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Abstract The purpose of this paper is to formulate and study a game where there is a
player who is involved for a long time interval and several small players who stay in the
game for short time intervals. Examples of such games abound in practice. For example, a
Bank is a long term player who stays in business for a very long time whereas most of its
customers are affiliated with the Bank for relatively short time periods. A University and
its Students provide another example and it is this model that we use here for motivating
and posing the questions. The University is considered to have an infinite time horizon and
the Students are considered as players who stay in the game for a fixed period of 5 years
(indicative number). A class of Students who start their studies at a certain year is considered
as one player/Student who is involved for 5 years. This player overlaps in action with the
other students who entered at different years and with the University. We study this game
in a linear quadratic, deterministic, discrete and continuous time setups, where the players
use linear feedback strategies and are in Nash or Stackelberg equilibrium, and where the
Students have the same cost structure independently of the year they started their studies.
An important feature of the solutions derived is that they lead to Riccati type equations for
calculating the gains, which are interlaced in time i.e. their evolution depends on present and
past values of the gains. In the continuous time setup this corresponds to integrodifferential
equations.

Keywords Nash - Stackelberg - Linear quadratic - Different and overlapping time horizons

1 Introduction

The purpose of this paper is to formulate and study a game where there is a player who is
involved for a long time interval and several small players who stay in the game for short
time intervals. Examples of such games abound in practice. For example, a Bank is a long
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term player who stays in business for a very long time whereas most of its customers are
affiliated with the Bank for relatively short time periods. A University and its Students pro-
vide another example and it is this model that we use here for motivating and posing the
questions. The University is considered to have an infinite time horizon and the Students are
considered as players who stay in the game for a fixed period of 5 years (indicative num-
ber). All the formulae can be straightforwardly adapted for the case of other time horizons.
(Having these formulae is important because one can use them for studying the impact of
extending or shortening the time horizon of the small players.) A class of Students who start
their studies at a certain year is considered as one player/Student who is involved for 5 years.
This player overlaps in action with the other students who entered at different years and with
the University. For example, when a Student is in the third year of his studies, he overlaps
with the Student who is in the first year of his studies, with the Student who is in the second
year, the Student who is in the fourth year, the Student who is in the fifth year, and of course
with the University.

We will study this game in a linear quadratic, deterministic, discrete and continuous
time setups, where the players use linear feedback strategies and are in Nash or Stackel-
berg equilibrium, and where the Students have the same cost structure independently of the
year they started their studies. We seek feedback solutions that are linear functions of the
current state, since it is known that they are the only ones that survive in the presence of
small disturbances. An important feature of the solutions derived is that they lead to Riccati
type equations for calculating the gains, which are interlaced in time, i.e., their evolution de-
pends on present and past values of the gains. In the continuous time setup this corresponds
to integrodifferential equations. Variants of this game may consider additional features of
importance in practice, such as the random entry time and exit of the small players, the exis-
tence of a pool of different types of Students from which the Students who start their studies
at a certain year are drawn, etc.

Earlier versions of portions of this work have been presented by the author and his coau-
thors in [14—-17].They deal with aspects of the deterministic formulation with the exemption
of [17] where the random entry/exit and pools of different types of small players is consid-
ered. Relations to the work presented here can be found with the reputation games, [11],
the overlapping generations problems; see [3, 19], and the intergenerational game models
introduced in [2] and further developed in [4, 12, 13].

In Sect. 1, we present the basic model. In Sect. 2, we present the Nash feedback solution,
and in Sect. 3 the feedback Stackelberg solution. In Sect. 4, we present some sufficient con-
ditions for existence, and in Sect. 5 the continuous time analogues are given. In Sect. 6, some
conceptual numerical algorithms are delineated as to highlight some important features that
deserve further consideration. Section 7 presents two scalar examples for the feedback Nash
strategy, one for the discrete time and the other for the continuous time. These examples
exhibit some very interesting features of the games at hand. Conclusions are in Sect. 8.

2 State Equations and Costs
The state evolves according to
Xpt1 = Axy + Buy + Blu,i + Bzuf + B3u;f + B4u2 + B5u2, k=0,1,2,... (1)

The cost of the University is
¢ T T
J== E (xk Oxi +u, Ruk) 2)

2 k=0
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The cost of the Student who enters the University at time & is

1
Jilk, k+5]= E{ka O1x + x4 Qaxirt + X115 O3Xin + X3 Quxiys

T T nT 1 2 \T 2
+ 2044 OsXicra + X045 Qoxuas + () Ruwg + (uiyr)” Rougy,y

+ (“2+2)TR3”}2+2 + (”2+2)TR4"‘2+2 + ("‘2+2)TR5"‘2+2}
4

1 1 T
T T 1+1 I+1
= 5%k+5 Q6Xiys + 3 E :(xk+lQl+1xk+l + (i) Reiyy)

=0

xc € R", up € R" , uj € R™ ©)
The matrices involved have dimensions:

A(n xn), Bmxm), B;(nxm;)
QO xn), Qinxn), R@mxm), R;(m;xm;)
0=0">0, ;=0 >0, R=R" >0, R, =R >0,i=1,2,3,4,5

The Student who enters the University at time k sees a state evolution as follows, where his
control actions are u,l, ”1%+1 S uiﬂ, u2+3, u2+4, (marked in bold):

Xp+1 = Axy + Buyg + Blu,lc + Bgu,% + B3u2 + B4u2 + Bsui

Xiep2 = At + Butger + Biutg,y + oty + Bauiyy + Bauilyy + Bsui,

X3 = AXpya + Burio + Biug_ o, + Boupp + B3ui+2 + Bauy,, + Bsuj,, “4)
Xira = AXiys + Burys + Biug 5 + Boug 5 + Bauj 5 + Baug 3 + Bsi 5

1 2 3 4 5
xk+5=Axk+4+Buk+4+B1uk 4+Bzuk 4+B3uk 4+B4uk 4+B5uk 4
+ + + + +

At time instant k, say for example, k = 46, the costs involved are: J, J;[46, 51], J;[45, 50],
Js[44,49], J,[43, 48], J;[42,47], which means that the players involved are the University
with current action u; and cost J, the Student who is a first year student at time k = 46 with
current action u ,{ and cost J[46, 51], the Student who is a second year student at time k = 46
with current action u,% and cost J;[45, 50], the Student who is a third year student at time
k = 46 with current action u,% and cost J;[44, 49], the Student who is a fourth year student
at time k = 46 with current action u2 and cost J;[43, 48], and the Student who is a fifth
year student at time k = 46 with current action ui and cost J;[42, 47]. Thus, the controls to
be characterized by backward induction for the feedback Nash or the feedback Stackelberg

equilibria are u g, “Jw uﬁé, ui6, ufm, ufm.

3 The Feedback Nash Solution

In this section, we will derive the feedback Nash solution. The open loop Nash solution is
also of interest but it will be considered elsewhere. The feedback Nash solution is obtained
by using dynamic programming; see [1, 6, 8, 11, 22, 23]. The feedback solutions we are
after are restricted to be linear functions of the current state, since it is known that they are
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the only ones that survive in the presence of small disturbances. At time k, the University
solves the problem:

o1
min E(kaka + uZRuk +ka+le;<+1)
U

nl}in % {ka Ox, + u,{Ruk + (Axk + Buy + Blu,i + Bzu,% + B3u2 + B4u2 + B5u,5()T
X K(Axk + Buy + Blu}( + Bzuf + B3ui + B4ui + Bsui)}
and the solution satisfies
Ruy + B" K (Axy + Buy + Byuj + Bouj + Byuj + Bau} + Bsuj) =0
At time k, the first year student solves:
miln(kalek + (u,i)TRlu}( +ka+1K1xk+1)

le

miln[kalek + (u,i)TRlu,i + (Axk + Buy + Blu,]C + Bzu,zc + B}Mi + B4u2 + B5M£)T
u

k

X K1 (Axk + Buk + Blu}( + Bzuz + B3M2 + B4ui + Bsui)]
where

1 T
EkarlK]kar'

is the cost to go and the solution is
Riuy + Bl K (Axi + Buy + Byuy + Boui + Bsu + Bui + Bsui) =0
At time k, the second year student solves:
H;izn(ka Ooxi + ()" Rot? + 7, Koy
k

mizn[ka Orxi + (ui)TRzu,% + (Axk + Buy + Blu,l + Bzu% + B3ui + B4ui + B5u;:)T

le

X Kz(Axk + Buy + Blu,l( + Bzu% + B3u2 + B4ui + B5ui)]

where
1

T

3%+ Koxiq

is the cost to go and the solution is
Rzu% + BZTKQ(Axk + Buy + B]M}( + leli + B3L¢i + B4L¢2 + B5ui) =0

At time k, the third year student solves:
. T
m&n(x,(T Osx; + (u,f) R3u£ +x,(T+1K3xk+1)
U

m:i;n[ka QOsx; + (ui)TRwi + (Axk + Buy + Blu}( + Bzu% + B3u2 + B4u£ + B5u,5()T

k

x K3(Axi + Buy + Biuj + Bouj + Bsuj + Byuj + Bsuy) |
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where

T
Exk+1K3xk+l

is the cost to go and the solution is
Ryu; + B K3(Axi + Buy + Byuy + Boui + Bsu + Bui + Bsui) =0
At time k, the fourth year student solves:
min(x/ Quxi + (uf) " Ratef +x[, Kaxicrr)

U

min[x,{ Quxi + (ui)TRwi + (Axk + Buy + Blu,lc + Bzu% + B3ui + B4u;§ + B5u,5()T

le

x K4(Axi + Buy + Byuy + Bouj + Bsuj + Byuf + Bsuy) |

where

1
Exk+1K4xk+l

is the cost to go and the solution is
Ryuy + B K4(Axi + Buy + Byuy + Boui + Bsui + Byui + Bsui) =0
At time k, the fifth year student solves:

(T s\T 5 T
m&n(xk stk + (Mk) Rsuk —i—kaKSka)
uy

misn[xkr Osxp + (ui)TRsu,i + (Axk + Buy + Byu; + Bou} + Bsu; + Byuj + B5u,§)T

U
X K5(Axk + Buk + B]I/t]lc + Bzui + B;ui + B4Lt2 + B5ui)]
where
1 7
Exk+]K5xk+l
is the cost to go and the solution is
Rsu} + B Ks(Axi + Buy + Byuj + Bouj + Bsuj + Bauy + Bsup) =0

Under the appropriate invertibility assumptions, the system of equations has a solution of
the form:

1 k
Ltk:LXk, Mk:L|Xk, M2:L2xk,

u'§ = Li3xy, u2 = Laxy, ui = Lsx;
where the gains L, Ly, Ly, L3, L4, Ls satisfy:
RL+B"K(A+ BL+ BL,+ BsL>+ B3L3 + B4Ly+ BsLs) =0

RiLi+B'Ki{(A+ BL+ B\L\+ ByLy+ B3L3 + B4Ly+ BsLs) =0, i=1,2,...,5
5)
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A.=A+BL+ B/L, + ByL>+ ByLs+ BysLys + BsLs
RL+BTKA. =0 (6)
RL+B'KA. =0, i=1,2,...,5

For the costs to go %kaHKika of the students hold:

Ks= Qs o
Ki=Qin+ L RiiLigi+ Al KA, i=0,1,...,4
where

1
Jilk, k+5]= EkaOxk

is the optimal cost of the student who entered the University at year k. For the cost to go of
the University, using the first three equations of the present section in conjunction with the
fact that the University’s problem is infinite time, time-invariant yields:

K = Q+LTRL+ACTKAC
and
Jr = ! K
= —xoKx
PAR

is the optimal cost of the University. From (5), (6), we have

L=—-R'BTKA. sa)
a
Li=—R'B'K;A,, i=1,2,....5
and substituting in (7) we get:
K=Q+Al(K+KBR'B"K)A,
Ks = Qs,
Ki = Qip1 + Al (Kiv1 + Kivi Bin R B Kin)Ae, i=0,1,....4 (8b)

A=(I1+BR'B"K + B,R;{'B[ K| + B,R;'B] K» + ByR;' B] K4
+ B4R, 'B] K4+ BsR;'BI Ks) A,

Let us formalize the above results in the form of a proposition.

Proposition 1 Let us assume that the system of (8b) has a solution: Ks > 0, K4 >0, K3 >0,
K,>0,K; >0, Ky>0, K >0, A, that satisfy also (9). Then the (linear) feedback Nash
solution of the problem (1)—(3) is u = Lxy for the University and u; = Lix;, i =1,2,...,5
for the Students, where (8a) and (8b) give the L, K, L;, K;,i =0,1,2,...,5. The optimal
cost of the University is J* = %onxo and for the Student who starts at year k is J;' [k, k+ 5]
= %xk Koxk.

Essentially, (8b) is the system of equations that has to be solved for the Ky, K1, K5, K3, K4,
Ks, K and the closed loop matrix A.. Notice that it has to hold: K5 >0, K4 >0, K3 > 0,
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K>, >0, K| >0, Ky > 0 which will obviously hold since all the Q; > 0. In addition it has to
hold that: K > 0. For having asymptotic stability and thus finite University cost it suffices:

‘eigenvalues(Afﬂ <1 ©)

(If there is no University player, the sufficiency condition (9) that guarantees finiteness of
the University cost is not needed. The closed loop matrix does not need to be asymptotically
stable, since then the costs of the Students, being calculated during finite time periods, are
finite even though the system may become unstable as time goes to infinity.) Notice that we
have an interlaced (in time) system of quadratic type difference equations, since the evolu-
tion of the difference equation for K; depends on past and future values of the unknown Kj.
This type of equations is beyond the usual coupled Riccati equations that appear in several
Linear Quadratic Games.

Remarks 1t would be interesting to isolate some interesting cases and study them on their
own, such as:

1. Only Students are present; no University is present. This is model where coordination
can exist through time without the permanent presence of a coordinator. The role of the
coordinator is assumed by a succession of overlapping generations that although they in-
dividually have a finite life time, they are interlaced by succession, and thus a permanent
sustenance is manifested. We examine this issue in the context of an example in Sect. 7.

2. Increase the number of years a Student stays in the University, and study the limiting
behavior on the costs and the closed loop matrix.. Study the impact of increasing the
number of years a Student stays in the University in conjunction with the absence of the
University, i.e., absence of a coordinator.

3. Take: Q1 < 0>, <03 <04 <04 < Q6= 0,1i.e., as far as the state is concerned; the ob-
jective of the student as he matures in years of study coincides with that of the University
(Q). Take R = I for the University and the R;’s of the Students to increase toward the
R = I of the University: Ry > R, > R; > Ry > Rs = I. (As the Students mature tend to
agree with University’s overall goals.) In this case, we can take B = B, = By = B4 = Bs.
We do not need to take B = B since University and Students do not affect the state in
an identical manner.

4 The Feedback Stackelberg Solution

Let us now derive the feedback Stackelberg solution. This type of solution was introduced in
[7, 20, 21], and it uses dynamic programming for deriving the solutions. For further insights
into this solution concept, see [5, 6]. We consider that the University is the Leader and the
Students are Followers who play Nash among themselves. Here, as for the previous case,
we seek feedback solutions that are linear functions of the current state, since it is known
that they are the only ones that survive in the presence of small disturbances. At time k, the
students solve the problems (1), (3) where they consider the u; as given, and the following
equations result:

Riul + B} K;(Axy + Buy + Biuy + Bouj + Bsuj + Bauy + Bsuy) =0, i=1,2,...,5
(10)
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The University solves the problem:

1
1 n211n E(ka Ox; + u,{Ruk +ka+1ka+1)
Uj, uk Mk uk le uk
. 1
| min 55 {ka Ox, + ukTRuk + (Axk + Buy + Blu,l + Bzuf + B3u;f + B4u2 + B5u2)T

U, uk Mk Mk le Ilk

x K (Axy + Buy + Biuj + Boui + Bsuj + Byu} + Bsu}) }

subject to the constraints (10).

The constraints are linear and, therefore, Lagrange multipliers ; € R™,i =1,2,3,4,5
exist and we can append the constraints to the objective function and form the Lagrangian
L. Since the objective function is convex, setting the gradient of the Lagrangian with respect
to the unknowns uy, u ,](, ui, ui, ui, ui equal to zero provides together with the constraints
(10) necessary and sufficient conditions for the minimization of the University’s problem.

The Lagrangian is:

L(Mk, up, up, u, g, U3, iy Aoy Az, Aa, )ns)
1 1
_ukTRuk + E(Axk + Buk + Blu}( + Bzui + B3M2 + B4M£ + BSM,i)T

2
x K (Axi + Buy + Byuy + Boui + Bsui + Bauy + Bsuy)

1 T
= Exk Ox; +

+ A (Riuy + BY K1 (Axg + Buy + Byuj + Bouj + Bsuj + Bauj + Bsuy))

+ MY (Roui + B K»(Axy + Buy + Byuy + Boui + Bsuj + Bauj + Bsuy))

+ A (Rsui + By K3(Axy + Buy + Byuy + Bouy + Bsui + Byuj + Bsuy))

+ 7§ (Raui + B} K4(Axy + Buy + Byu; + Boui + Bsuj + Bauj + Bsuy))

+ AL (Rsui + BY Ks(Axy + Buy + Byuj + Boui + Bsuj + Byuj + Bsuy))
MeER™, i=1,2,3,4,5

Setting the gradients of L with respect to uy, u}, u?, u3, uj, u; equal to zero, we get respec-
tively:

Vi L (i g, ui, u, g, uz, Ay, Ay, Az, Aa, As)
= Ruy + B" K (Axy + Buy + Byuy + Boup + Bsui + Byui + Bsuy)
+ BT(KlBl)\.l + K>Bydy + K3B3A3 + K4Byhy + KsBshs) =0
Vit L, s s uis wd i, dys Ao, As, ha, As)
= B] K (Axy + Buy + Byuy + Boui + Bsui + Byuy + Bsuy)
+ RiA + BIT(KlBl)\] + Ky Body + K3B3As + KyByAds + KsBsAs) =0
Vi Lug, s g, i, wd i, dy, Ao Az, ha, As)
= B] K (Axy + Buy + Byuy + Boui + Bsui + Byuy + Bsuy)

+ RoAp + BZT(KlBl)\] + Ky Body + K3B3As + KyByhs + KsBshs) =0
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VuiL(uk,u,i,ui,ui,ui,uz,h,kz,lykmks)
= B] K (Axy + Buy + Byuy + Boug + Bsu; + Bauy + Bsuy)
+ Raxs + BI (K By + Ky Body + K3 Byhs + K4Byhs + KsBshs) =0
VuzxL(uk,u,l(,u,%,uz,ui,uz,kl,kz,h,kmks)
= B} K (Axy + Buy + Byuy + Boui + Bsu; + Bauy + Bsuy)
+ Ryry + B (K\Bihy + Ky Body + K3 Bshs + K4Byhs + KsBshs) =0

VuZL(uk, g, U, U, U, U, My Ao, Mg, Ay, As)
= BI K (Axi + Buy + Biuy + Boui + Bsuj + Bauy + Bsuy)

+ R5)\.5 + BST(KlBl)xl + KzBQ)\z + K3B3)\3 + K4B4)\.4 + K5Bs)\.5) =0
The system of equations that we have to solve for the unknowns u, u}(, ui, ui, u;‘, u,5€, A,
)“25 )\'37 )"47 )“5 iS:
Riu} + B} K;(Axy + Buy + Biuy + Bouj + Bsuj + Bauy + Bsuy) =0, i=1,2,....5
Ruy + B" K (Ax + Buy + Byuy + Bouj + Bsuj + Bauj + Bsuj)
+ BT(KlBl)\.l + K>Byhy + K3B3As + K4Byhy + K5sBshs) =0
R A; + BiTK(Axk + Buy + B]ll}( + leli + B3ui + B4u2 + B5ui)
+ B! (KiBiA + K2 Boho + K3Bshs + KyByhy + KsBshs) =0, i=1,2,...,5
(11)
Under the appropriate invertibility assumptions, the solutions for the unknowns will be linear
in xg, i.e.,

uy = Lxy, u,1(=L1xk, M]%=L2Xk
u,i = Lsxy, uz = Laxg, u,sc = Lsxy
We set
A=A+ BL+ B|L;+ ByL,+ B3L3+ ByL4y+ BsLs
A=K BiA1 + KyByAy + K3B3A3 + K4Byhy + K5BsAs
Then Egs. (11) can be written as:
Li=—R'B'K/A., i=1,2,...,5
Lxy=—R"'B"(KAx; + 1)
Mi=—R "Bl (KAxiy+1), i=12,...5
Substituting the A; in (11) we get:

(I + K\B\R{'B] + K2ByR;'B] + K3B3R;'B] + K4B4sR;'B] + KsBsR;' Bl )\
+ (K\BiR;'B] + K2ByRy' By + K3B3Ry' B} + K4B4R,' B}
+ KsBsR;'BI)KAcxi =0

It is clear that the basic condition for existence of a unique solution is the invertibility of the
matrix: / + W where

W =K B\R;'Bl + KyB:R,'BY + K3BsR;'BY + K4B4R;'B] + KsBsR;'BI
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Therefore, if the matrix I + W is invertible, have

r=—(I+W) 'WKA.x;
L=—-R'BT(I+W)'KA,

In conclusion, we have the following formulae for the control gains:

Li=—R'B'K;A., i=12,...,5
L=—R'BT(I+W)"'KA,
W =K\BiR;'Bl + K2B,R;'BY + K3B3;Ry'BY + K4B4R;'B] + KsBsR;'BI  (12)
(I+BR'B"(I+W)'K + B,R;'B K, + B,R; ' B] K»
+ B3Ry'B] K3+ B4R, 'B{ K4+ BsR;'BI K5)A. = A

As far as the updating of the costs to go is concerned, the same methodology and formulae
hold as in (8a), (8b), which concern the Nash solution, but we have to use the new A. of the
formula (12) above. Thus, the final formulae for finding the feedback Stackelberg solution
are:

K=0+A!(K+KBR'B"K)A,
Ks=0s
Ki=Qi+ Al (Kiyi + Kii B RO\ Bl Kisi)Ae, i=0,1,....4
W =K\BR;'B] + K2B,R;'B] + K3B;R;' BY + K4B4R,' Bl + K5sBsR;'B!
(I+BR'B"(I+W)'K + B,R;'B K, + B,R; ' B] K»
+ B3Ry'B] K3+ B4R, 'B{ K4+ BsR;'BI K5)A. = A

(13)

Let us formalize the above results in the form of a proposition.

Proposition 2 Let us assume that the system of (13) has a solution: Ks > 0, K4 >0, K53 >0,
K;>0,K; >0, Ky>0, K >0, A, that satisfy (14) and that I + W is invertible. Then the
(linear) feedback Stackelberg solution of the problem (1)—(3) is u = Lx;. for the University
and u; = Lix, i =1,2,...,5 for the Students, where (12) and (13) give the L, K, L;, K;,
i=0,1,2,...,5. The optimal cost of the University is J* = %onxo and for the Student
who starts at year k is J[k,k + 5] = %kaoxk.

For having asymptotic stability and thus finite University it suffices:
|eigenvalues(A,)| < 1 (14)

(If there is no University player, the closed loop matrix does not need to be asymptot-
ically stable, since then the costs of the Students, being calculated during a finite time
period, are finite). The system (13) is a system of coupled nonlinear equations similar to
the one derived for the feedback Nash solution, with the only difference being the term
BR™'BT (I + W)~'K in the formula (13) for calculating A, instead of the BR™! BT K term
in (8b) for calculating A, for the Nash case.
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Notice that the matrix on the left-hand side of (13) is:

[+ BR'BT(I1+W)'K +BR;'B] K\ + B,R; ' B] K> + B;Ry ' B] K3
+ B4R, 'Bl K4+ BsR;'BI K5
=1+ Wl +BR'BT(I+W) 'K
—(I+ W) (I +(I+W")"BR'B"(I+W)"'K)
and with
X=(1+W')"'BR'BTU+W)"', Y=K

We have that I + XY is invertible since both X, ¥ are symmetric and positive semidefinite.

5 Sufficient Conditions for the Existence of Nash Solutions

We will derive some sufficient conditions for the existence of solutions to Egs. (8a), (8b) and
(9). The reason for this derivation is to demonstrate that there are classes of problems for
which Nash solutions exist, and thus the problem at hand and the derived solutions are not
vacuous. These conditions are based on the contraction mapping and are restrictive. They do
not deprive the least from the need to study in full the geometric structure these equations.
Less stringent conditions could be derived by using Brower’s fixed-point theorem in a way
similar to the one employed in [18]. For insights into methodologies for studying such types
of coupled matrix equations appearing in games, see [1].
The system of equations that we want to be solvable is the following:

K=Q+Al(K+KBR'B"K)A,

Ks = Qs

Ki=Qiv1 + Al (Kiy1 + Kiv1 Bt R B Kii) A, 0=0,1,...,4

A=(I+BR'B"K +BR;'B/ K, + B,R;'B] K, + BsRy'B] K5+ B4R, ' B] K,
+ BsRy'BJ Ks)A,

In what follows, we use the usual L, norm of matrices. Let

s>max(|BR'B" |, |BiR;'B] ||, | B.R;'BY |, | BsRy'BY ||, | BsRy "' BY ||
| 855 BS)

g =max(1Q1, 1011, 1Q2ll, 1 Q51 11 Qall, 1 Osll)

w>max(|BR™'B"Q|. | BiR;'B] i, | BR;'B] Q2. | BsR;'B] Q5]

’

| BaR; By Qa

BsRs' B 0s]))

And let us also consider that the K, K; are sought in some neighborhood B(Q, Q1, O, O3,
Q4, Os; 6) around Q, Q;, respectively:

B(Q7 Ql5 Q27 Q35 Q47 QS; 8)
= {(K, K1, K>, K3, K4, Ks) :

8> max(|K — QI 1K1 — Qall, 1K2 — Qsll, 1 K5 — Qull, 1 Ks — Osll, [1Ks — Q¢ll)}
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It holds
IKIl<é+gq, IKil <é6+¢q, i=12,....5
It
606 +q)s <1,

then the matrix
(I+BR'B"K +B/R;'B{ K\ + B,R;'B] K> + BsRy'B] K3 + B4R, 'B{ K4
+ BsR;'BIKs)
is invertible and
|(1+BR'B"K + BiR;'B K\ + BoR;'B] K> + B3Ry ' B K3+ B4R, ' B K4
+ BsR;'BIKs) | <1

That this inequality holds is an immediate consequence of standard results, see p. 187 in
[24]. Clearly, then

A.=(I+BR'B"K + B|R;'B] K| + B,R;'B] K>+ B3Ry 'B] K3
+ B4R, 'BI Ky + BsR;'BIK;) ' A
and
lAcll < |(I+BR™'B"K + BiR;'B] K\ + B,R; ' B] K> + BsR; ' B] K
+ B4R, 'BI K4+ BsR;'BIKs) ' A| < A

For the first equation of (8a), (8b) for K and the four equations for K|, K, K3, K4, K5 to
be contractions it suffices:

AP +258) <8 +258 < 1

Thus, if
6(k+q)s <1, §+2s§ <1, Al <1
or
. 1 1
6 < min ,——q ), and |A| <1
1425 6s

We will have a contraction. Clearly, we need: 6gs < 1. Let us formalize this discussion in
the form of a proposition:

Proposition 3 Let

s> max(” BR™'BT

B\R;'B]

ByR;'B]

: , |83k B,

| BsR; By

|1Bs RS BS )
g = max(|1QIl. 11l 10211 11011, | Qall, 1Qsl)
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6gs < 1

1 1
8 i ,——q), d Al <1
< mm(1 25 65 q) and ||A] <

Then in the neighborhood B(Q, Q1, 02, 03, Q4, 0s;08) of K, K1, K>, K3, K4, K5:

{(Ka Kla K27 K3a K4a KS) :
max(||K — QI 1K1 = Qall, 1K2 — Q31 II1K3 — Qall, | K4 — Qs IKs — Qell) < 5}

the mapping:

K=Q+Al(K+KBR'B"K)A,
Ki= Qi+ Al (Kip + Ki+1Bi+1R;rllB,-T+1Ki+1)AL-, i=12,...,4

where
A.=(I+BR'B"K +BiR;'B[ K| + B,R;'B] K, + BsRy'B] K5 + B4R, ' B] K,
+ BsR;'BI Q) A

is a contraction and it has a solution in the above mentioned neighborhood, and the resulting
A, is asymptotically stable.

The meaning of this sufficient condition for existence is that if [|A] < 1 and the
IBR™'BT|, | B:R; "B, |Qll, 1Q:ll, i =1,2,...,5 are sufficiently small, then a Nash
equilibrium in linear Feedback strategies exists. This does not exclude the possibility of
having nonuniqueness where other solutions may and lay outside the aforementioned neigh-
borhood.

Notice that similar stringent sufficient conditions can be derived in an identical manner
for the feedback Stackelberg strategy of (13).

6 Continuous Time Analogues
6.1 Continuous Time Analogue for the Feedback Nash Solution

We start by providing a formulation for the continuous time analogue and then we present
and justify carefully the linear feedback Nash equilibrium. It leads to an interesting form of
Riccati type equations; see (17), (18), which is reminiscent of similar equations in delay or
distributed time systems. These equations are not of the usual generalized Riccati ordinary
differential equations but of the integrodifferential type, because they contain delay and
noncausal terms. In order to formulate the continuous time analogue, we have to specify
the times the successive Student players enter the game. Because the time is continuous,
the separation in the time entry of two successive student players becomes negligible and
we have to define the continuous time version as the limit of a discrete time version. To
do that, we start with a continuous time model where the Students duration of studies is a
fixed length, say 7 which we cut into (five for example) pieces representing the length of
a year’s study. Thus a Student may enter at time 457 and be a first year student during the
period [457, 46T, a second year student during the period [467, 47T, a third year student
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during the period [47T, 48T, a fourth year student during the period [48T,49T1], and a fifth
year student during the period [497T, 50T ]. The whole period of studies is 5T = T. We will
consider this model, and then we will take the limit by considering more periods of study,
say N instead of 5 but with total length NT = T where the T is fixed. (Essentially, we allow
the total period of study to be finite, i.e., T and we divide this T into a large number N of
periods each one of length % We then let N to go to infinity and % to go to zero. We can

think of % as the length of a “one year study” with a total of N such years.) The University
player has a permanent presence and no special discretization procedure is needed for him.
The University cost is

= % / (" () Qox (1) +u (1) Rou()) d
0

The cost of the Student who enters at the beginning of the year k7 and his studies has
duration of 57':

kT+T

2J5[KT, kT +5T1 = x"(t;) Q sx(ts) + / (x" Qix 4+ u{ Ryuy)dt
kT
kT+3T

kT+2T
+/ (xTQ2x+u§R2u2)dt+/ (xTQ3x+u3TR3u3) dt
kT+T kT+2T
KT+5T

KT+4T
—I—/ (xTQ4x+uZR4u4)dt+/ (xTQ5x+uZR5u5)dt
kT=3T KT+4T

A, B;, Q; = QiT >0, R = Rl.T > (0 are constant matrices. The student who enters at the
beginning of the year k7 and his studies have a duration of 57, sees the state equation
below and acts: as first year Student with control u (), as second year Student with control
u, (), as third year Student with control u3 (), as fourth year Student with control u4(¢), and
as fifth year Student with control us(t), i.e.,

d

d_)[C = Ax(t) + Bouo(t) + Biu1(t) + Baus(t) + Bsusz(t) + Bauy(t) + Bsus(t)
telkT, kT +T]

dx

i Ax(t) + Bouo(t) + Biu(t) + Boua(t) + B3uz(t) + Baus(t) + Bsus()

telkT +T,kT +2T]
dx
i Ax(t) + Bouo(t) + Biu(t) + Boua(t) + B3usz(t) + Baus(t) + Bsus(t)

te[kT +2T,kT +3T]

Z—J; = Ax(t) + Bouo(t) + Biu(t) + Bouy(t) + B3uz(t) + Baus(t) + Bsus(t)
telkT +3T,kT 4 4T]

j—j = Ax(t) + Bouo(t) + Biu (t) + Bouy(t) + B3uz(t) + Baus(t) + Bsus(t)
telkT +4T,kT 4 5T]
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If we solve for the linear feedback Nash equilibria, the control of the University is
uo(t) = Lo(t)x (1),  Lo(t) = —Ry" By Ko(1)x (1)
and the controls of the Students are:

ui(t)=Li(0x(t), Li(t)=—R;'B] Ki()x(t), t e [kT,kT +T1, k=0,1,2,3,...
ur(t) = Ly(t)x(t), Lo(t) = —Ry' By Ko(t)x (), t € KT, kT +T1, k=0,1,2,3,...
us(t) = Ly(t)x(t), Ls(t) =—RIBI K3(t)x(t), t € [kT, kT +T1, k=0,1,2,3,...
us(t) = Ly@)x(t), Ly4(t)=—R] B} K4s(t)x(t), t € [kT, kT +T1, k=0,1,2,3,...
us(t) = Ls(t)x(t), Ls(t)=—RIBIKs(t)x(t), t € [kT,kT +T], k=0,1,2,3,...

The gains are calculated as follows:

dK

5 T
—1 pT
_d__K()(A—i—ZL)—i—(A—i—iZI:L,-) Ko+ Qo — KoBoR; ' BI K

€[0,T], Ko(0) = Ko(T)

5 5 T
dK, :
—7:K1<A+B()Lo+ E Bij>+<A+BoL0+ E Bij) K+ 0

j=1j#1 j=1j#1

— K\B\R'BIK,, t€l0,T],K\(T)=K>(0)

5 5 r
dK,
-2 =K2<A+B()Lo+ | Z B_,-Lj> + <A+BOL0+ | Z Bij) Kr+ 0>
J=1j#2 J=1j#2
—K2BRy'B] Ky, 1 €[0,T], Ko(T) = K3(0)
(15)

5 5 T
:K3<A+B()Lo+ > Bij>+<A+BOLo+ > Bij) K3+ 03

J=1j#3 j=1j#3

w

dK
dt

— K3B3R;'B] K5, t€0,T1, K3(T) = K4(0)

5 5 T
dK.
——4=K4<A+B0L0+ > Bij>+<A+BOLo+ > Bij) Ki+ Q4

dt L= N
Jj=1j#4 j=1j#4

— K4ByR;'B[ Ky, 1 €[0,T], Ky(T) = K5(0)

5 5 T
dKs
T Ks <A + BoLy +j:;¢SBij> —+ (A + BoLg +j=|2j:¢5 Bij) Ks+ Qs

— KsBsR;'BIKs, t€[0,T],Ks(T)=0Q;

Notice that this system (15) is a concatenated boundary value problem. We can rewrite
Egs. (15) as:
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5 5 T
dK() 1 pT —1 pT
—— =Kol A— E B;R "B K; A— E B;R” "B K; | K
dt 0( i=1 l l i i=1 l l 0+ QO

— KoBoR,'B{ Ko, t€[0,T], Ko(0) = Ko(T)

5
dK; —1pT -1 pT
— 7:K,»<A—BORO By Ky — E BiR B; K; (16)

i=1

5 T
+ (A — BoRy'Bj Ko — B,-R;‘BfK,-) Ki+ Q; + K;B:R'B!K;

i=1

1€[0,T], Ki(T)=Ki1+1(0), i =1,2,3,4,5, Ks(T) = Qy

Let us now consider a limiting case where the duration of studies 5T = T remains fixed but
the years of study are not 5 but N, so that NT = T. It is as if the academic year lasts % and
we have N such years of study. Equations (15)—(16) become:

dK. al N !
0 —1pT —1pT
—— =Kol A— E B;R; B K; A— E BiR; " B; K;
dt 0( i=1 l l ) i ( i=1 l )

T T
x Ko+ Qo — KoBoR,'Bl Ko, te€ [0, N}’ Ko(0) = Ko(ﬁ)

dK; N
i . _ —1 pT _ p—1pT 5.
——r=K (A BoR;'BIKo— > B;R'B; K,)

i=1

N T
+ (A — BoRy'B{ Ko — ZBiR,.‘B,.TK,) K+ Qi+ K:B:R'BI'K;,

i=1
T T , T
te O,N , K; N =Ki+1(0),l=1,2,3,...,N—1, Ky N =Qf

Let us introduce the following notation:

K, =K(i5), 5=
B, =35B(i5), i=
T
= i— ), i=1,2,3,...,N
0 Q<1N> i
R;(t) =5R(is), i=1,2,3,....,N

And we rewrite (16) as:

i=1

N
—‘”;(’) =K(@) (A — BoRy'Bj Ko — Y §B(SR™ (iE)BT(iE)K(iE))

N T
+ (A — ByR,'BJ Ko — ZEB(:’E)Rl(iE)BT(iE)K(iE)) K(t)

i=1
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+ 0@+ K@®)5B(is)R™'(5)BT (is)K (1)
N
€ |:l N i+ )N]

K ‘+1)T i5) =K T i+ 15 ), K NT =
(@ v )= lN,(l )s ), N =0y,
i=1,2,3,...,N—1

Assuming continuity and differentiability of K () in its arguments and taking the limits as
N — oo(equivalently: % =35 — 0), we see that this equation becomes:

T
_d’d(t(t) =K@ (A — BoR;'Bl K, —/ B(s)R_l(s)BT(s)K(s)ds>
0
T T
+ (A — BoR;'B{ Ko —/ B(s)R™'(s)B” (s)K (s) ds) K@)+ (1)
0
tel0,T], (17)

The boundary conditions give:
K(T)=0y
In this case, the limiting value of the Student’s cost is

kT+T
2J5kT kT + T1=x"(t7)Q x(tf) + / (x"Q)x +u" R(t)u)dt
kT
and the state equation becomes:

dx al o L
-~ AX(0) + Bouo(0) + ESB(zs)u(t, i5)

dx r
— = Ax(t) + Bouo(t) +/ B(s)u(t,s)ds
dt 0

The limiting form of the equation for the University’s gain becomes an algebraic Riccati
equation:

T
0=K0<A—/ B(s)R_l(s)BT(s)K(s)ds>
0

T T
+ (A —/ B(s)R*l(s)BT(s)K(z,s)ds> Ko+ Qo — KoBR'BTK, (18)
0
The control of the University is
u(t) = —Ry "Bl Kox (1) (19)

and the control of the Student who starts his studies at time 7 and completes them at time
t+Tis:

ut+s)=—RE'BTOK$)xt +5), se€[0,T] (20)
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To sum-up, Egs. (17), (18), (19) have to be solved. The resulting closed loop matrix:

T
A.=A—BoR,'Bl Ko — / B(s)R™'(s)BT (s)K (s)ds 1)
0

has to be asymptotically stable.
Let us now state formally the continuous time analogue of the game of the linear Nash
feedback strategies solution.

Proposition 4 Consider the state equation

dx T
I = Ax(t) + Bouo(t) —I—/O B(s)u(t,s)ds (22)

and the costs

J= % / (x" (1) Qox (1) + u” (1) Rou (1)) dt
0

) (23)
1+
S5t t+T]= %xT(tf)Qfx(tf) + %/ (x"Q1x +u" Ryu)dt

t

for the University and the Students, respectively.
Consider also the system evolution equations:

[Ull—); = Ax () + Bouo(t) + Biui(t) + Boupy(t) + -+ -+ By_jun—1(t) + Byuy(t)
telkT, kT +T]

fl_j = Ax(?) + Bouo(t) + Biui(t) + Baua(t) + Bsus(t) + - + By—_1un—1(t) + Byun(t)
telkT +T,kT + 2T

i—: = Ax(t) + Bouo(t) + Biu1(t) + Baua(t) + Baus(t) + Baus(t) +--- + Byun (1)

telkT +2T,kT 4 3T]

dx
i Ax (1) + Bouo(t) + Biu1(t) + Baua(t) + - - + Byoun—2(t)
+ By—1un—1(t) + Byun ()

t€[kT +NT.kT +(N — DT
dx
Tl Ax (1) + Bouo(t) + Biu1(t) + Baua(t) + - - + By—_1un—1(t) + Byun(t)

t€[kT + (N —1)T,kT + NT]|

24
and costs for the University:

J=%/ (x7 (1) Qox () + u” (1) Rou(t)) dt
0
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and for the Student:
kT+T

205 kT, kT + NT]=x"(t7)Q sx(ts) + / (x" Q1x +ul Ryuy)dt
kT

kT+2T
+ / (xTsz + uzTRzuz) dt
kT+T

kT+3T
—i—/ (xTQ3x+u3TR3u3)dt+---
kT+2T

kT+NT
+ / (xTQ5x + uZR5u5) dt (25)
KT+(N-1)T

We define the linear feedback solution of the game described by (22)—(23) as the limit of
the linear feedback solution of the game described by (24)—-(25) as N — oo, T = % where
we take [kT,NT]1=[t,t + T, assuming of course that the limiting solutions exist and the
resulting closed loop matrix:

T
A.=A— BoR,'Bl K¢ — / B(s)R™'(s)BT (s)K (s) ds
0

is asymptotically stable. (This a sufficient, not necessary condition for the finiteness of the
leader’s cost.)
This limiting solutions are given by

u(t) = —Ry "Bl Kox (1)
for the University and
u(t+s)=—R() 'BT(s)K(s)x(t+5), se€l0,T]

for the Student who starts his studies at time t and completes them at time t + T. The Ko,
K are given by the equations:

T
0=K, <A — / B(s)R’l(s)BT(s)K(s)ds>
0

T T
+ (A —/ B(s)R_l(s)BT(s)K(t,s)ds> Ko+ Qo — KoBR™'BTK,
0

7
_dit(t) — K(l)(A — BOR(;IB({KO — / B(S)R_I(S)BT(S)K(S) dS>
0
T T
+ (A - BoRalB()TKo - / B(s)R_l(s)BT(s)K(s)ds) K® + 0®),
0
tel0,T],

with boundary condition:

K(T)= 0y
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The resulting closed loop matrix is
T
A.=A—ByR,'Bl K¢ — / B(s)R™'(s)BT (s)K (s)ds
0

Notice that we avoided giving a definition of the solution directly for the continuous time
case, but we defined the solution as the limit of an appropriate discretization. This is a device
that has been used on several occasions for control and game problems; see [5, 9, 10].

6.1.1 The Time Invariant Case

The case where the matrices B(s), R(s) involved are constant can be further simplified as
follows. Let

A.=A—BoR,"BlKo— BiR'B] L

T
L =/ K(1)dt
0

_dK(@)
dt
—(K(T)—K(0) =LA+ AL+ QT

=KM®A +ATK(t)+0Q, te€[0,T]

KO)=LA +AlL+ QT+ Qy

K(1) = e—AZ(t—T)Qfe—AC(t—T) +/
T

t

T
e Ag (t—1) (_Q)e_AE([_r) dt

T
K(O):eAZTQfeAcT_i_/ AT Qe g
0

LA+ ATL+ QT + Q; — 7 Q e’ =X
ATX + XA, =T Qe — @
AT(LA A+ ATL+ QT + Q; — e* 7 Qo)

+(LAA+ATL+ QT + Q@ — ¥ 7 Q et ) A =M T Qe —
AT(LA+ATL) + (LA + ATL) A +T(ATQ + QA) + AT Q, + QA+ Q

T
=T (Q+ QA+ Al Qy)e™T
T T t
L =/ K (1)dt =/ (efAZ(th)Qfe—Ac(th) +/ efAZ(rfr)(_Q)efAc(tfr) d‘L’) dt
0 0 ' T
After some calculations and repeated use of the formula,
b c’ c T cTb ry ,Cbh c’ c
/e "Qe“'dt=X, C'X+XC=e"“"Qe"” —e“ “Qe**
which holds if: all eigenvalues (C) < 0, or all eigenvalues (C) > 0, we obtain the equation:
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AL(ATL 4+ LA) + (AIL+ LA)A. +T(AL O+ QA:) + (AL Qs + Qs A+ Q)
=" (AT Q  + QA+ Q)eT (26)
Equation (26) is a transcendental equation for A., which together with:

0=KoAc.+ AcKo + Qo + KoBoR, ' By Ko

A.=A—BoR,'B{Ko— BiR'B] L @7
constitute essentially a system of two equations that has to be solved for symmetric positive
semidefinite K, L. The resulting A, has to be asymptotically stable if we have a University
player whose infinite time cost has to be finite. Notice that Eq. (26) contains third powers
of L in the left-hand side, but also exponential terms of L in the right-hand side. Thus,
we have a system of transcendental, nonalgebraic equations. This is the price we pay for
substituting the Riccati differential equation for K (z), which essentially has a quadratic in
K (¢) right-hand side, with a stationary equation, (26), for L.

6.2 Continuous Time Analogue for the Feedback Stackelberg Solution

In order to find the continuous time analogue of the feedback Stackelberg solution we can
follow a procedure similar to the one employed for the Nash case. The analogue of Propo-
sition 3 can be stated for the feedback Stackelberg solution, which again can be defined as
the limit of the appropriate discretization procedure. We will follow a different discretization
procedure which starts from the discrete problem (1)—(3) and then takes the limit. In the pro-
cedure used for the Nash case we used a mixed type of discretization procedure, where the
Students were acting in continuous time for small intervals and the state equation was not
discretized. We believe that both procedures have merit as they represent different modeling
approaches.
Consider the equations derived for the discrete time feedback Stackelberg:

K=0+A!(K+KBR'B"K)A,
Ks= Qg
Ki= Qiy1 + Al (Kiy1 + K1 Bin R\ Bl Kin)A,, i=0,1,....4
W =K, B\R;'Bl + KyB:R;'BY + K3BsR;'BY + K4B4R;'B] + KsBsR;' B!
(I+BR'B"(I+W)'K +BR{'B{ K| + B,R;'B] K,
+ B3R;'B] K3+ B4R, 'B] K4+ BsR;' B Ks)A. = A

(28)

Let A, AC, B, Bi, Q, R, Iéi be the corresponding quantities for the continuous time case.
If we consider a discretization of the continuous time problem with time step § very small
positive number, it will be:

A~T+3A, A~ 1 +8A,., B~ §B, B; ~ 8*B;,
0~Q., Qi~QG8, R~SR, R ~8R, K ~K(id)
The summations in (13) will become integrals and instead of i = 1,2, ...,6 we will take

i=1,2,...,N and N6 ~ T where T is the duration of the Student’s studies. Also,
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(I+W)"' = (I+ K BiR'Bl + K»BoR;'Bf + KsBsRy'Bf +---+ KyByRy'BL) ™

N -1 N
~ (1 +SZZK,-BiR,.—1Bl.T> ~1—8") KiBR'B/

i=1 i=1
T
~ - 5/ K@®)B@®OR '()B" (t)dt
0

And using it in (13)

N
(1 +8BR'BT(I+W)'K + SZBIRI_IBIT&)A(, ~ A
i=1

T N
(1 +8BR™'B” (1 —/ K(t)B(t)R’l(t)BT(t)dt)K +82B1RI_IBITK1)AC ~ A
0

i=1
_ 1 pT ’ -1 T —1 pT
I —8BR'B K®)B({)R ()BT (t)dt + SBR™'BK
0

N
—l—SZBlRl_IBITKl)AC —A

i=1

T
A~ (1 —SBR’IBT/ KWOBWOR Y ()BT (t)dt + SBR™'BTK
0

N -1
+ZB]R1_IBITK1> A

i=1

7
Ao~ (1 +33R—‘BT/ K@®BMOR ()BT (1)dt —8BR™'BTK
0

T
—a/ B(t)R’l(t)BT(t)K(t)dt)A
0
T
I +8A.~ (I—i-(SBR"BT/ KWOBOR ()BT (t)dt —8SBR'BTK
0
T -
—3/ B(t)R_l(t)BT(t)K(t)dt>(I+8A)
0
T
I+8AC~I+SBR‘IBT/ K@®BOR ()BT (1)dt —8BR™'BTK
0
’f -
- 5/ B(t)R™' ()BT (1)K (1) dt + 8 A + Order(8?)
0
T
AC%BR”BT/ K®OBOR ' ()BT (r)dt — BR™'BTK
0

T
- / B(t)R™' ()BT (1)K () dt + A + Order(s?)
0

Birkhauser



Dyn Games Appl

Plugging this A, in (28), we get:

K~80++8A.)"(K+8KBR'B"K)(I+5A.)
K~38Q+K+8KBR'B"K +8A] K + 8K A, + Order(s)
0~Q+KBR'B"K +ATK + KA,

T
0~Q+KBR'B"K + (BR"BT/ K®OB®OR '(1)B"(t)dt — BR™'BTK
0

T T
—/ B(z)R—l(t)BT(z)K(z)errA+Order(52)> K
0

T
+ K(BR"BT/ K®OBOR'®)BT(t)dt — BR™'B"K
0

T
—/ BOR'OBT (1)K () dt + A +Order(82)>
0
0~Q—-KBR'B"K+ATK+KA

T T
+K<BR—IBT/ K(t)B(t)R‘l(t)BT(t)dt—/ B(t)R_l(t)BT(t)K(t)dt)
0 0

T T T
+<BR*IBT/ K(t)B(t)R’l(t)BT(t)dt—/ B(t)R"(t)BT(t)K(t)dt> K

0 0

This is the steady state Riccati equation for the University’s gain.
Plugging A, in the other equations of (24) we get:
K3 = Q4+ Al (K4 + K4BsR, ' B K4) Ac
K3~8Q4+ (I+8A)" (Ks+8K4ByR, ' B K4)(I +8A,)
Ky~ 8Q4+ K4+ 3K4B4R,'B] K4+ 8AT (K4 + 8K4B4R, ' B} K4)
+ (K4 +8K4B4R; ' B K4)8 A,
K3~ 8Q4+ K4+ 38K4B4R, ' B K4+ 3AT Ky + K48 A, + Order(5%)

K3~ 8Q4+ K4+ 8Ky4BsR,'B] K,

T
+8<BR"BT/ K@®OBOR'®BT(t)dt — BR™'BTK
0

T

T
—f B(t)R—l(r)BT(z)K(z)errA) K4
0
T
+6K4<BR’IBT/ K@®BWOR ()BT (t)dt — BR™'BTK
0

T
—/ B(t)R—l(r)BT(z)K(z)dtJrA) + Order(8?)
0
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dK , _
- Q0+ATK+KA—KBR'B'K

T T
+K<BR-IBTf K(t)B(t)R‘l(t)BT(t)dt—/ B(t)R"(t)BT(t)K(t)dt>
0 0

T T
+<BR’IBT/ K(t)B(t)R’l(t)BT(t)dt—/ B(t)R*](t)BT(t)K(t)dt)K
0 0

This is the differential equation on the interval [0, T with final condition K (7_") =0Qy.

Therefore, the continuous time analogue of the feedback Stackelberg strategy for the
model (1)—(3) is identical with the feedback Nash strategy. This observation is in agreement
with the result of [5, 6], for the linear quadratic game with no cross terms in the cost. It is
interesting to note that the same observation holds for the model examined here. In case we
allow cross terms where we have the state multiplying the control in the costs, we would
expect that the two solutions do not coincide. This is an easy exercise to verify, which
nonetheless has its own merit.

7 Remarks on Computational Issues

The computational solution of the equations that give the equilibrium strategies is of the
utmost importance, not only for providing the solutions, but also because any theoretical
study of their convergence is imminently related with the study of existence and uniqueness
or multiplicity of solutions. Some numerical results for the scalar case are reported in [15,
16]. Reference [14] represents the first effort formulating and studying algorithms for the
matrix case. In order to solve the system of Egs. (8a), (8b) and (13) for the discrete time Nash
and Stackelberg solutions, respectively, we can proceed in several ways, some of which are
presented next.

A straightforward method is to consider them as a system of nonlinear equations and
use any of the general methods available, taking care to operate with symmetric positive
semidefinite updates. The solutions that yield asymptotically stable closed loop matrices are
retained.

Another way is to iterate backwards starting with given final conditions as if we had a
finite time duration and finite summation for the costs. We continue the iteration backwards
until (and if) we achieve convergence or other interesting behavior such as oscillations arise.
This procedure guarantees the symmetric positive semidefinite character of the iterates. Still
we may have nonconvergence or convergence to different solutions for different initializing
solutions. Let us recall the equations we have to solve, and let us denote them by:

Xo=K=0+A!(K+KBR'B"K)A. = 0y(Xo, X1, X2, X3, X4)
Ks = Qg
X1 =Ky = Qs+ AT (Ks + KsBsR; ' B K5) A, = ©(Xo, X1, X2, X3, X4)

X, =K;= Qs+ AT (K4 + K4BsR; ' B K4)A. = ©2(Xo, X1, X2, X3, X4)

Xs=K, =03+ Al

&

Xs=K =Q0r+A!

c

K3+ K3B3R;'BY K3)A, = ©3(Xo, X1, X2, X3, X4)

P

)
)
)
K>+ K>2BoR; ' By Kb) A = O4(Xo, X1, X2, X3, X4)

Birkhauser



Dyn Games Appl

Ko= Qi+ Al (K| + KB R;'B{ K)) A,
A=(I+BR'B"Xo+ BiR;'B] X4+ B,R;'B] X;

+ B3Ry 'BY X» + B4R, 'B] X1 + BsR;' B Q¢) A,
So we have to solve the system:
X =0;(Xo, X1, X2, X3,X4), i=0,1,...,4

We can iterate with any initial positive semidefinite set of initial conditions for the un-
knowns. The updates of the matrix
(I+BR'B"Xo+ B\R'B] X4+ BoR;'B] X3+ B3Ry'B] X,

+ B4R} 'B] X\ + BsR;' B! Q)
are considered to be invertible during the operation. We can also iterate asynchronously as
Xt =0 (x5, x5 x5 x4 xY), i=0.1,....4

which corresponds to updating the cost functions iteratively and backward for all the players.
For a limit point to be acceptable, we also need that the asymptotic stability condition (9) be
satisfied in the limit.

For the continuous time Nash solution for the case where the matrices involved are time
invariant, we have to solve the system:

AT(ATL+ LA) + (ATL+ LA)A. + T(AT O+ QA.) + (AT Oy + QA+ Q)
="M (AT O+ 0 A+ Q)e™

0= KoAc + A.Ko+ Qo + KoBoRy ' By Ko

Ac=A—BoR,'BlKo— BiR™'B] L

We can iterate as follows: For K, L", A" = A — BORO_IBOTKS — B{R7'BTL" given, the
updates are:

(A) M M AL = (A1) (T Q+ Q) = (TQ + Q)AL - 0
+e TR (AN Qp + QAL + Q)™
(A L 4 LA = M
0=Kg™ AL+ (A1) Ky + Qo+ K BoRy ' BY K™
A" = A — ByR,'Bl Kt — B,R7'B] L"T!
The first two equations for M"*+!, L"*! constitute a two step procedure for finding a new
L"*! given the K", L". They can be actually viewed as a fixed-point iteration for the solution

of Eq. (26). The theoretical study of convergence of this iterative process is an interesting
problem.
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8 Examples

We present two scalar examples. The first explores the existence and nonuniqueness issue
for the feedback Nash solution of the discrete time formulation. The second studies the
feedback Nash solution of the continuous time formulation. In the case of absence of the
University player, both examine the interplay between the length of the Students horizon
and the stability of the closed loop matrix. (These examples pertain to the scalar case and
do not constitute examples of use of algorithms for solving the general matrix-Riccati-type
equations since the method by which we solve them relies heavily on the scalar character.)

8.1 Discrete Time

It is interesting that nonuniquness of solutions may appear in our problem, as it so often
happens in game theory. In order to demonstrate this phenomenon and at the same time gain
some insights in the possible reasons for that, and the structure of the problem, we consider
the scalar case for the Feedback Nash solution. Let

K; =k, K=k

Bi=B,=B;=B,=Bs=B=R =R,=R;=R;=Rs=R=1

01=0:=03=04=0s5=gq,, 0=g¢q

A.=a,, A=a

Notice that since all the k;, k are nonnegative both a., a have the same sign. Let a. > 0,
a > 0 wl.o.g. Egs. (8a), (8b) become:

k:q+af(k+k2)

k5=
=g, +a’ (ks +k3)
=g, +a; (k4—|—k2)
=g, +a; (k3+k2)
=g, +a; (k2+k2)
ko—qv—l—a (k1+k2)

a={1+k+k +ky+ks+ks+ks)a.
Let

Flac) = (1 +k+ki+ky+ ks + ky + ks)ac

We will try to solve these equations by considering the a, as an unknown that when found,
automatically determines the k;, k (two choices for k) and this a. is acceptable if the equation
a = (1 =+ k —+ kl —+ k2 —+ k3 —+ k4 —+ kS)ClC iS satisﬁed.

Consider a plot of F(a,) for a. € [0, 1]. For each value of a., we calculate the k; recur-
sively using the above formulae. We also calculate the k from the first equation above to
get

k+:1—a3—|— (1 —a2)? —4qa’ ki:l—af—,/(l—af)2—4qaf

2 ’ 2
2a - 2(1(
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For the solution to be acceptable, we need that it is positive and real. For the reality, we
need:

(1 — af)2 — 4qaf, >0

ie.,

OEQCE;
Vg +1

Notice that for a, — 0, ky — o0, k_ — 0. Thus, doing the plot of F(a.) for 0 <a. <

—L__ we have two branches. One starts from zero using the value k~ and rises up to the

NN 1
value of F(a.) that corresponds to a, = WES For this branch, all of k and &, k,, k3,
k4, ks, are increasing as a. — a., and thus this branch is increasing. For the other branch
that uses k™, starts from the value F(a.) and for a. — 0 it goes toward oo, we have that
k is decreasing whereas ki, k», k3, k4, ks, are increasing as a, — a.. We will show that
this branch is not monotonic but may have rising and falling parts giving rise to nonunique
solutions. We have definitely some value of a. = a,. for which the value of F(a.) =a. We
conclude that for any a, g, g, we have at least one solution for a., k, ki, k2, k3, k4, ks. It is
easy to see that the branch that corresponds to ¢ = —1 is monotonically rising as a. moves
to the right. The branch that corresponds to ¢ = +1 that starts from oo and goes toward the
F(a.) value as a. moves to the right can have a dive before rising again toward F(a,), and
this can happen if g; > 0 as the following argument shows:

(In what follows, by P;(a?), P»(a?), we denote polynomial functions of their arguments
whose coefficients are easily calculated although not needed explicitly in our discussion.)

B 1 —a?+ /(1 —a?)?—4qa?

ke 2a?
And
kl+k2+k3+k4—|—k5=5qs+a3P1(a3)
1—a?+ /(1 —a?)? —4qa?
F(a.) = |:1 +5¢, +a>Pi(a?) + a (1 —a7) qa? :|61L
= Fi(a.) + F>(a.)
1
Fi(a) = <5 +5q, 2P, (a3)>ac
Py = J(24)
2 _zac Zac q
Also:
1—a? 1 1
Fy(a) = _“=—< + +1—7>
=T T\
1—a2\?
Fy(a.) = c) _
dcz(a) 20+ (Zac) q
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l—ac2
1 1 zat)—;—-) 1 (1—a%
:—ﬁ'FE = ﬁ‘f‘— <0
Clc (12;? )2 ac 4a§ (l a( )2

d F(a.):l+5qv+a2P2(a2)>0
da, 0 T 2 T T Ren e

Itis easy to see that if we take an a, < &C, we will have i Fz (&C) < 0 and for g, sufficiently

blg Fi(@a,) > ——Fz(at) and thus - F(ac) = F1 (a() + - 4 F (a,) > 0, which means
that the branch that ‘starts from 1nﬁn1ty for a, close to zero, ends up at the value F(a.)
for a. = a, not decreasing all the time but increasing around da.. This means that there are
values of a for which the parallel at height a cut the curve F(a.) at least three points,
and thus we have at least three solutions. (Notice that the polynomials P; (af_), P, (af) have
positive coefficients which are positive sums of powers of ¢;.) Thus, we can conclude that
nonuniquness appears when there is a large discrepancy between the state penalizations
between the University’s and the Student’s costs.

A case of interest, which we will also consider for the continuous time example that
follows, is when there is no University player present. Since the University player has an
infinite time duration cost, we needed that for the resulting a. it holds: |a.| < 1. In the
absence of the University player, the closed loop system may be unstable. In addition, we
do not need the condition: 0 < a,. < N JqT’ which has to do with the existence of a real
control gain k= (or k™) for the University. Thus, if no University player is present and we
do not care to have a stable closed loop system we always have a solution as the plot of
F(a,) =0+ ki + ko + k3 + k4 + ks)a, for a. € [0, 00) is monotonically increasing and
always meets the value a. On the other hand, if we want the resulting a. to satisfy |a.| < 1,
weneed a < F(1) =14+ k(1) + ko (1) + k3(1) + k4(1) + k5(1), whereby k; (1) we mean
the values: ks(1) = g5, ks(1) = g, + ks(1) + ks(1)?, ..., k(1) = g, + ko (1) + ko (1)2. This
means a bound on a, which depends on g;. If |a| < 1 the bound is automatically satisfied.

8.2 Continuous Time Feedback Nash Strategy

As an example, let us consider the scalar case where there is no University (bg =ry = go =
0), with b =r = 1, ¢ = constant, the scalar solution for K (¢) is

_ 4\ sa-nu—n _ 4
k(t) = 4 =0 4
® <qf + 2a>€ 2a

And (22)
AT(LAc+ AL+ QT + Q)+ (LA +ATL+ QT + Qf)Ac + O

=T (Q+ QA+ AT Q )elT

results in

___ 4 _ 1 . 4q 1 q 2a-DT
==2a- ' " 3a-p <q-’ * 2@ —1)> T 2@-D (qf * 2@ —l))e

This equation has to be solved for /, and the solution has to satisfy a — I < 0. Setting x =
—2T (a —I), we have to solve the equivalent:

qT? —qsTx
—(qsT +qTH)x +ax? + 5-x3
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for x > 0. We calculate: £(0) =0, < F(0) =1, %f(O) = —2# + 2;’—; + 2. In order to

> dx

have that the plot of f(x) cuts the plot of e* for some x > 0, it suffices to have % f(O0) =
—2# + 2‘% + 2 > 1 (or else the graph of the right-hand side is below the graph of ¢* for
x > 0). This condition means that a solution of the Nash games, which makes the closed
loop system stable, exists if a is appropriately small, and this smallness depends on the
length of the Students studies and the penalties on the state. (Recall a similar bound derived
for the discrete time example.) If a < 0, the condition is always fulfilled. But if a > 0—(.e.
the system is unstable on its own and the University player/regulator is not existent)—then
the stabilizing solutions will not necessarily exist. For that we need:

q a\ , a 2
T>-2 4 <—f> +25 = g
q

q q a5 a1 y2 a
q +V(q) +24

Thus, for a > 0, the intertemporal coordinating role of the long term player can be substi-
tuted by a continuous overlapping succession of small players, if their duration T (inter-
preted as memory, experience, and life span presence) is sufficiently long.

2

For a > %

Nash solution which yields an unstable closed loop system, i.e., x = =27 (a —[) < 0 and
e* = f(x) is still possible under the appropriate existence conditions.)

That the essence of this result can be extended to the matrix case can be supported by the

following argument: Since the University is not present, we look at the equation:

, we have the sufficient condition: 7 >/ Zq—“ (The possibility of having a

_dK(t)
dt

T
= K(t)(A —/ B(s)R*‘(s)BT(s)K(s)ds)
0

T T
+(A—/ B(s)R’l(s)BT(s)K(s)ds> K@)+ 0@), tel0,T],
0

with boundary condition:
K(T)=Q;

For T very small, we have K (t) ~ Q  and the closed loop matrix is

7
A —/ B(s)R™'(s)B"(s)K(s)ds~A—BR'BTQ;T~ A
0

which is not necessarily stable except if A is stable. For T sufficiently large, if K (¢) has
converged to some constant value L, this L will satisfy

0=L(A—BR'B'LT)+(A—BR'B'LT) L+ Q
Or equivalently:

0=LA+ATL+ Q—-2LBR™'BTLT

and the closed loop matrix will be:
A—BR'BTLT

Clearly, this closed loop matrix is stable if the pair (A, B) is controllable.
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Let us now consider the case where the University is also present. Let by =b=r =ry =
1, g, qo constants. The equations we have to solve are

0=2ko(a—1)+qo—k;

dk I r
_ _d(tt) =2kn(a—k —D+q. 1€[0,T] k(T)=¢;

T
l =/ k(s)ds
0

The resulting closed loop matrix has to be stable (or else the University’s cost is infinite):
a.=a—ky—1<0
We have:

ko=a—1++/(a—=1)*+qo
a.=—+v(@—0>+q <0

which always holds.

~PO ok (a7 T g0) g, 1 el0.T] kD =gy

dt
dk(t -~ n
% =2ack(t)—q, tel[0,T], k(T)=gqy
_ q 2ac(tf—t) q
k(t) = I =
Q) (q_f + 2ac>e 2a.

Calculating the integral [ = foi k(s)ds, we get

q 1 q 1 9\ 2.7
l=——T— — = )
2a, 2a, (qf + 2ac> + 2a, (qf + 2ac>e

Let
Via—=0D2+q0=1/q0+x

I=(a+e/x2+2x/q), e==I

We can rewrite the equation for /:

(a+eyx2+2x/q0)

q 1 q
= T+ 9f = 57— =
2./q0 +x 2./q0 + x 2./q0 + x

872 /q()T€72XT

1 q
2¢%+x<‘” 2¢%+x>
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As x — +00, the right-hand side goes to zero and the left-hand side goes to +o0 if ¢ = +1
and to —oo if ¢ = —1. Let f(0) be the value of the right-hand side at x = 0. If

q 1 q 1 q
T + qr— — qr—
2/490 2490 2Vq0)  2Jq0 2/490

we take ¢ = +1 and the plot of the left-hand side will necessarily cut the plot of the right-
hand side for some x > 0. If a > f(0), we take ¢ = —1 and the plot of the left-hand side
will necessarily cut the plot of the right-hand side for some x > 0.

We conclude that a solution for some x and, therefore, for some [, k, ko always exists.
So in the presence of a University player the Students can complete their studies within any
finite time period T, of course multiplicity of solutions is not excluded.

a< f0)= >e‘2*/qT’T

9 Conclusions

We have provided the formulation of an interesting class of game problems, which besides
having important applications on their own, they lead even for the Linear Quadratic case
to some novel conditions beyond the quadratic Riccati type equations encountered so far in
the literature for LQ Games. Further study could address among other issues: existence of
solutions, uniqueness or multiplicity of solutions, computational procedures, and stochastic
variants.
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