,Pz)z — P1T72PE11P1’2)



Static Teams and Stochastic Games 155

and inserting (17) into (12) yields

V() = (RY) G
HRY) R, (u(@) + PP (G- To) +wa))

where
wp ~ e/V(O,Pl,l —P1,2P£21P17:2)
Using the convolution notation we obtain

W (&) = (R™)7'¢
""(R(u))il (R(M7V))TGp2,2,P{2PE11p1,2 * V(Plz:zpljll Cl +Zz - Plz:zpljll_l)

where the function GP2 is the p.d.f. of the Gaussian random variable w;.

T p—1
,2*P1,2P1,1 Pra
Similarly

V(&) = R) G

—1 p(u, —1 = —17
+(R(v>) R Gpl,lfpl,zpzjzlp}fz * “(P1,2P2,2 &L+¢ - P1,2P2,2 ¢,)

where the function G pr_ is the p.d.f. of the Gaussian random variable w;.
12

Py *Pl,szle
Hence, the optimal strategies satisfy the equations

u* () = (RY)7'G
+RY)™! (R(uw)Tsz,rPszPljllpl,z *V" (P1T72P17711 S48, PlT,sz,fZl)
(25)

and

V(&) = (RM) G
+RY)'R™G, pyirt, F (P1oPyy &+8 —PiaPy 3 £5) (26)
Equations (25) and (26) constitute a linear system of two convolution-type Fredholm
integral equations of the second kind with Gaussian kernels, in the unknown

functions/optimal strategies u*(-) and v*(-). Moreover, the forcing functions are
linear in their arguments. In view of these observations, we apply

Ansatz 2. The u- and v-players’ optimal strategies are affine, that is,

W' (§1) =KW g +cW 27)
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and
V(&) =K+ (28)

O

Inserting the strategies (27) and (28) into the respective (25) and (26), we
calculate

KV G+ = RO) G+ RY)TRUVKY (PP G+ 8 — PiaPs 1 8)
+(RVYTIRW) )y ¢,
and
K O+ W — (R(u))flcl + (R(u))fl (R(uy))TK(v) (PIT,ZPE11 & +Z2 _ P1T72PE1IZ1)
+(RU) L (RUNT )y ¢

We conclude that the following four linear equations in the four unknowns ,(nux)m,

Kél:)fm)x(nfm)’ c® € R™ and ¢V € R"~ hold:
K = (RW)" N1+ R“IK“P 5P )) | (29)
K" = (R)" 1+ (R“NTKVP P (30)
) = (RV)IRUMK (L = ProPyy §) + (RY) TR (31

and
C(u) — (R(u))fl (R(u,v))TK(v) (Zz _ PIT,-ZPljll_l) + (R(u))fl (R(u,v))TC(v) (32)

Combining (29) and (30) yields the respective linear, Lyapunov type, matrix
equations for K ) and K <V),

R(u)K(u)Pl’l _ (R(u,v))T (R(v) )71R(u,v)K(u)P1’2P£21P17:2
= Pry+ (R (RY) P, (33)
and

R<V)K<V)P2,2 _ R(u,v) (R(u))fl (R(MN))TK(V)PIT:ZPEfPLZ _ P272 + R(u,v) (R(u))71P172
(34)
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Solving the linear Lyapunov-type matrix equations (33) and (34) yields the optimal
gains K and K(), whereupon the constant vectors ¢*) € R" and ¢(") € R™ are

(C(u)) [ R" —(R<”’V))T]1 (R (MV)T (g, —PL 2P1 )
cv ) T | ) RW) v) g (u (z 12P2242)

Concerning the calculation of the intercepts ¢ and ¢("), the following holds.

A necessary condition for the existence of a solution to the multivariate
decentralized QG optimization problem is that the Schur complements R*) —
(RUNT(RM)=TRWY) and R() — R} (RW))=1(RYNT are nonsingular.

In the special case where the controls are scalars and the p.d.f. of the random
variable { is the bivariate normal distribution (16), the optimal gains are

RV 4 p 2R()
RWRO) — pZ(R(u v))2

KW = (35)

and

(W) 4 591 Rly)
g RUTPGR (36)
RWRY) — p2(R(uv))2

The intercepts are the solution of the linear system

R _Ruy) c(w _ Rluw) (CZ )K(V)
R _p) HON (Cl Ps, Cz)

(=P RC)RY +pGRMY)
(G —P25)RY )+p§fR( )

so that

R(uv)
(R(u)R(v) _ pZ(R(mv))Z)((R(uy))Z _R(u)R(v))

{ [(pZ _ I)R(MN)R(V) _ pz ((R(u,v)>2
O]
~RURY)[T, + [p?(R)? ~ RWRVIIT, } (37)
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and
) R
o= (RWRM — p2(RW))2)((RM)2 — RWRD))
{ [(pZ _ I)R(mv)R(u) _ pﬁ ((R(u,v)>2
o2
—RORY)| T, + [pA(RU)? — RORVIT, | (38)
The following holds.

Proposition 3. The necessary and sufficient conditions for the existence of a solu-
tion of the scalar decentralized QG optimization problem using delayed commitment
strategies are

RW >0,
RY) >0,
RWRM) £ (RUv))2

3

and

(v) 75 pZ(R(mv))Z

The u- and v-players’ optimal strategies are speczﬁed in ( 35)~(38) and are deter-
mined by the scalar problem parameters R™), R(), R(4:) Cl, Cz, o1, 02, and p.
The optimal solution (35)—(38) is symmetric. O

Corollary 4. In the special scalar case where the random variable’s components
$1 and & are uncorrelated and p = 0, the optimal strategies are

Ry) R(u v
(Cl) R(u C + R(M)R(v) _ (R(”!")) Cl + Cz

and

i 1 R(“7V) R(u v

Also, in the special case where in the quadratic cost function there is no coupling
and R™") = 0, the optimal strategies are linear:

1
u (&) = WC‘ (39)
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and

V(&) =258 (40)

R

4 Certainty Equivalence

We briefly digress and first examine the centralized static QG optimization problem.

4.1 Centralized QG Optimization Problem

In the centralized static QG optimization problem where both players have complete
knowledge of the state of nature ({1, )7, a necessary and sufficient condition for
the existence of an optimal solution is

(w)  _ (puy)\T
M= { R (RY*))

_Ruy R ]>0

and the optimal controls (u*,v*)T are

() =[50 ] ()

We shall require the following.

Lemma 5. Consider the blocked symmetric matrix

M M,
M: ) k]
lM{z Mu]

and let
N=m"'
Assuming the required matrix inverses exit, the inverse matrix

Ni1 Nip

N =
N{Z N
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where the blocks

Nip = My [T+ Mio(Map — M{ My M)~ MM
Nig = My {Mio(M{ My (Mg — M) ™!

T ar—1 ~1
Nap = —(Mj ;M M2 — M)
An alternative representation in blocked form of the inverse matrix N is

Nii = (My 1 —Mi oM, M)~
Nia = (MiaMyy M5 — My )~ MioM; )

Nyp = Mizl +M£§M{2(M1, 1 —MI,ZMQZIM{Z)*IMMM;;

Proof. By inspection, and the application of the Matrix Inversion Lemma. a
We shall also require
Lemma 6. The real symmetric matrix

R —(Ru)T

M=\ _pwy g

is positive definite if f the matrices R") > 0, R" > 0 and their respective Schur
complements are positive definite, that is,

R(u) _ (R(u,v))T(R(v))flR(u,v) >0
R — RV (RUN=1(RUMNT ¢ 0
In view of Lemmas 5 and 6, the following holds.

Ny Nip

R®) _(R(u,v>)T}1_
N Nng Ny >

_Rwy) W)
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or, alternatively,

N1 = (R(u) _ (R(u,v))T(R(v))flR(u,v))fl
Nip = (R(u) _ (R(uy))T(R(v))flR(mv))fl(R(u7v))T(R(v))71

NZ,Z — (R(W)*l + (R(V))flR(u,V) (R(u) _ (R(u,V))T(R(v))flR(u,v))fl (R(u,v))T(R(v))fl

Hence, in the centralized scenario the explicit formulae for the optimal controls
are

w6, 6) = (RY — (RTRY) TR TG+ RUD)TRD)TG) @
and
V*(Ch CZ) _ (R(v) _R(u,v) (R(u))fl(R(uy))T)fl(R(u,v) (R(u))flcl + CZ) (42)

Corollary 7. In the special case where the controls are scalars, the necessary and
sufficient conditions for the existence of an optimal solution are

R >0,
RY) >0,

and
RWRM) ~ (R(M,V) )2

The optimal controls are linear and the solution is symmetric:

u'(G1,6) = R(V)_l( ) RV + R E,) (43)
vi(G &) = R(V)_l( R)2 S(R“V G +RYWEG) (44)
O

4.2 Separation Principle

We now return to the decentralized QG optimization problem and ascertain the
applicability of certainty equivalence, a.k.a., the separation principle. We confine
our attention to the scalar case and a bivariate Gaussian random variable (16).

When the information available to the u-player is restricted to the {; component
of the state of nature, then, according to Lemma 1, his or her Maximum Likelihood
(ML) estimate of the {; component of the state of nature will be
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&= Cz+P (Cl 1)

Similarly, when the information available to the v-player is restricted to the {;
component of the state of nature, then, according to Lemma 1, his or her ML
estimate of the {; component of the state of nature will be

&= C1+P (Cz &)

Replacing &, in the centralized solution given by Corollary 7, (43), by the u-player’s
ML estimate {, of {, yields the u-player’s certainty equivalence-based affine
strategy

_R(M)R(v)_l(R(u,v)) { g +RMY [Cﬁp (61— C)H

1 o

— (v) u,v u,v) )
= ey | (o grRt )b (T p 3T )
(45)

u (&)

and replacing {; in the centralized solution given by Corollary 7, (44), by the
v-player’s ML estimate {; of {; yields the v-player’s affine strategy

V(&) = R(M)R(v)_l(R(u,v))z{ R [C +P (Cz Zz)} +R(")C2}

1 S
(u) (u,v (u,v) _ Ao
RWRO) — (R(u,v))Z |:<R +p R > CZ +R (cl pGQ CZ):|
(46)

In the special case where the random variable’s components {; and {, are not
correlated, that is, p = 0, the players’ certainty equivalence-based affine strategies
are

— ) (uv)gF
“(Cl) - R(“)R(V) — (R(”’V))Z (R Cl +R CZ)

and

1
()R — (R(u,V))Z

V(&) = (R“EG+RMIE)

In the special case where there is no coupling in the quadratic payoff function and
R#Y) =0, the players’ certainty equivalence-based strategies are (39) and (40).
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5 Discussion

Similar to the optimal strategies in the decentralized control problem, also the
certainty equivalence-based strategies (45) and (46) are affine and symmetric.
However, a comparison of the u-player’s optimal strategy which is specified in (35)
and (37), and his or her certainty equivalence-based strategy (45), and similarly, a
comparison of the v-player’s optimal strategy which is specified in (36) and (38),
and his or her certainty equivalence-based strategy (46), leads one to conclude that
certainty equivalence does not hold. This is so even when there is no correlation
and the parameter p = 0. Certainty equivalence holds only in the special case where
there is no coupling in the quadratic payoff function and R*") = 0. This state of
affairs is attributable to the partial information pattern.

It is also interesting to contrast the conditions for the existence of a solution of
the centralized QG optimization problem and the conditions for the existence of a
solution of the decentralized QG optimization problem. We note that the solution
(41) and (42) of the centralized optimization problem can be formally derived using
the PBPS solution concept. For this we need

R® >0
RY >0

and the Schur complements must be nonsingular, that is,
det(R™ — (RUNT(RM)~IRUY) £ 0
and
det(RY) — R#V(RM) =L (RUYT) £ 0

At the same time, we know that an optimal solution of the centralized optimization
problem exists iff the matrix M is positive definite. Hence, in view of Lemma 6, we
conclude that the positive definiteness of the Schur complements of the positive
definite matrices R® and R is a necessary condition for the existence of
an optimal solution of the centralized optimization problem. At the same time,
the invertibility of the Schur complements, while not sufficient to guarantee the
existence of a solution of the centralized optimal control problem, is sufficient to
allow a solution which conforms to the PBPS solution concept-based decentralized
optimization problem—we have obtained a unique Nash solution and in the scalar
case the respective u# and v-players’ Nash strategies are determined by (35), (37),
and (36), (38), respectively.

Now, in view of [1], the positive definiteness of M is sufficient for the
existence of an optimal solution of the decentralized optimization problem (2): the
necessary and sufficient condition for the existence of a solution of the centralized
optimization problem is a sufficient condition for the existence of an optimal
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solution of the decentralized problem, and moreover, the u- and v-players’ Nash
strategies determined by (35), (37), and (36), (38), respectively, are then optimal.
However, if the matrix M is not positive definite but the matrices R and RY) are
positive definite and their Schur complements are nonsingular, then while an optimal
solution to the centralized optimization problem does not exist, in the decentralized
control problem a PBPS solution concept-based unique Nash equilibrium exists.

6 Decentralized Static Quadratic Gaussian Optimization
Problem

The original formulation of the decentralized optimization problem with a quadratic
payoff functional, as formulated by Radner, (2), is considered in the special context
of the multivariate QG optimization problem:

Hu@w(@: 0 = [ [ |- GOR(E) T GIROG)
2T (GIRu(g)
200 6" ()] 16 e
= [, [ @R @) +24 (G) 1A
+ [ @RIMG) 2 ()G A(GNE
v /; QR u(G) (G, E2)dGidgs @

From [1] we know that optimal prior commitment strategies u*(-) and v*(-) exist
and they are affine, provided the quadratic cost function is convex, that is, the matrix
M is positive definite. Thus, the u- and v-players’ strategies are parameterized as
follows:

u(Cr) =Ky G+l (48)
and
w&) =k G+ (49)

The subscript ,, indicates that now the strategies are of the prior commitment type.
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Inserting the expressions (48) and (49) into (47) yields

JES K e ey = —Eg (K8 + ) TRW(KY 6y + ¢y
2K G+ e
—Eg, (K G+ cTRY(KY G+
+2(va C2+va )TCZ )
+2E (K G+ ) )TRUD (K E +c5”)) - (50)

The payoff (50) is a function of the parameters K {u ), K ;, ), cﬁ, ), and cﬁ, ).

The payoff function is differentiated in the parameters and the derivatives are set
equal to zero. We can interchange the order of integration and differentiation. We
shall use the notation.

e; is the unit vector in the Euclidian spaces R or R"~", all of whose entries are
zeroes except entry number i.

The following calculations are needed.

Lemma 8.
J T p(u) (1) (u)
(K64 ) TROKS G + )
8(1{,, )iJ
—2C186TR C1+2cleeTR(> ()

and consequently, using the properties of the Trace operator and the fact that the
marginal p.df. of {; is Gaussian with expectation §; and covariance P ), we
calculate

a u u u u u
Eq, <—((1<( 16+ RO (K ,§>§1+c§,>))> = 2e"RWKYP e

e RVRT,
+221TejeiTR(”>c§,u>

_ 2eTR(u) (u )Pl 1€
+2¢;C, el RWET,
+2€1T~Zl -eiTR(”)cg,m,

i=1,....om j=1,....m
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Similarly,

ﬁ (K &+ e )TRO(KL 6o +-¢)
=2 ejel RVKY o+ 2¢] ejel RV )Y
and consequently
Eg, ( FYPI O (K + e ROKY G, +c§”>> = 2/ RVK P e,
(Kp )i
+285 ;e RVKDT,
428 e;el RV
= 2e" RVKPy se;
+21C, - RVKYT,
+267C, - el RV
i=1,...n—m j=1,..n—m
In addition
d

—— (T (K G+ ) = (T eiel &y
I(KS)i, !

and consequently

a u u = -~
Eg (W(C{(Kzg )C1+C§J)))> = €§P1,1€i+eiTC1 'ejrgl :

p )i
i=1,....om j=1,....m
Similarly,
d v v
— e (K ) =l Gl
I(Kp")ij

and consequently

a vV vV 2 2
£, ( T (K )cz+c§ﬂ>>> = ejPaeite 5 ef s

P I
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Also,

d

C(V T p(uy) (g W) cy C(V T (uv) el
8(K,<,"))i7,~(( DG+ )R (KL G+ ep)) = (K o+ e )TR™e; ey

and consequently

& u u e uy v
E¢(<u> (K G+ )R (K Pmcﬁﬂ))) = fCuel (R
I(Kp )i j

IRA GO

el R“)TK By e

Similarly,

d

a(K(v)) ((K,(,V) &+ c;v))TR(u,v) (KI<JH) G+ c;,”))) _ (K,(,u) &+ C;;u))TR(u’V)e,‘e; &
p Jij

and consequently

J U u i [TRY u
EC( o (KGR K fﬂmcé)))) = Gyejel (R ¢l
a(Kp ))j

+5yejel (RO KT,
+EII (R<u’v))TKI(,u>P1726j
= ] &y-e (R™)cfy!

e[yl (RU)TKT,

+elT (R(u.,v))TK,()M)PLzej 7

i=1,....n—m, j=1,....n—m
Furthermore,
J u u) (u u) (1
a( <u>)((K( e+ INTRE (KW + i)y = 2Rl 4 2RWEK M ¢,
Cp

and consequently

J u u u) (u u U) =
Eg, (—a (K G+ g TR (K 6 +- ¢l >>> = 2R 4 2RWKIIT
Cp
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Similarly,

a( ()((KP & +Cp )TR (Kp C2+Cp ))ZZR(V)C;V)‘FZR(V)KI(JV)CZ
Cp

and consequently

8 v v v v v) (v v V)=
Eg, ( 5 (K G TR K) >cz+c§ﬂ>>> = 2RV +2RVKT,
Cp

In addition,

(KS G+ ) =G

and consequently

O
Eg ( aa (Ky" G+ ) Q)) <

Similarly,

— (& L+ G) =6

and consequently

E§2 ( ai;,) ((K;JV)CZ+C§JV))TCZ)> :ZZ

Finally,

S (K G+ )R (K G+ ) = (R (K} G+ cf))

¢y

and consequently

d v v Uy u u u,v v
Eg<—a <M><<K},>cz+c§,’>TR<~r><K},>c1+c§,>>>)—<R VK Ty (R ef?)
C

p



Static Teams and Stochastic Games 169

Similarly,

o (K6 TR ) = R (K Gt )
Cp

and consequently

a y ;v u u,v u) s u.y u
E¢ < P) (v)(( CZ—I—C( )TR< (K( Cl—I—C ))> — R )KI(’ >C1+R( , )ng)
€p

O

The optimality conditions and Lemma 8 yield the system of n(n+ 1) —2m(n—m)
linear equations

T ROKSPy o)+ (el Z ) L TRWKWT,
RGIORALL: (TC> TR
—(f)) e (R('”) Cz—e (RU)T K(V>P271ej
= el Piiei+ (e[ C))-(efC)) (51)

where ¢;,e; € R"andi=1,....m, j=1,...,m

)

TR(v) (v >P2 Qe+ (EJT'ZZ) . €~TR(V>K(V)ZZ

+e[Ty) el RVe) — (e1T,) - el Rl
—(efT,) el RO K,ﬁ T el R<”’V>K,€“)P1,ze,~
=elPsei+(e] ) (1T)) (52)
where ej,e; € R ™andi=1,....n—m,j=1,...,n—m,
(RUDTKYT, + (RU) ) 4T, = RWef) + RYKT, (53)
and
R(u,v)K[(’WZl _|_R(u v + CZ _ (V) —|—R( )K( )Zz (54)

(u)

The unknowns are K,’, an m X m matrix, K,(,v>, an (n—m) X (n —m) matrix,
C;)u) € R™ and cg,w € R"™ atotal of n(n+ 1) — 2m(n — m) unknowns.
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Using (53) and (54) we express the intercepts cg,“) and cﬁ,v) as linear functions of

K\ and k\:

u u w,y -1 /= u,y V)7 w) ()7
<c2)> _ [ RO (RO ))T} <CI_+ (RU)TRYT, — R )Kéj&)
C;}"') _R<”:V) R(V) Cz +R(M7V)K[(7u) cl _ R(V)K,(gv) CZ

Hence,

e = (R — (R (RO) RO T+ (R KT, — VKT
+(R(u) _ (R(M7V>)T(R(V>)71R(M7V>)f (R(M,V)) (R(V)),
€, +R(“’”)K§”)?1 —R(”)Kff)?z] ,
) = (RW) IR (RW) — (Ru¥)YT (R))~1 Rlu)) =1
€+ RUDTKT, = RUKT)
HRY RO RW) RO G+ RUKGT, - ROKT)

Substituting these expressions into (51) and (52) yields a reduced linear system
of n> — 2m(n — m) equations in the n> — 2m(n — m) unknowns which populate the

matrices K,(,"> and K,(,v>. Note that if Zl =0 and Zz =0, cg,u) =0, C;)V) = 0 and the
equations for K,(,") and K,(,V) are
el RUKY Py rej + (] C)) el ROKSVT, — (€] C)) - of (RD)T KT,
—el (RU)TKYPy e = el Pryei+ (e T,) - (e1T))
e RVKy Poej + (6] 00) e RVK T, = (] 8y) ] RUVKGYE,
—ef UK P se; = ] Proei+ (] §) - (] C)

Example. In the special case of scalar controls and a bivariate normal distribution

we obtain a system of four linear equations for the four scalar unknowns K <”), K;,V),

M and c)):

(62 4+ CNRWKSY — (po10,+ €, Ep)RMKS)
+ T RWW _F RO = 624+ (55)
(62 + RVEKY — (p610s + £, L) REDKS

+ TR — TR = 624 T (56)
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W) 1 W7 W7 \_ 7 W)
Cp = RWRM) — (R(u,v))z (R C1+R Cz) CIKP (57)

) _ ! W) 4 RWE,) 7, kW
= Rugm — (R K ST RTG) = 6Ky ©8)

Compare the optimal prior commitment strategies specified in (55)—(58) and the
delayed commitment strategies explicitly specified in (35)—(38). The optimization
problem is static and therefore the prior commitment and delayed commitment
strategies are all the same:

KU — k), g0) Z g0, ) ) ()

So the two sets of formulae (35)—(38) and (55)—(58) give rise to interesting
identities. In particular, in the multivariate case new matrix identities will be
obtained.

Taking a game theoretic approach naturally leads to the concept of delayed
commitment strategies. Although the prior commitment strategies and delayed
commitment strategies are equivalent, the above example illustrates that it is much
easier to calculate the latter.

7 Asymmetric Players

Scenarios where one team member is strongly informationally disadvantaged
relative to the second team member are investigated.

7.1 Asymmetric Players: Case 1

Assume the u-player has perfect information, that is, he is privy to the state of nature
¢ = (&1,8,), whereas the v-player has access to §, only. At the same time, the
u-player knows that the v-player has the prior information Zl, Zz, p, 01, and 0y;
in fact, and in the best tradition of Bayesian games, it is tacitly assumed that both
players are simultaneously presented the prior information before the game starts—
the prior information is public information.

In this case the u-player’s payoff is

I, v(-):6) = E¢(I(uv(&):6) | £)
= J(u,v(8):8),
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that is, in the case of perfect information the u-player need not calculate an
expectation; v(&,) is the unknown input of the v-player.
If the payoff function J is quadratic,

I v(-);6) = —u" Ru—v" (LR v(G) + 2" ()R u+2u" G +20" (&) &

and differentiation in u yields the relationship

u*(81,6) = (RY) TRV (&) + 1]

The v-player’s payoff function is

T w(-),v:6) = =Ry + 207 & + B¢ (—u" (§)RWu(8)
2T R u(G) +2uT 81 | &)

and differentiating it in v yields the relationship

ROV (&) = G+ R“VE(w ($) | &)
= G+ R“EL((RY) R V(&)+ 6] | &)
= G+ RUIRY) TRV (G) + R RY)EL(G | &)
= G+ R (R TRV () + R RY) T EL (6] &)
= G+ RU(RM) TRV (§) + R (RM) !
(&1 +PiaPry (5 —8))

)
)"

V(&) = [RY = RUIRW) RN T4 PPy R (RW) TG

H[RY — R (RN RO RED (R (T - Pk To)

In the special case of scalar inputs and a bivariate normal distribution (16), the
optimal strategy of the v-player is

(”) + p o1 R(“ v) R(u,v) o o1 —
1
(CZ) R(V) (R(u v ) CZ + R(M)R(v> — (R(“v"))z (Cl - paCZ) )

provided that R™") is not the geometric mean of R and R"")—which is the case
if the quadratic payoff function is concave in the control variable (u,v), whereupon
RWRY) — (R“”V))2 > (. The optimal strategy of the u-player is
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o, R)

1 1 +pake
* _ (u,v) oy R
u (Clv CZ) R(”) Cl +R R(”)R(V) — (R(”’V))z CZ

u Gl—
e (05
RWRO) — ( u,v ) Cl p o CZ

Interestingly, although the u-player has complete state of nature information,
his or her optimal strategy is affine and he also uses the public prior information.
Concerning the strategy of the informationally disadvantaged v-player: certainty
equivalence holds.

7.2 Asymmetric Players: Case 2

As in Sects. 1-6, the private information of the u-player is the {; component of
the state of nature vector {. However, we now assume the v-player has no private
information and he is totally dependent on the public prior information. As in
Sect. 7.1, the u-player is aware that the public information is available to the v-player
and he also knows that the v-player is “blind.”

The v-player’s payoff is

TN u(),v) = 27 Eg (L) —v RV + 20" R“IE (u( (1))
+Eg, (2u" (5061 — " (G)R™u($))

and differentiation in v yields the unique optimal control response to the u-player’s
strategy u(&p),

v = (R Eg (&) + (RY)'RUIEL (u(8y)) (59)

The expectation E¢ (&) in (59) is calculated as follows.

e = [ [ &r@.eagde

- /: & (/Zf(Cl,Cz)dél) dé

- [ _ehmi@is
= ZZ)

where f({1,,) is the p.d.f. of the state of nature Gaussian random variable { and
Jfm(&>) is a marginal Gaussian p.d.f. of f({;, ;). Recall that to obtain the marginal
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distribution over a subset of the components of a multivariate normal random
variable, one only needs to drop the irrelevant variables (the variables that one wants
to marginalize out) from the mean vector and the covariance matrix. For example,
in the bivariate normal case the (Gaussian) marginal p.d.f. f,({;) is characterized
by the parameters ({,,01) and the marginal p.d.f. fn(&) is characterized by the
parameters (£,,0,). Similarly,

Eg(&) = [ _u(G)fmlG)dg
Thus,
v = (RO Ty 4 (RO) TR [ (G f(G)dG (60)
The u-player’s payoff is
T (u,v;61) = 20" & — u" RWu+2u" (RUD) Ty —v"RVy + 20T E (6| &1)

Note: Now, as far as the u-player is concerned, the v-player does not employ a
strategy, therefore the v-player’s input v is no longer a random variable and one
need not compute an expectation: the u-player knows that the v-player is “blind.”

Differentiation in u yields the unique optimal control response to the v-player’s
input v

u(§) = (R™) 7§+ (RY) T RE)Ty (61)
Combining (60) and (61) yields the relationship
v = (RV) G+ RY)TRUIRY) 1T+ (RY) T (RO,
that is, the v-player’s optimal control is
V= [R(v) _R(u,v) (R(u))—l(R(u,v))T]—l[R(u,v) (R(u))—lzl +zz]
and the u-player’s optimal strategy is
' (§0) = (RY) G+ (RO) T ROD)TIRY) - RO (RO) ™ (RE)T]

[RED(R)E) 48,

If the controls are scalars,

i} 1 R(“7V) R(u,v)_
u' (1) = IWCI + (
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and

1 - _
= (u,v) (u)
v RWRO) — (R(Ll,v))Z (R Cl +R Cz)

In conclusion, in the case where the v-player is “blind,” the strategy of the
u-player is as if there would be no correlation, that is, the parameter p = 0—as
in Corollary 4. As far as the v-player is concerned, certainty equivalence holds. A
little bit of thought will convince the reader that these results are expected.

8 Conclusion

The static decentralized decision problem has been analyzed. Special attention is
given to the multivariate Quadratic Gaussian (QG) payoff function. The optimiza-
tion problem is static, yet the players have partial information and as such, this
is a small step away from the celebrated LQG paradigm. Informational issues,
prior commitment strategies vs. delayed commitment strategies, as well as Nash
equilibria solution concepts, are discussed. Necessary and sufficient conditions for
the existence of a solution are provided and the optimal strategies are calculated.
Extreme cases of informational asymmetry are also explored. This work lays the
groundwork for gaining a better understanding of optimization problems with partial
information where also dynamics are at play.
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