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Mean field control
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Mean-field PDE models
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t=time, x= space variable along road, p = p(t,x) = density of cars

flux: = [number of cars crossing the point x per unit time]

= [density] X [velocity] = p-v v=V(p)

pet+[pV(p)], =0



Regularized scalar conservation laws

Consider
du~+V - f(u) =BV - (A(u)Vu),

where the known variable is u = u(t,z), (t,2) € Ry x R4, f: R? — R4
is a flux function, A(u) € R¥*? is a positive semi-definite matrix
function, and 8 > 0 is a viscosity constant.

The PDE is known as a regularized scalar conservation law.



Conservation laws and generalized optimal transport

Based on recent thanksgiving holiday studies 2019-2021, we are working
on conservation laws, generalized optimal transport and mean field
control problems.

As is known in literature, there are actively joint studies to work on
entropy, Fisher information, and transportation. Nowadays, these
connections have applications in mean field games, information theory,
Al, quantum computing, computational graphics, computational physics
and Bayesian inverse problems.

In this talk, we connect Lax’s entropy-entropy flux in conservation laws
with optimal transport type metric spaces. Following this connection, we
further design variational discretizations for conservation laws and mean
field control of conservation laws. This includes a new and efficient
method for developing unconditionally stable in time implicit
approximations to regularized conservation laws and many other initial
value problems.



Entropy, Information, transportation
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Heat equation and Entropy dissipation

Consider the heat equation in R by
Ou(t,x)
ot

Consider the negative Boltzmann-Shannon entropy given by

H(u) = — /Rd u(z)(logu(z) — 1)dx.

Along the time evolution of heat equation, the following dissipation
relation holds:

Rt = [ IV adogu(t. o) Put.ade = Z(ult, ).

=V - (Vu(t,z)) = Aul(t, x).

where Z(u) is the Fisher information functional.

There is a formulation behind this relation, namely

» The heat flow is a gradient descent flow of entropy in optimal
transport metric.



Optimal transport

What is the optimal way to move or transport the mountain with shape
X, density u’(x) to another shape Y with density u!(y)?



Literature

The optimal transport problem was first introduced by Monge in 1781
and relaxed by Kantorovich (Nobel prize) in 1940. It defines a distance in
the space of probability distributions, named optimal transport,
Wasserstein distance, or Earth Mover's distance.

» Mapping/Monge-Ampére equation: Gangbo, Brenier, et.al;

» Gradient flows: Otto, Villani, Ambrosio, Gigli, Savare, Carillo,
Mielke, et.al;

» Hamiltonian flows: Compressible Euler equations, Potential mean
field games, Schrodinger bridge problems, Schrodinger equations:
Benamou, Brenier, Lions, Georgiou, Nelson, Lafferty, et.al.

» Numerical OT and MFG: Benamou, Nurbekyan, Oberman, Osher,
Achdou, et.al.

We first review the classical optimal transport and its relations with
entropy. We next design generalized optimal transport problems and
mean field controls for conservation laws with entropy-entropy flux pairs.
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Entropy dissipation = Lyapunov methods

The gradient flow of the negative entropy

—H(u) = / u(z)logu(x)dx,
Rd
w.r.t. optimal transport metric distance satisfies

ou
i V- (uVlogu) = Au.
Here the major trick is that

uVlogu = Vu.

In this way, one can study the entropy dissipation by

fiH(u) = 7/ loguV - (uVlogu)dx = / |V log u||*udz.
dt Rd R4
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Lyapunov method induced calculus

Informally speaking, Wasserstein-Otto metric refers to the following
bilinear form:

<u1,g(u)u2) = /(111, (—Au)_lag)da}.

In other words, denote
A, =V (uV),

and 4; = —Ayup; = =V - (uVe;), i=1,2, then
(01.0(0) 1 62) = (61, -V - (@V)6z) = [ (Ver, V@yuds,
where u € P(Q), 4; is the tangent vector in P(£2) with

/uzdx = 0,

and ¢; € C°(Q) are cotangent vectors in P(Q2) at the point u. Here V-,
V are standard divergence and gradient operators in €.



Gradient flows

The Wasserstein gradient flow of an energy functional F(u) leads to

D= G(u) " 5-F(u)
=V. (UV%}"(U))
> If F(u) = [ F(x)u(x)dz, then

Ou =V - (uVF(x)).
> If F(u) = [u(z)logu(x)dz, then

Ou =V - (uVlogu) = Au.
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Hamiltonian flows

Consider the Lagrangian functional

L(u, Opu) = %/ (6tu, (-V- (uV))’lﬁtu)dx — F(u).
By the Legendre transform,

H(u, o) = bup/@twbdx — L(u, Opu).
oru
And the Hamiltonian system follows
) )
atu - %H(U, ¢)7 8t¢ - _EH(U’ ¢)7
where 54, 5@ are L? first variation operators w.r.t. u, ¢, respectively and
the density Hamiltonian forms

Hlu,d) = [ IV6|uds + Fw)

Here u is the “density” state variable and ¢ is the “density” moment
variable.
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Examples: Optimal transport and mean field games

Thus, the Hamiltonian flow satisfies

Ou+ V- (uVe) =0
1 9 4]
016+ 5IV9| = = F(u).
This is a well known dynamic, which is studied in potential mean field
games, optimal transport and PDE.

15



Optimal transport type formulaisms

We are currently working on the “universe” of generalized optimal
transport and mean field games.

» Al theory, inference, and computations;

» Quantum computing;

» Algorithms of mean-field MCMC algorithms, and numerical PDEs.

In this lecture, we point out that there are optimal transport type
formalisms to study the control of conservation laws and to design
variational numerical schemes.
Related works

» Godunov (1970);

» Lax—Friedrichs (1971);

» Brenier (2018);

» Osher, Shu, Harten, van Leer: Monotone schemes, TVD schemes,

ENO, WENO, et.al.
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Main topic: Controlling conservation laws

Transport

&_ . _Q_
' 1
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Flux
o o ~_p = density of cars
/oo ot /ool /ool ‘ow oo - /oe
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Entropy-Entropy flux pairs

Consider
Ou(t,z) + Vg - f(u) =0.
where
uw: Ry x R* — RY,
and

f: R — R%
Definition (Entropy-entropy flux pair for systems (Lax))

We call (G, ¥) an entropy-entropy flux pair for the above conservation
law system if there exists a convex function G': R — R, and
U: R? — R, such that

V' (u) = G'(u) ' (u).
And an entropy solution satisfies

0;G(u) + Vg - ¥(u) <0.

This is trivial for scalar conservation laws, where d = 1. 18



Lyapunov methods: Entropy-Entropy flux

Denote

u):/QG(u)dx
/G' WV f(u dx—/G' Vu)dx

/ V' (u), Vu)dx

:/QV~\II(u)dx:

where we apply the fact that f/(u)G’(u) = ¥'(u) and [, V- ¥ (u)dz

In this case,

19



Lyapunov methods: Viscosity

In addition,

/ G (u)V - (A(u)Vu)dz = — / (VG'(u), A(u)Vu)dz
Q Q

=~ [ (96, 4G (019G ()

where we apply
VG (u) = G"(u)Vu,

in the last equality. We require that
A(u)G" ()™ = 0,

and A is nonnegative definite, G”(u) > 0.

20



Entropy-Entropy flux-Fisher information dissipation

Hence we know that
06(u) = [ &'(w)-Oyuds
Q
=- ﬂ/ (VG (u), A(w)G" (u) ' VG (u))dz < 0.
Q

This implies that G(u) is a Lyapunov functional for regularized
conservation laws.

21



Entropy-Entropy flux-transport metrics

Definition (Entropy-entropy flux-metric condition)

We call (G, ) an entropy-entropy flux pair-metric for conservation laws
if there exists a convex function G: R? = R, and ¥: R? — R, such that

U'(u) = G (u) f'(u),

and
A(u)G" (u)™! is symmetric positive semi-definite.

22



Lyapunov methods induced transport metrics

Under the entropy-entropy flux-metric condition, there is a metric
operator for regularized conservation laws. Define the space of function u
by

u(z)dr = constant}.

M= {uec=@): /

Q
The tangent space of M(u) at point u satisfies

T.M = {O’ e C™(Q): / o(x)dx = O}.
Q
Denote an elliptic operator L¢: C°(2) — C*(R) by

Le(u) = =V - (A(u)G" (u)~1V).

23



Lyapunov methods induced transport metrics

Definition (Metric)
The inner product g(u): T,M x T, M — R is given below.

g(u)(01,02) = /Q (D1, Le(u)®s)dx
:_/ BV - ()G (1)~ Vby)dar
Q
- / (VO1, AW)G" (1)~ Vs dx
Q

:/Gl(png:/qu)ldm,
Q Q

where ®; € C*°(Q) satisfies

o; = -V - (A(u)G"(u)"IVd;), i=1,2.

24



Entropy induced Gradient flows

Proposition (Gradient flow)
Given an energy functional £: M — R, the gradient flow of £ in (M, g)

satisfies

0
Oiu =V - (A(u)G”(u)*1V—€(u)).
If £(u) = [ G(u)dz, then the above gradient flow satisfies

Ou =V - (A(u)Vu).

25



Flux-gradient flows

Definition (Flux—gradient flow)
Given an energy functional £: M — R, consider a class of PDE

O+ Vy - f1(z,u) = BV, - (A(u)G“(u)*lvz%S(u)),

where f1: Q x Rl = R™ is a flux function satisfying

o

(1)

26



Example
If £(u) = [, G(u)dz and fi(x,u) = f(u), then equation (1)

forms regularlzed conservatlon laws.
Ou+ Vg - f(u) =pVa - (Au)
=0V, - (A(uw)G"

and

27



Controlling flux-gradient flows

Given smooth functionals F, H: M — R, consider a variational problem

u,v,uq

inf /01 [/Q%(v,A(u)G”(u)_lv)dx—.F(u)}dt—i—?—[(ul),

where the infimum is taken among variables v: [0,1] x Q — R",
uw: [0,1] x @ = R, and u1:  — R satisfying

Opu+ V- f(u) + V- (A(u)G" (u)"'v) = BV - (A(u)Vu),

and
u(0,x) = up(x).

28



Primal-dual conservation laws

Proposition (Hamiltonian flows of conservation laws)

The critical point system of the variational problem is given below. There
exists a function ®: [0,1] x @ — R, such that

v(t,z) = VO(t, ),
and
O+ V- f(u) + V- (Au)G" (u)"'V®) = BV - (A(u)Vu),
0P + (VO, f'(u)) + %(vqa (A(uw)G" (u) "1 VD) + %}“(u) (2)
= BV - (A(w)V®) + B(VP, A (u)Vu).

Here ’ represents the derivative w.r.t. variable u. The initial and terminal
time conditions satisfy

(0, z) = ug(z), %H(ul) + ®(1,z) =0.

29



Hamiltonian flows of conservation laws

Proposition
The primal-dual conservation law system (2) has the following
Hamiltonian flow formulation.

6 )
(SEHQ(U7¢)’ 615@ = —EHg(U,(I)),

where we define the Hamiltonian functional Hg: M x C*(Q) — R by

8tu =

Ho(u,®) = [ [5(V0,A@E" () 170) + (V. f(w)

Q
— B(V, A(u)vu)} dx + F(u).

In other words, the Hamiltonian functional Hg(u, ®) is conserved along

Hamiltonian dynamics:

d
—H o) =0.
dt g(u, @) =0

30



Modeling: Controlling traffic flows

Position control. The unknown variable w in traffic flows represents the
density function of cars (particles) in a given spatial domain. Here, the
background dynamics of u is the classical traffic flow. The control
variable is the velocity for enforcing each car’s velocity in addition to its
background traffic flow dynamics. The goal is to control the “total
enforced kinetic energy” of all cars, in which individual cars can
determine their velocities through both noise and traffic flow interactions.

31



Controlling Traffic flow problems

Consider

inf /01 [/Q%Hu(t,x)n%(t,x)dx—f(u)}dw%(ul), (3a)

u,v,u1

such that
0<u(t,z) <1, foralltel0,1],

and
Btu(t7m)+V~(u(t,x)(l—u(t,x)))—i—V-(u(t,x)v(t,x)) = BAu(t,z), (3b)

with
u(0, ) = up(x).

32



Controlling traffic flow dynamics

There exists a scalar function ®, such that
v(t,x) = VO(t,x),

and

{(%u + V- (uw(l—w)+ V- (uVP) = BAu,
1)

1
0@+ (1= 2u,VO) + S [VOI* + = F(u) = —AD.

33



The Primal-dual Algorithms

The classical primal-dual hybrid gradient algorithms (PDHG) solves the
following saddle point problem

min max{Kz,p) 2 + g(z) — h*(p).

z p

When the operator K is nonlinear, we apply its extension with

K(z) = K(2) + VK(2)(z — ).

Here, the extension of the PDHG scheme is as follows

Set

1
Ll — argmin(z, [VK(Z")]Tﬁn>L2 +g(z) + e ||z — z"||ig,
z

1
P! = argmax(K (2" 1), p) 12 — h*(p) — %HP =932,
p

n+l _ . n

pntl =2 p".

p P

z=(u,m), p=97o,
K ((u,m)) =0u+ V- f(u) + V- -m— BAu,
1 ml2
atm) = [ ([ I35 10 @de - 7)) .

o 2u

h(K2) 0 ifKz=0
z) =
+oo else

34



Solve the Control Problem with Primal-dual Algorithms

We rewrite the varational problem as follows:

inf sup L(u,m,®), withu(0,2) =ug(x), ®(1,2) = fmﬂ(u),

u,m P

L(u,m, ®) = / (/ Il 3 () — F )) dt
+/01/Q<I>((')tu+v-f(u)+V~m—6Au)dmdt,

and f(u) = u(1l — u) is the traffic flux function. We denote the indicator

+oo ¢ A

function by 14(z) = 0 ven

35



Algorithm

Algorithm :PDHG for the conservation law control system

While k& < Maximal number of iteration
(w0, ) = argmin, £, m, 3®) + L |(w,m) — (), m®)2,;

d*+D) = argmaxg L(u*+D mt+D @) — Lo — oK)
B+ — op(kt) _ k).

2 .
H?

36



Monotone schemes

Definition
For p,q € N, a scheme

k+1 __ k k
’U,j = G(Uj,p,17...,’l,tj+q)

is called a monotone scheme if G is a monotonically nondecreasing function of
each argument.

Lax—Friedrichs Scheme. For discretization At, Az in time and space, denote
u¥ = u(kAt, jAz), then the Lax—Friedrichs scheme is as follows

2Ax

A A
W = b AL (k) - f(u?_ﬂ)—}-(ﬂ—i—ch)ﬁ (b —2uf +by)

To guarantee that the above scheme is monotone, we need:

At At At
1-2 Ax)—— >0, ——|f A > 0.
(84 ea0) s 20, =g I @)l + (84 eda) g >
As we want the scheme works when 3 — 0, the restriction on ¢ and space—time
stepsizes can be simplified as follows:
1
c> 5|f’(u)\, (Az)? > 2(8 + cAz)At.

The first inequality suggests the artificial viscosity we need to add. The second one
impose a strong restriction on the stepsize in time when 8 > 0.

37



Discretization of the control problem

We consider the control problem of scalar conservation law defined in
[0, 0] x [0, 1] with periodic boundary condition on the spatial domain.

Given N, N; > 0, we have Az = Nim, At = N% For z; = iAx, t; = IAt,
define

ul = u(ty, z;) 1<i< N, 0<1I<Ny,
mll’i:(mggl(tl,yci))7L 1<i< N, 0<TI< Nt —1,
mbh ;= — (ma, (t, 7)) 1<i< Nz, 0<I< N —1,
@éz(p(tl,(ﬂi) 1§ZSN3¢70SZSNM
0
(I>J_Vt:7 H’LLNt 1 <4< Ny,
¢ Su(l, z;) (i) ==
where ut := max(u, 0) and v~ = uT — u. Note here mll,i € R4, mb, € R_. Denote
Ui+l — Ug
Du), := ———
( )7, Ax

[Duh = ((Du)z 5 (Du)z‘fl)
[Dul, = ((Dw)f - (Dw),)
Lap(u); = %

38



Discretization of the control problem

The first conservation law equation adapted from the Lax—Friedrichs
scheme satisfies

(! —ul) (D) - s0atD)
At + 2Az

Following the discretization of the conservation law, the discrete saddle point problem
has the following form:

+(Dm)llyi71+(Dm)12’i = (ﬁ+ch)Lap(u)é+l.

min max L(u, m, ®),
um o

where

-1 -1
(m1,z‘ )%+ (m2,i )2

Ath +A$ZH (M)

L(u,m,®) = AzAt Z

R ) =
l i ? l 1
+ A:pAtlzl: ol ( ~ 2AT +(Dm)i ;1 + (Dm)y;
~ (B+ cAx)Lap(u) ).

39



Discretization of the control problem

By taking the first order derivative of ul, we automatically get the
implicit finite difference scheme for the dual equation of ® that is
backward in time:

1 I+1 N, @ =) L, = 3F(ul) 1
— (ot — @l gt T e by Z D124 S — (BeA o)L,
2t< i z)+ SAn f (uz)+2||[ lill=+ o (B+cAz)Lap(®);

The discrete form of the Hamiltonian functional at ¢ = t; takes the form

2Ax

i

_ oL, — Pl
Hg(u, @) = Z (;II[D%IIZU% + Mf(ué) + B+ ch)uﬁLap(q’)ﬁ) - F(uh).

» When f(u) = 0, the above discretization reduces to the finite difference
scheme for the mean-field game system.

» When F = 0, H = c for some constant ¢, the variational problem
becomes classical conservation laws with initial data. No control will be
enforced on the density function w.

» Our algorithm provides an alternative way to solve the nonlinear
conservation law with implicit discretization in time.

40



Example 1: Traffic flows

We consider the traffic flow equation

0.8, 1<z<2
0 else

)

Ou+ Oy f(u) =0, u(0,z)= {

where f(u) = tu(l —u),F =0,H=0,3=0,k=0.5.

0.8

0.6

0.5
0.4

0.2

0 |

Figure: Left: a comparison with the exact entropy solution at t = 1; middle:
the numerical solution via solving the control problem; right: the numerical
solution to the conservation law using Lax—Friedrichs scheme.
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Example 2: Traffic flows transport problems

We consider the traffic flow equation with f(u) = u(1 —u), § = 0.1,
F =0, ¢c=0.5. The final cost functional

H(u(1,9) = i [ u(to) gy 1.

Q U
We set
up = 0.001 + 0.9e10@=2)7
uy = 0.001 4 0.45¢~10@=1D 1 ( 45,=10(z=3)

We also compare the result from the control of conservation law with a
mean-field game problem, i.e., f = 0.



Example 2: Traffic flows transport problems

1 0.6 0.6 0.6
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6 LA L
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Figure: From left to right: initial configurations of wo, w1, solution u(1,z) for
the control of conservation law, solution u(1,z) for the mean-field game
problem.

Figure: Left: solution u(t, ) for the problem of controlling the conservation
law; right: solution u(t, x) for the mean-field game problem.
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Example 3: Traffic control

Consider the traffic flow equation with f(u) = u(1 — u),
ﬁ = 10’3 F = —af ulog u)dz,a > 0. The final cost functional
= [ u( x)dx. The initial density and final cost function
are as foIIows
0.4 05<z<15
ug() = {

103 else , g(z) = —0.1sin(27z).

Figure: Solution u(t,x) for the problem of controlling the conservation law.
From left to right: « = 0,0.5, 1.
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Example 3: Traffic control

1 1
—ax0
—ea=05|| | |77 a=0
P | A ES =05
05 05} ne
AN
02 0 0
0 2 4 o 2 4 o 05 1
X X t

Figure: Left: boundary conditions for the control problems uo. Middle: solution
u(1, z) for the problem of controlling the conservation law. Right: the
numerical Hamiltonian Hg(u, ®).

Figure: Solution u(t, z) for the problem of controlling the conservation law.
From left to right: « =0,0.5, 1.



Extending to systems of conservation law

y m,
0.2
0.02
0.15 0.01
% ;
5 = 5
50
00
) m,
0.2
0.02
0.15 0.01
% ;
5 5
50
00

Figure: Control 1D compressible Navier-Stokes equations. Top: no control.
Bottom: with control.
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Road Ahead: Entropy, Information, transportation,

conservation laws

Conservation law induced mean-field games;

Conservation law enhanced sampling and Al optimization algorithms;
Variational numerical schemes for conservation laws;

Conservation law Quantum computing;

Entropy dissipation of conservation law equations in generalized
optimal transport space.
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