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Abstract—For noncooperative games the Nash Certainty
Equivalence (NCE), or Mean Field (MF) methodology [1], [2]
provides decentralized strategies which asymptotically yield Nash
equilibria. An extension of this theory to populations of altruistic
agents (defined with so-called social cost functions) and to
mixed populations was carried out in [3], and a theory treating
populations of egoistic agents and one or more so-called major
agents was developed in [4]. In this paper we study the equilibria
and the overall stability of dynamic LQG games, where (i)
there is a single major agent and a large population of mixed
minor agents, and (ii) the cost for each minor agent is a convex
combination of its own cost and the social cost of the minor
agents. We analyse the resulting equilibria, provide experimental
results, and present a mean field stochastic control algorithm,
which when applied by all agents in the system, gives rise to
system behaviour where (i) all agents systems are L’ stable, (ii)
the set of controls yields an ¢-Nash equilibrium for all ¢, and
(iii) if each minor agent in the system only considers the social
cost, then the difference between (i) the cost observed by each
minor agent and (ii) the social cost that would be observed if a
centralized controller minimizes the social cost tends to zero as
the population size grows to infinity.

I. INTRODUCTION

The optimization and control of large scale dynamic systems
is both analytically and computationally complex. Usually one
encounters the curse of dimensionality, therefore distributed
or decentralized control approaches are applied. Game theory
has been formulated to capture individual payoffs or costs, but
even individual best response algorithms lead to few practical
results, since the analytic complexity is usually very high.

The analysis of large scale dynamic systems where agents
are coupled via dynamics and cost functions was presented
in [1], [2], [5] where the theory of Nash Certainty Equiv-
alence (NCE) (Mean Field (MF)) control was introduced
and decentralized strategies which yield Nash equilibria were
provided. It is to be noted that the dynamic large scale cost
coupled structure of [2] is motivated by various scenarios,
for instance those analysed in [6]-[9]. Individual control laws
use local information and the average effect of all agents
taken together, henceforth referred to as the mass. Related
approaches have been independently developed in [10]-[12],
a nonlinear extension using McKean-Vlasov Markov process
models is presented in [13], and the analysis of an adaptive
framework is presented in [14]-[16].

Cooperative Behaviour in Mean Field LQG Control:

The notion of social global optima (i.e., minimum summed
individual costs) is a major issue in decentralized and dis-
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tributed control and optimization problems, and Pareto op-
timality is a widely accepted characterization. In contrast
to competitive behaviour studied in the NCE (MF) frame-
work, a different situation may arise when the agents in the
population seek socially optimal actions. Even though it is
often only studied by static models, Pareto optimality has
been extensively studied in optimization problems, either as a
problem on its own, or as a tool for comparison to competitive
behaviour (see e.g. [17]). In the mean field framework an LQG
model is adopted in [18] for the minimization of a social
cost function, and centralized and decentralized strategies are
considered; in this work social certainty equivalence (SCE)
methodology is introduced, where the mean field trajectory
is obtained by each agent without any observations on other
agents’ trajectories. This cooperative game problem is then
extended to a model [3] where the optimization problem of
individual agents involves a cost reflecting both individual and
social interests. To model this situation the weight that each
agent assigns to its individual cost function and the social cost
function changes continuously across the population.

LQOG Games Involving a Major Agent:

A different dynamic game model is studied in [4], where
a single major and a large population of minor agents exist,
in contrast to [1], [2], where all agents are non-atomic. In
cooperative game theory, games including small and large
agents are denoted as mixed games [19]. Such games are useful
in modelling markets with a dominant big corporation and
several small entities.

Major Agent vs Minor Egoistic and Altruistic Agents:

The step in the development of MF stochastic dynamic game
theory taken in this paper is the analysis of the situation where
there is a population of mixed agents; namely a single major
agent together with a large population of minor agents whose
cost functions reflect both individual and social interest. The
major agent and the minor agents are coupled in a way to
be described in detail later. Under reasonable conditions on
the population dynamical parameter distribution, this paper
presents a mean field stochastic control algorithm which when
applied by all agents in the system, gives rise to system
behaviour where (i) all agents systems are L? stable, (ii) the
set of controls yields an e-Nash equilibrium for all €, and (iii)
if each minor agent in the system only considers the social
cost, then the difference between the cost observed by each
minor agent and the social cost that would be observed if a
centralized controller minimizes the social cost tends to zero
as the population size grows to infinity.

The organization of the paper is as follows. The dynamic
game problem is formulated in Section II. The individual
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control is examined for the single major agent and minor
agents in Section III. In order to obtain decentralized solutions,
the NCE-SCE methodology is presented in Section IV. In
Section V, we study the stability of the action profile, when the
weight each mixed minor agent assigns to its individual cost
is defined as a decision parameter. In Section VI we present
the supporting simulation results and Section VII concludes
the paper.

II. STOCHASTIC DYNAMIC GAME MODEL

Following [4], we consider a large population of N stochas-
tic dynamic minor agents A;, 1 <i < N, and a single major
agent Ag, where the individual dynamics are defined by

drg = [A()ajo + Bo’uo]dt + Dydwy,
dz; = [A(0;)x; + B(0;)u; + Gzoldt + Ddw;,

t > 0,1 < i < N. Here zg,z; € R" are the states,
ug,u; € R™ are the control inputs, {w;,0 < i < N}
denotes (N + 1) independent standard Wiener processes
in R" on a sufficiently large underlying probability space
(Q, F, P) that w is progressively measurable with respect to
Fw & (FP;t > 0). Note that the major agent Ay affects
each minor agent through its dynamics. The initial states are
defined on (92, F, P), and {z;(0),0 < ¢ < N} are mutually
independent and also independent of F¥; Eww' = 3,
and E|lz(0)||* < oo. We denote the state configuration by
x = (20, -+ ,2n) ', and the minor agent population average
state by 2V = (1/N) Zf\il Z;.

The individual discounted cost functions for the agents
A;,0 <i < N, are given by

T (up,uo) = E / e P { o — B2, + [luol%, e,

6]

I (i) =B [ e - W) + fuilhat
' @)
where we assume the cost-coupling to be of the form
®(t) & Hox™N(t) + no, 0 € R™, and ¥(t) £ Huxo(t) +
HaN(t) + 1, n € R™, and we use the notation ||a — bll% =
(a —b)TQ(a —b), Q > 0, for arbitrary a, b and Q. The
coefficients [A(6;), B(6;)] € R will be called the
dynamical parameters. The variability of the parameter 6; is
used to model the population of minor agents. We assume
that 6; takes values from the finite set @ = {1,..., K} so
that there are K types of minor agents. The disturbance
weight matrices Dy, D, the major agent weight matrix G,
and the control action penalizing matrices Ry, I? are constant
matrices and constitute known information for all agents in the
system. The functions wug(-) and w;(-) are the control inputs
of the agents Ay and A;, 1 < i < N, respectively and u_;
denotes the control inputs of the complementary set of agents
Ai={A;,j #i,0<j <N}
The social cost of the minor agents for a minor population
size N is defined as
N
JN (u) = Z TN (ui,u_y). (3)

i=1

To model the egoism degree of a minor individual agent and
its contribution in optimizing the social cost, for agent ¢, 1 <
i < N, we define

TN (uiyuy | Xi) = MO T (g umi) + (1= M6:)) T g (w),

“)
where the egoism degree of each agent \(0;) € [0,1]. In
the noncooperative game problem studied in [1], [2] each
agent optimizes with respect to J/V(-) alone. The agent type
dependent parameter \(6;) is a measure of the egoism degree
of agent A;, and 1 — \(6;) measures the weight it contributes
to the social interest. When A(6;) increases, the agent is more
self oriented: if A(6;) = 1, the optimization behaviour of agent
A; is purely egoistic, and if A(6;) = 0, it is a purely altruistic
behaviour.

For a given N, define Zj, = {i : ; = k,1 < i < N},
Ny = |Zj|. Let 7)Y = Ny/N. The empirical distribution
of (1,...,0n) is given by the probability vector 7V =
(7, ).

For the basic MF control problem, the following assump-
tions are adopted:

Al: All agents have mutually independently distributed
initial conditions: {w;, 0 < i < N} are mutually independent
and independent of the initial conditions, and sup;~[Tr%; +
Ells(0)]] < ox.

O

A2: O is a set such that for each k € ©, [A; — (p/2)1, By]
is controllable and [Q'/2, Ay — (p/2)I] is observable.

A3: The cost-coupling is of the form: ®(-) £ Hoaz™ +
N0, 7o € R™ and ¥(-) & Hxg + Hz™ +1n, n € R™. .
A4: There exists a probability vector 7w such that
limy 0o 7 = m, where 7 = (m1,...,m%) is a probability
vector which gives the empirical distribution of (61, ..., ¢9N).D
For the rest of the paper we assume that minj <y<x Ni > 1.

III. CONTROL ACTIONS OF INDIVIDUAL AGENTS

For the optimality analysis, we first introduce three admis-
sible control sets. The set of control inputs U/,, based upon the
global observation control set, consists of all feedback controls
adapted to {A4;,B;,0 < j < N;m FN;t > 0} and the
set of control inputs {f; ;, based upon the local information
set of minor agent A;, consists of the feedback controls
adapted to the set {A;, Ao, B;, Bo; m; Fit, Fou; t > 0}. The
o-field F; ; is the increasing family of o-fields generated by
(z;(7); 0 < 7 < t), and F} is the increasing family of
the o-field generated by the set {z;(7); 0 < 7 < ¢,0 <
j < N}. The last set of admissible control inputs, U o
for the major agent Ap is the set of all feedback controls
adapted to {Ag, Bo; m; Fou; t > 0}. We classify the states
z;, 1 <14 < N, into K groups. Define z; = N%Cziezk T,
1 < k < K, which is the average state of the same type of
agents. It is shown in [4] that for an infinite population of
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minor agents, the equation system that captures the dynamics
can be written in the form

K
dz, = lelk,jzjdt + kaodt +mpdt, 1<k<K,

Jj=1

where the noise term disappears since limy_ oo Nip/N =
m, > 0. Notice that the notation Zz reflects the dynamics in the
limit of an infinite population, and 7 (t) denotes the offset
term that appears due to 19 and 7 defined in A3.

A. Control Action of the Major Agent

We first formalize the auxiliary game between the
major agent and the mass via the approximation
of the mean state xV. Notice the relation =V =
(1/N) Z,}f:l Nizp = Zlew,ivzk. One can also write
oV = (1/N) iy Tier, 1 = Ty 7 (1/Ne) Tz, w1
For large N, we may approximate z¥ by Zle T2, Where

Zr € R™ is used to approximate (1/Ny))_, 7 ; for an
infinite population. We denote z = [z], ...,Z;]f, which is

to be called the limiting mass state. This limiting process is
described by the equation [4]

dz(t) = Az(t)dt + Gzo(t)dt + m(t)dt, 6)

where 2(0) = Opxx1, A € RMEX"K and G € R*EX" are
constant matrices, and 7m(t) is a continuous function on [0, o).

The existence of a major agent in the system alters the
analysis significantly. In [2] the best response actions are cal-
culated offline using the NCE stochastic control law. Statistical
information of the dynamical parameters of the system is
known by each agent, and each calculates the mass tracking
trajectory offline. Therefore, the equilibrium of the system
is achieved for a completely decentralized set of statistically
independent agents. The rationale is that the tracking signal
can be calculated offline as a deterministic process due to
the fact that each agent’s contribution diminishes to zero as
the population size tends to infinity. Following [4], in the
framework in this paper, the major agent and the mass of
the minor agents are in a bilateral relation such that the mass
behaviour evolves as a function of the major agent’s state. As
the major agent’s state is a random process, the mass behaviour
and major agent’s state affect each other continuously.

The dynamics of the major agent 4y may be written in the

Onli Xn

form
dl’o _ AO ZTo
L ]-le ][]
+ { Bo }uodw [ Onx ]dH— [ Doduwo
OnKXm m

OnK x1
where Z(0) = 0,kx1. Note that the limiting mass state is
augmented to the state of the major agent. Let ® denote the
Kronecker product of two matrices, and set H]f = 7 ® Hy.

}, (6)

Then we define the following:

e[ ] ae 2 )

G A nKxm
0 Qo —QoH{
M, = n7><1 :| , T _ |: 0 :| ;
0 |: m QO 7H6FTQO HSTQOHS—

and 7y = [Lyxn, —HE] T Qono, and we introduce the algebraic
Riccati Equation

pHO = HOAO + AOTHO — HQBORalBJHO + Q70r7
and the ODE
ds _ _
pSo = 7: + (AO - B()RO 1B0TH0>TSO + HOMO — 7o

Under Al and A2, in the admissible control set Uf; o, the
optimal control law for A, is given as [4]

up = —Ry "By [Mo(zg,2"7)" + s0] - (7)
B. Control Action of the Mixed Minor Agents

Non-atomic agents are continuously effected by the major
agent Ag’s trajectory, and as a result of this, {z;,1 <i < N}
is correlated with the state process xg of Agp. As described
in Sec. III, the admissible control set for an agent A; is U ;;
therefore, the state trajectory of the major agent is observed at
each time iteration. Again for a large population approximation
we use the limiting mass state z and obtain [4] the infinite
population equations:

d.’lﬁi xZ;
dafo = |: Ak [G OanK] :| i) dt
dz 0(nK+n)><n Ag — BORE IB(—)FHO >
Bk Onxl
uidt + — dt
[ O(nE4n)xm } [ M, — Bo Ry "By so }
+ Dodwo
0nK><1
Define
Ak — Ak' [G Onan] :|
| O(nktnyxn Ao —BoRy "By |’
- B, :|
B, = :
F L 0(nK+n)><m
- [ Onxl
M= | Mo — BoRy "By so } ’
and 7y, = [Lnxn — (1 — M\e)H,—H, —H™]TQn. Note that

the egoism degree )\ enters the dynamics through the 7y,
function. We define the cost function for a mixed minor
agent as QY = Q4 + (1 — A)Q%,.. where QF ; =
[I,—H,—H™|TQ[I,—H,—H"], and

0
Soc = H'QH
—I"TQH + [H")QH
HTQH ~HTQI" + HTQH™
HTQH —HTQI"+ HTQH™

~I"TQH +[H"QH | —2I"TQH"™ + [H)QH"
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Here Q7 ; is the individual cost paid by the mixed minor agent
A, whereas Q7. denotes its cost contribution to the social
cost (3).

We introduce the algebraic Riccati Equation

plly, = I Ay + AL TL, — LB R'B II, + QF,
and the ODE
psy, = %’“ + (Ap — BRR'Bk ") " s + M — 7y,
Subject to Al and A2, in the admissible control set U ;, the
optimal control law for the mixed minor agent A; is given by

(4]
w = —R'By [Mi(z],2d,27)7 +si] . (8)

K2

IV. NCE-SCE EQUATIONS

All agents in the system are assumed to be rational, i.e.,
each agent minimizes its own cost function (more or less
cooperative depending on the egoism degree). The linking term
parameters A, G, my can be obtained by each agent under
this assumption. Note that due to the major agent’s presence,
the mass trajectory cannot be obtained offline as the mass
evolves by reacting to the actions of the major agent which
is continuously subject to disturbances. It is this stochasticity
of the major agent which removes the possibility of an offline
computation of a deterministic mass behaviour.

We partition the matrix I, 1 < k < K, and obtain

g1 g2 Igas
Iy = | Hgor g2 Igpos
Mi31 Hgs2 i3s3

For the overall population, we may now specify the Nash
certainty equivalence - social certainty equivalence (NCE-
SCE) equation system:

Definition 4.1: NCE-SCE Equation System:

Pl = Tloho + Ag Tlo — IoBo Ry "By My + QF,
plly, = TeAy, + AT, — LB R™IB 1T, + QF,, Wk,
Ay = [Ay — BkR_lB,;er,n]ek — BkR_lB;;er,w, vk,
Gr = —BRR'B/ I} 12, VE,
dsp

pPSo = E + (AO — BORalBJHO)TSO + My — 7o,
ds - =
pPSKE = ditk + (Ak — By R 1BE—H/€)TS]€ + 1M — 7, VEk,
My = —BR™' By sx, Vk,
€))
L

where €; = [Onxn, - Onxny Inxns Onxns ooy Onxn] (ktn en-
try), and where the identity matrix I,,,, is at the kth block.
Note that A(6;) = 1,1 < i < N, ,yields the NCE equation
system described in [2] and A(f;) = 0,1 < i < N, gives
rise to the SCE equation system defined in [18] for an entire
population of minor cooperative agents. Due to the mixed
nature of the agents in the system described in this paper, we
call (9) the NCE-SCE equation system. In order to ensure the
existence of a solution to (9), stabilizing consistency conditions
described in [4] have to be satisfied.

A. The NCE-SCE Stochastic Control Law

Each agent solves the NCE-SCE equations offline, from
which it obtains A, G matrices and 7 vector that describe
the behaviour of the mixed minor population’s mass trajectory
in (5). Then, at each time instant the major agent’s optimal
control action is given by (7), and for each minor agent, the
optimal control action is given by (8).

Recall that U/, is defined in Sec. III as a set of centralized
information based controls.

Theorem 4.1: Major and All Altruistic Agents: Asymptotic
Performance: Let A1-A4 hold and assume that the assump-
tions and stabilizing consistency requirements given in [4] are
satisfied. Also let A\(f;) = 0, for all 1 < ¢ < N. Then the
set of NCE-SCE based control laws given in (7) and (8) have

asymptotic social optimality, i.e., for u® = (u{, ..., u{),

|(1/N) T35 (u?) = inf (1/N)J5e(u)] = O(1/VN +éex),
where limpy_, o, €y = 0. 0
The proof is similar to the proof of Theorem 2 in [3] and given
in [20]. This theorem shows that as the population size tends to
infinity, applying the NCE-SCE control law, the minor agents
in a large population are able to increase their performance
to the value that would be obtained only by a centralized
controller with all the information of the system. Note that
the minor agents only observe the major agent in the system,
and not each other.
Theorem 4.2: Major and Mixed Agents: NCE-SCE Equi-
librium: Let A1-A4 hold and assume that the assumptions
and stabilizing consistency requirements given in [4] are
satisfied. The NCE-SCE stochastic control law generates a set
of controls UN, ... = {ul;0 <i < N}, 1 < N < oo, with
u8 given in (7) and u?, 1 <7 < N, given in (8) such that
(i) All agent systems S(A;), 0 < i < N, are second order
stable.

(i) {UY._see;1 < N < 00} yields an e-Nash equilibrium
for all e, i.e. for all ¢ > 0, there exists N (¢) such that
for all N > N(e)

Tl uly | ) — e <

oJ2f, I | 2

i
N0 0

< Ji (ug,uly | M) 0
The proof follows that of Theorem 10 in [4] and is given in
[20]. Note that the major agent has only statistical information
about the mixed minor agents and does not observe their
trajectories in the game. Also, even though mixed minor agents
are allowed to observe the major agent, they do not observe
each other. Therefore, the stability is obtained for a controlled
system with a high degree of decentralization.

V. INSTABILITY OF NON-EGOIST SOLUTIONS

We have shown that (8) gives the best reply of a minor agent
and presented in Theorem 4.2 states that all agents are second
order stable. Each minor agent’s cost function is defined by (4)
which is agent dependent via A(6;). In this section we consider
a different scenario: the case where the egoism degree \; of
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an agent A;, 1 < i < N, is not type dependent, but can be
decided by each agent itself.

We define the average cost paid in the system for a finite
population as J2.(u) = % JX.(u), and the limiting average
cost as, Jype(u) = Lmy_yoo N, (u), where JX (u) is
defined in (3). We obtain the following proposition.

Proposition 5.1: Let A1-A4 hold. Then,

(i) Each minor agent’s cost function JN (u;,u_g;)\;) is a

decreasing function of \; € [0, 1].

(i) Given that all agents uniformly select the same egoism
degree, i.e., \; = A € [0,1], 1 <4 < N, the limiting
average cost paid in the system J,.(u) is an increasing
function of A € [0, 1]. O

Proof: Proof of (i): The cost for each agent is written as

TN (uiui | A) = NN () +
=XJN()

(1= X))

+ =) [ TNO+D TV
J#i
= JiN(uiaufi) + (1 - )\i) ZJJN(U]yu,j).
J#i (10)

For N > 1, J¥(u;,u_;) > 0, and Py J]N(uj,u,j) > 0.
Also, minor agents do not observe other minor agents’ actions
and trajectories; therefore, w_; is independent of A;. As
JN(uju_;) > 0, (10) is minimized when )\; = 1, and
increasing as A; tends to 0.

The proof of (ii) is given in [20]. -

These results emphasize the difference between the Nash
certainty equivalence (NCE) and social certainty equivalence
(SCE) frameworks. The mixed game model is equivalent to
an NCE framework when all minor agents are egoistic (i.e.,
A =1 for all 1 < i < N) and, conversely, equivalent to an
SCE framework when all agents are altruistic (i.e., A\; = 0 for
all 1 < ¢ < N). Proposition 5.1 shows that even though a
game where all agents in the system play altruistically gives
the minimum cost per head, this action profile is not stable
in the sense that it is always more profitable for an agent
to set its egoism degree to 1. Therefore, one could imagine
that whenever agents are allowed to successively choose their
egoism degrees, all agents would eventually act selfishly,
hence the NCE equilibrium would be the resulting asymptotic
equilibrium of actions in the game.

VI. SIMULATIONS

Consider a system of 100 minor agents and a single major
agent. The system matrices {Ay, By, 1 < k < 100} for the
minor agents are uniformly defined as

1
0 )

o]

—0.05 -2

A
as| 405

0.05 B Major Agent

Fig. 1. State trajectories

and for the major agent we have

w1 1] we[3]

11

The parameters used in the simulation are: ¢ 5,41 = 30s, At =
0.025s, 0 = 0.002,p = 0.01,7 = [0.25,0.25]T, 7y =
[0.25,0.25] ", Q = Isxo, Qo = Iox2, R=1, Ry =1, H =
0.6 x I2><27 HO = 0.6 x IQXQ, ﬁ = 0.6 x IQXQ, G = 02><2,
and the NCE-SCE equation system is iterated 100 times. The
state trajectories of a single realization can be seen for a
population of all altruistic agents (A = 0) in Fig. 1. Only 10
minor agents are displayed for clarity. In Fig. 2, we present
the instantaneous loss of each agent. The same parameters as
previously are used, except that we set ¢ = 0 for clarity. We
run the experiment twice, one for A = 1 and one for A = 0.
Here the thick graph line with squares shows the instantaneous
loss paid by the major agent when the minor agents are all
acting egoistically (A = 1), and the thick graph line without
squares shows the instantaneous loss when all minor agents are
altruistic (A = 0). Likewise, the thin graph line with squares
shows the loss paid by a minor agent in an egoistic minor agent
population and the one without squares shows the altruistic
case. The effect of altruistic behaviour on performance can
easily be observed. In Fig. 3, we plot the loss function of a
minor agent A; as a function of time. Here all the rest of the
minor agents in the system apply A_; = 0, therefore they are
all altruistic. This plot shows the performance with respect to
altering A; of agent A; from 1 to 0, when all other agents
are altruistic. As shown in Proposition 5.1, the cost for agent
A; is maximum for \; = 0, and minimum when )\; is 1. In
Fig. 4, we plot the cost paid by a minor agent with respect
to the egoism degree coefficient A. Note that this plot shows
the case where all minor agents in the system uniformly apply
the same A parameter. As shown in Proposition 5.1, the cost
increases with an increasing to .

VII. CONCLUSION

This paper considers decentralized control for large popu-
lation LQG dynamic games involving a major agent and a
large number of minor agents where each agent optimizes
with respect to a convex combination of its own cost and a
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Major Agent,
Minor Agent,
Major Agent,
Minor Agent,

Loss

Fig. 2. Loss comparison

Loss

Fig. 3. Egoistic action against altruistic population

33, T T T T T T T T T

Cost

Fig. 4. Cost wrt X in a uniform population

social cost for the partial optimization of a social objective. A
mean field approximation is used such that the game problem
can be analysed in the population limit, where the aggregate
effect of all minor agents is characterized by linear stochastic
differential equations driven by the state of the major agent.
The NCE-SCE analysis yields decentralized strategies for all
agents. Decentralized control synthesis for the general case
where the weight assigned to the individual cost changes
continuously across the population is developed and an asymp-
totic Nash equilibrium theorem is proved. Then, making the
egoism degree a decision action for each agent, we analyse
the resulting equilibria and performance of the mass and any

individual agent. We establish the result which at first sight
may be thought to be paradoxical: even though a game where
all agents in the system play altruistically gives the minimum
cost per head, this action profile is not stable in the sense that
it is always more profitable for an agent to play egoistically.

REFERENCES

[1] M. Huang, P. E. Caines, and R. P. Malhamé, “Individual and mass be-
haviour in large population stochastic wireless power control problems:
centralized and Nash equilibrium solutions,” in 42nd IEEE Conference
on Decision and Control, Maui, Hawaii, Dec. 2003, pp. 98-103.

[2] ——, “Large population cost-coupled LQG problems with non-uniform
agents: individual-mass behaviour and decentralized € - Nash equilibria,”
IEEE Transactions on Automatic Control, vol. 52, no. 9, pp. 1560-1571,
Sep. 2007.

[3] ——, “Social dynamics in mean field LQG control: Egoistic and

altruistic agents,” in 49th IEEE Conference on Decision and Control,

2010, pp. 3140-3145.

M. Huang, “Large-population LQG games involving a major player: the

Nash Certainty Equivalence principle,” SIAM Journal on Control and

Optimization, vol. 48, no. 5, pp. 3318-3353, 2010.

[5] P. E. Caines, Mean Field Stochastic Control. Bode Lecture at the
48th IEEE Conf. on Decision and Control and 28th Chinese Control
Conf., Dec. 2009. [Online]. Available: http://www.cim.mcgill.ca/~arman/
Shanghai2009/Shanghai2009.zip

[6] D. Helbing, I. Farkas, and T. Vicsek, “Simulating dynamic features of
escape panic,” Nature, vol. 407, pp. 487-490, Sep. 2000.

[71 H. G. Tanner, A. Jadbabaie, and G. J. Pappas, “Stable flocking of mobile
agents, part i: fixed topology,” in 42nd IEEE Conference on Decision
and Control, Maui, Hawaii, 2003, pp. 2010-2015.

[8] Y. Liu and K. M. Passino, “Stable social foraging swarms in a noisy
environment,” IEEE Transactions on Automatic Control, vol. 49, pp.
3044, Jan. 2004.

[9] D. J. Low, “Following the crowd,” Nature, vol. 407, pp. 465-466, Sep.
2000.

[10] J. M. Lasry and P-L. Lions, “Mean field games,” Japan J. Math., vol. 2,
no. 1, pp. 229-260, 2007.

[11] G.Y. Weintraub, C. L. Benkard, and B. V. Roy, “Markov perfect industry
dynamics with many firms,” Econometrica, vol. 76, no. 6, pp. 1375-
1411, 2008.

[12] H. Tembine, J.-Y. L. Boudec, R. El-Azouzi, and E. Altman, “Mean field
asymptotics of Markov decision evolutionary games and teams,” in Int.
Conf. on Game Theory for Networks (GameNets 2009), Istanbul, 2009,
pp. 140-150.

[13] M. Huang, R. P. Malhamé, and P. E. Caines, “Large population stochastic
dynamic games: Closed loop McKean-Vlasov systems and the Nash
certainty equivalence principle,” Special issue in honour of the 65th
birthday of Tyrone Duncan, Communications in Information and Sys-
tems, vol. 6, pp. 221-252, Nov. 2006.

[14] A. C. Kizilkale and P. E. Caines, “Stochastic adaptive Nash certainty
equivalence control: Self-identification case,” in [9th Intl. Symp. on
Math. Theory of Networks and Systems (MTNS 2010), July 2010, pp.
2093-2099.

[15] ——, “Stochastic adaptive Nash certainty equivalence control: Popu-
lation parameter distribution estimation,” in 49th IEEE Conference on
Decision and Control, December 2010, pp. 6169-6176.

[16] ——, “Nash certainty equivalence (mean field) stochastic adaptive
control,” IEEE Transactions on Automatic Control, 2011, submitted.

[17] T. Roughgarden and E. Tardos, “Bounding the inefficiency of equilib-
ria in nonatomic congestion games,” Games and Economic Behavior,
vol. 47, pp. 389-403, 2004.

[18] M. Huang, P. E. Caines, and R. P. Malhamé, “Social optima in mean-field
LQG control: centralized and decentralized strategies,” in Proc. the 47th
Allerton Conf. on Communication, Control and Computing, Monticello,
Illinois, Sep. 2009.

[19] S. Hart, “Values of mixed games,” International J. Game Theory, vol. 2,
pp. 69-86, 1973.

[20] A. C. Kizilkale and P. E. Caines, “Initial investigations of the emergence
of coalitions in mean field stochastic systems,” Department of Electrical
and Computer Engineering, McGill University, Tech. Rep., 2011.

[4

finary

5552



