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Abstract. In this paper, we propose an efficient and flexible algorithm to solve dynamic mean-
field planning problems based on an accelerated proximal gradient method. Besides an easy-to-
implement gradient descent step in this algorithm, a crucial projection step becomes solving an
elliptic equation whose solution can be obtained by conventional methods efficiently. By induction on
iterations used in the algorithm, we theoretically show that the proposed discrete solution converges
to the underlying continuous solution as the grid size increases. Furthermore, we generalize our
algorithm to mean-field game problems and accelerate it using multilevel and multigrid strategies. We
conduct comprehensive numerical experiments to confirm the convergence analysis of the proposed
algorithm, to show its efficiency and mass preservation property by comparing it with state-of-the-art
methods, and to illustrates its flexibility for handling various mean-field variational problems.
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1. Introduction. Mean field planning (MFP) problems study how a large num-
ber of similar rational agents make strategic movements to minimize their cost in
a process satisfying given initial and terminal density distributions [2, 24, 37]. On
the one hand, MFP can be viewed as a generalization of optimal transport (OT)
[11, 12, 36, 40] where no interaction cost is considered in the process. On the other
hand, MFP is also a special case of mean field game (MFG) problems where the ter-
minal density is often provided implicitly [25, 27, 28, 30]. MFP, MFG and OT have
wide applications in economics [1, 5, 22], engineering [21, 23, 42], quantum chemistry
[18, 19], image processing [26, 34] as well as machine learning [8, 39, 41, 43].

More specifically, the dynamic MFP problem has the following optimization for-
mulation:

1 1

(1.1) min / /L(p(t,w),m(t,az))dwdt—i—/ F(p(t,-))dt
(p,m)€C(po.p1) Jo Ja 0

where p(t,x) is the densities of agents, m := pv with v representing the strat-

egy(control) of this agent, and any pair of (p,m) € C(po,p1) satisfies mass con-

servation and zero boundary flux conditions with initial and terminal densities of p

being pg, p1 provided as:

C(po,p1) : = {(p,m) : Orp + divy m = 0,

1.2
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In this variational problem, L(p, m) denotes the dynamic cost, F models the interac-
tion cost. Specially, with F = 0 and a specific choice of L, variational problem (1.1)
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reduces to the dynamic formulation of optimal transport (OT) proposed in [11, 12].
By relaxing the given terminal density as an implicit condition regularized by a func-
tional G, one can retrieve a class of MFG as the following formulation [15, 25, 30]:

(13)
min // mit, m))d:cdtJr/]-' L)t + G(p(1, )

m)€C(po)
where C(po) ={(p,m): Op+divgym =0,m-n =0 for z € 9, p(0,-) = po}.

Several numerical methods have been established to solve dynamic MFP, MFG
and OT problems. One class of methods is based on solving partial differential equa-
tions (PDEs) corresponding to the KKT system of the variational problem [2, 3, 4, 16],
where conventional numerical methods in nonlinear PDEs can be applied. In prin-
ciple, this class of methods can also be applied to handle general MFP and MFG
problems that may not come from variational formulas. However, one obvious chal-
lenge of solving PDEs directly is their nonlinearity. This also limits solvers to handle
broader choices of the dynamic cost L and interaction cost F.

Another class of methods focuses on the variational formulas of dynamic MFP,
MFG and OT problems. By naturally combining with recent advances from opti-
mization, existing methods include several first-order optimization algorithms to solve
dynamic OT problems such as augmented Lagrangian [13, 14, 35], primal-dual [31]
and G-prox [29], etc. These methods work on either the Lagrangian or the dual prob-
lem of the original optimization problem, particularly for dynamic OT where F = 0.
These algorithms work very well since the involved sub-optimization problems have
closed-form solutions. Besides, OT also has a static linear programming formulation
and can be (approximately) solved by many algorithms, for example, Sinkhorn algo-
rithm [20]. However, in the case of MFP or MFG problems, a broader choice of the
interaction cost and the regularization term for the terminal density will make related
sub-problems harder to solve than those in the OT problem. Meanwhile, it is unclear
if a static linear programming formula still exists for MFP or MFG problems due to
the contributions from F and G. Besides, all of these algorithms may not preserve
mass in the evolution very well as the mass constraint term is not explicitly forced.

We would like to propose a method that can efficiently compute the mean-field
type of problems with mass preservation property and great flexibility on a broad
range of objective functions. Note that the mass conservation constraint in MFP is a
convex set. A straightforward calculation shows that projection to this convex set can
be obtained from solving a standard Poisson equation. This motivates us to propose
another algorithm to solve MFP problems based on the proximal gradient descent
method [38, 9]. This method is simply composed of a gradient descent step and a
projection step. For MFP problems with a smooth objective function, the gradient
descent step can be evaluated very efficiently. It also enjoys the flexibility to handle
a broader range of L and F. More importantly, the projection step leads to mass
preservation in each iteration. This step can also be computed very efficiently by
conventional fast algorithms for solving a Poisson equation. In this work, we use an
accelerated version of the proximal gradient descent method, referred to as the fast
iterative soft threshold algorithm (FISTA) [10], to solve the MFP problems. After
that, we further generalize our algorithm to handle MFG problems. In addition,
inspired by [7, 32, 33], we also apply multigrid and multilevel methods to speed up
the proposed algorithm. Our numerical experiments illustrate the efficiency, mass
preservation and flexibility of the proposed algorithm to different MFP problems as
well as MFG problems. The vanilla version of our algorithm performs comparable
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(a) Proof in [2] (b) Our proof

Fic. 1. Sketch of two approaches of convergence proof.

with state-of-the-art methods, while the multigrid and multilevel accelerated versions
are much more efficient than state-of-the-art methods.

Besides proposing a new algorithm for MFP problems, we also analyze errors
between the discrete solution and the continuous solution. Since MFP is a functional
optimization problem, all numerical methods on a given mesh grid only provide ap-
proximated solutions to the continuous problem. It is important to understand how
close the discrete numerical solution is to the continuous solution on a given mesh
grid. Our analysis is from the algorithm perspective. We first derive an algorithm
to optimize the variational problem and discretize each step of our algorithm. Our
main effort is to prove that at each iteration, the discrete values are not far from the
underlying continuous function values on grid points. Therefore we can show that
the discrete algorithm converges to the continuous optimizer on grid points under
certain conditions. Similar types of analysis may not be conveniently conducted in
the existing methods including augmented Lagrangian, primal-dual and G-Prox since
it could be difficult to have desired perturbation analysis of solving cubic equations
involved in these three methods. To the best of our knowledge, this is for the first
time to examine the discretization error based on variational MFP and its optimiza-
tion algorithm. We remark that the convergence analysis has also been studied in
[2, 3, 6] from the PDE perspective, where the authors argue solution of discrete KKT
converges to the continuous solution based on the equivalence of continuous systems
and discrete systems. We indicate the major difference between our error analysis
based on optimization perspective and error analysis based on PDEs perspective in
Figure 1.

Contributions: We summarize our contributions as follows:

1. We propose to use an accelerate proximal gradient method to solve the MFP
problem (1.1).

2. We analyze the error between the each iteration of discrete optimization and
its continuous counter part. We prove that the discrete solution converges to
continuous optimizer on grid points as the mesh size converges.

3. We apply multilevel and multigrid strategies to to accelerate our algorithm.
We also generalize our algorithm to solve MFG problems.

4. We conduct comprehensive numerical experiments to illustrate the efficiency
and flexibility of our algorithms.

Organization: Our paper is organized as follows. In section 2, we give a brief
review of the MFP problem and provide several MFP examples and a MFG example.
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After that, we describe our algorithm and the implementation details in section 3.
In section 4, we analyze the discretization error in our algorithm and prove the main
theoretical result on the convergence of discrete solutions to the continuous solution
as the grid size goes to zero. Furthermore, we generalize our algorithm to solve
variational MFG problems and accelerate our algorithm by multilevel and multigrid
methods in section 5. Numerical experiments are provided in section 6 to demonstrate
the convergence order and to illustrate the efficiency and flexibility of our algorithm.
At last we conclude this paper in section 7.

2. Review. In this section, we briefly review MFP problem and provide several
examples which will be computed in the experiment section.

Consider the model on time interval [0,1] and space region Q € R”. Let p :
[0,1] x 2 — Rt := {a € Rla > 0} be the density of agents through ¢ € [0,1], and
m = (my, - ,mp) : [0,1]xQ — RP be the flux of the density which models strategies
(control) of the agents. We are interested in p with given initial and terminal density
po, p1 and (p, m) satisfying zero boundary flux and mass conservation law, which gives
the constraint set C(po, p1) defined in (1.2). We denote L : R* x RP? — R := RU{cc}
as the dynamic cost function (e.g. (2.3) in this paper) and F : Q* — R as a functional
modeling interaction cost. The goal of MFP is to minimize the total cost among all
feasible (p,m) € C(po, p1). Therefore the problem can be formulated as

(2.1) min /O /QL(p(t,m),m(t,ac))da:dt+ /O Flo(t, ))dt.

(p;m)€C(po,p1)

It is clear to see C(pg, p1) is convex and compact. In addition, the mass conser-
vation law O;p + divym = 0 and zero flux boundary condition m -n = 0, € 99
imply that C(po, p1) # 0 if and only if [, po = [, p1- Once C(po, p1) is non-empty, the
existence and uniqueness of the optimizer depends on L and F.

There are many different choices of F. In this paper, we consider

(2.2) Flp(t,") = A /

Fe(p(t.))de + g [ plt.2)Q(a)de.
Q Q

where Ap, Ag > 0 are two parameters, Fp : RT — R serves as a function to regularize
p, and Q(z) : © — R provides a moving preference for density p. Consider an
illustrative example by choosing Qg C Q and assuming Q(x) = 0, @& ,

+00, T ¢ QO
then the mass has to move within g in order to keep the cost finite. In more general
choice of @, p(t,z) tends to be smaller at the place where Q(x) is larger and vice
versa.

We then briefly discuss several concrete examples which will be considered in our
numerical experiments.

Ezample 2.1 (Optimal transport [11]). In this paper, we consider a typical dy-
namic cost function L by
2
B i By > 0
(23) L(/BO?IB) = 0 if /BO = 076 =0,

If Ag = Ao = 0, the MFP becomes the dynamic formulation of optimal transport
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problem:

p,m€EC(po,p1)

(2.4) (0OT) min / /Q p(t,x), m(t, x))dxdt.

Since m = pv, this definition of L makes sure that m = 0 wherever p = 0. Because
A = Ag =0, OT can be viewed as a special case of MFP where masses move freely
in Q through ¢ € [0, 1].

0, p=0
and write QT := QN {x € Q: p(t,x) > 0}, we have the crowd motion model

(2.5) 1
//L(p(t7w)7m(t,a:))dwdt

p,m€EC(po,p1)
/\E// p(t, x)log(p(t, x) dmdt+)\Q/ / (t,z)Q(x)dxdt
o+

With Fg decreasing on [0,e~1] and increasing on [e~!, +00), p(t, z) tends to be close
to e~! everywhere. So we expect to have the density p(¢,x) to be not sparse and not
very large everywhere.

1 >0
Ezample 2.2 (Crowd motion [39]). Consider Fg : Rt - R, p {p og(), p I

i’ p>0

, where p = 2 or —1, then
0, p=0

Example 2.3. If Fg : RY = R, p — {

we have the following two models.

// (t,x))dadt
,meEC(po,p1
pameC(oo // twddt—i—)\Q// (t, 2)Q(x)dzdt

(2.7) in /1/ L(p(t,z), m(t,z))dzdt

meC(po,
pmectoo) )\E/ / d:cdt—i—)\Q/ / (t, 2)Q(x)dzdt
o+t P t .’1:

In (2.6), by Cauchy-Schwartz inequality, we have

(2.8) (/Q p(t,az)dmc)2 S/QpQ(t,a:)doc/Qldw,

therefore [, p*(t, z)dz has a lower bound and achieves the lower bound when p(t, -)
is a constant over {). Therefore, model (2.6) guides the solution density uniformly

(2.6)

1
distributed over @ . In (2.7), since the total mass [, p(t,z)de is fixed and — is
p

1
larger when p is smaller, the value of regularization term Ag / ﬁdm is smaller
o+ P\, T
if p(t, ) accumulates at several sites and vanishes at other regions. Therefore model

(2.7) pursues a sparse optimizer p(t,x).
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Ezample 2.4 (A MFG model [15, 25, 30]). We provide a MFG example to com-
plete this section. In the cases, the terminal density p; is not explicitly provided but
it satisfies a given preference. This preference can be imposed by regularizing p(1,-)
in the same spirit as [, p(t, )Q(z)dz and obtain the following MFG model,

(2.9) 1
/ / L(p(t, @), m(t,))dwdt
0 Q

1 1
min  { 4ap /0 /Qp(t,ac)log(p(t,:c))dmdt—&-/\Q /0 /Qp(t,sc)Q(m)dscdt

(pym)€C(po)

+Ag/ﬂp(1,w)G(m)dm.

Here A\ > 0 is a parameter, G : Q — R gives a preference of the distribution of
p(l,x), and C(pg) := {(p,m) : O¢p + divya m =0,m -n =0 for x € I, p(0,-) = po}.

3. Algorithm. In this section, we first briefly review FISTA algorithm pro-
posed in [10]. Using a first-optimize-then-discretize approach, we describe the FISTA
algorithm on variational problem (1.1). After that, we provide the details of our dis-
cretization and implementation for the MFP. In the end of this section, we discuss
a different approach based on first-discretize-then-optimize strategy which turns out
leading to same discrete algorithm.

To solve general nonsmooth convex model

min f(2) + g(2),

where f is a smooth convex function and g is convex but possibly nonsmooth, one
can apply proximal gradient method [9, 38].

2+ = Proxn(k)g (z(k) — n(k)Vf (z(k)>) .

Here n®) > 0 is the stepsize and the proximal operator is defined as:

. 1
(3.) Pros,y () i= arguin { o) + -y~ 213}
y
In particular, for an indicator function x¢(z) = 0, =z¢€C of a convex set C
’ 400, z¢C ’

its proximal operator is exactly the projection operator to C, i.e.
. 1 2
Prox,y. (2) = Proje(z) = argnrcnn iHy —z|3, VYn>0.
ye

FISTA is essentially an accelerated proximal gradient algorithm [10]. It introduces
Z(*) as a linear combination of z(*) and z(*~1) in each iteration, and conducts proximal
gradient on 2(®) to obtain z(**1). The algorithm is summarized in (3.2), where the
stepsizes %) can either be a constant or be obtained by a backtracking line search.

2D = Prox, ), (E(k) = n(k)Vf(E(k))> ;

1
(3.2) kD) — 3 (1 +4/1+4 (T(k))2> ;

(k) 1
T (z(k+1) _ Z(k)) _

Sk+1) _ (k+1)
z =z )

7(
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As proved in [10], if 2* = argmin, f(z)+g(2), and {z(®)} is generated by FISTA,

then
7 (=) 9 (=)] - 1) + 0= = 0 ()

3.1. FISTA for MFP. To apply the above FISTA method to problem (1.1),
let us write

1
(3.3) min ~ Y(p,m) ::/ /Y(p(hw%m(t,:c),:c)dwdt,
p,meC(po,p1) 0o Ja

where

(3.4) Y (Bo, B,x) = L(Bo, B) + AeFE(Bo) + AgBuQ(x).

d
For convenience, we write Fj, = d—BOFE,LO = %Y, VgY = (8gd Y) R and
d=1

L) . This yields
d=1,---,D

)

0
9Pa

(3.5) { Yo(p(t, ), m(t,x),x) = Lo(p(t,z), m(t,x)) + AeFi(p(t, x)) + AoQ(z),

vor= (57

VaY (p(t,z), m(t,x),x) = VgL(p(t,z), m(t,x)), d=1,---D

To apply FISTA to this problem, we need to compute the gradients §,)(p, m),
6mY(p,m) and the projection Proje,, ,.)(p;m).
Gradient descent. Let the boundary values p(0,-) = po, p(1,-) = p1 and m(t,x) -
n = 0 for x € 0N being fixed. By variational calculus, we have
YO(p(tvw)7m(tvm)7$)7 t#oal
0, t=0,1
0, redQ, d=1,---,D

6,Y(p,m)(t, ) = {
(3.6)

6my(pv m)(t’ (B) = {

Then with step-size *), the descent step can be written as
(3.7)

(p(k+§)vm(k+§)) = (ﬁ(k) - n(k)épy(ﬁ(k)vm(k))vm(k) - n(k)5my(ﬁ(k)7/m\(k))> ’
Projection. The projection step solves the following minimization problem

(3.8) (p(k+1)’m(k+1)): argmin }Hp_pm%) > 1
pymeC(po,p1) L2

Hm—m(

Lz

Since the boundary values are fixed and boundary conditions are always satisfied,
we only need to introduce dual variable ¢(*+1) (¢, &) for mass conservation equation
Oip + divy m = 0. Consider a Lagrangian function

L(p,m,¢) :
(3.9)

+ (¢, Orp + divy m)

2‘ L2 5‘

- <6t¢v p> - <vm¢7 m>

e

1
+(o(1,-), p1) — (6(0,-), po) -

2
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(pH+D 1) ¢(+HD) s the saddle point of £(p,m, ¢) if and only if
5,L (p<k+1), m*+D), ¢,<k+1>) —0,

(3.10) Sl (p(k+1)’ m+D), ¢(k+1)) —0,
Sl (p(k+1)7m(k+1)7 ¢(k+1)) —0

This yields

(3.11) pHD) = plkt3) 4 g, p(htD),

’ mFHD = g (k+3) Vm¢(k+1).
and
(3.12) 8,p ) 4 divy m*F+HD = 0.

Combining (3.11) and (3.12), it is clear that the dual variable ¢(*+1) solves the Poisson
equation

(3.13)
~Arod® (1 @) = 9D (1) + diva mPT D (), 0<t<lzeQ
3t¢(k+1)(tv x) =0, t=0,1,z€Q
Voo F ) (¢, @) - m =0, 0<t<1,x €09,

Therefore, we can obtain the projection (3.8) in two steps: solving the Poisson equa-
tion (3.13) and update p,m by (3.11).
The FISTA algorithm for MFP problem (3.3) is summarized in Algorithm 3.1.

Remark 3.1. To compute the projection, we need to solve a Poisson equation
with Neumann boundary conditions (3.13). Since for any = € Q, p(*+2)(0,x) =
po(x), p*+2) (1, ) = pi(x) and for any ¢ € [0,1],z € 9Q, m*++2) (¢, z) - n = 0, we
have

/ Ap ) (1, @) + divy m*+2) (¢, @) dadt
[0,1] Q2

1
:/ (p(’”%)(l,m) - p(’”%)(O,m)) dz +/ / m* 3 (¢, @) - dsdt
% 0 Joo

k4L k+L1
[ (A @ - @) de
Q
:O,

This means (3.13) is solvable and the solution is unique up to a constant. In addition,
the constant does not count in projection step because in (3.11), we only need Oy k1)
and V,¢* 1D Therefore the projection step is well-defined.

3.2. Discretization and Implementation. For convenience, we here assume
2 =[0,1]”. Then the boundary conditions of m = (my,--- ,mp) is provided as:
mg(t,x) =0, ifz4=0,0or 1, ford=1,---,D

Consider a uniform grid with ny segments on time interval [0, 1] and ng segments on
the d-th space dimension. Namely, the mesh size on each dimension is Ay = n17’ d=
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Algorithm 3.1 FISTA for MFP

Parameters pg, p1
Initialization 7(1)

P00, = 590, = po, p9(1,) = FO(1) = pu,
PO, ) =pO(t,-)=1for 0 <t <1,
mO (. x) - n=mO( z) n=0frzecdQ,

)
Lx)=mO (- x) =1 for x € Q\9Q.
for k=0,1,2,... do

gradient descent

(3.14)

pE D () = 5 (1 @) — 1OV, (50t @) M (@), @)
O<t<lxel
m3 (t,2) = O (L) - VY (0 0). MmO (¢ e), ).,
0<t<lxe NN

projection solve ¢t for

(3.15)
—Ny 2T (@) = 0,05 (¢, ) + dive mFt (tx), 0<t<1l,weQ
DoV (t, ) =0, t=0,1,z €Q
Ve (¢, 2) - m =0, 0<t<l1,zed,

and conduct

10 PR+ — y(k+3) 4 g, (kD)
’ m*+D — g (E+2) g pk+D)
update
1)) 2
1) _ 14+4/1+4(7®)
2 b
L) — k) 1
o okt 0

(3.17) (b\(k+1)7m(k+1)) _ (1 +w(k)> (p(k+1)7m(k+1)> —w® (p(k)’m(k)> '

end for

0,---, D, and the staggered grid points are t; = (j—%)Ao, (xzq); = (j—%)Ad. We use a
multi-dimensional index vector j = (jo,j1, - ,Jjp) to indicate a grid point (t;,,x;),
where z; = ((z1);,, -, (zp);p). We further write u; := u(¢j,, ;) the value of
function u on the grid point and Uj; the proposed numerical approximation of u;.
Our discretization of p and m defined on different staggered grids. For convenience,
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we list the following index sets:

35 1
Jd~_{2a2a"'and_2}a

jd = {17 27 T 7nd}a
Jd 2=j0 le XKoo de_1 X Jd de-i-l X -"jD,
J=JoxJi x---xJp.
Figure 2 illustrates an 1D example, where ng = 4,177, = 5 and grid points related to

Jo, J1 and J are annotated as red solid diamonds, blue solid diamonds and green
solid dots, respectively.

. 1
Jo:n0+§]
® ¢ o ¢ O ¢ O ¢ o

[ ] L 2 [ ] L 2 [ ] L 2 [ ] L 2 [ ]
Fixed M v v - M
o o @ ¢ O ¢ 0 ¢ O o o
Variables t=0 e ¢ © ¢ 0 ¢ 0 ¢ o T
* Jo o1 I—c A
Jo= 2

L £t x=0 x=1

~ 1 ) 1
°J h=3 fimmty

Fic. 2. Lllustration of staggered grids for the case d = 1.

We use P, M and ® to denote the discretization of p, m and ¢, respectively. They
are defined as:

Pi= {Pj}jeJo eV, := R(”O—l)Xn1x~~~an’
Mq = {(Md)j}jEJd €Vy:= RnoxnlX"'X”d—lX(”dfl)xnd-uxman,
M := {Md}d=1,2,... .D € Vi x---Vp,

6 = {6-7}_767 c V = Rnoanxman.

Moreover, we also define:
Pi= {P;},cq € V im Rioxmxexnn,
Mg :={(Ma)j};c5 €V,
M= {Malgro..p €V .

Based on the above settings, we next discuss details of computing the objective
value, implementing gradient descent and conducting the projection step.

Objective value. To compute objective function, we need the value of p(¢,x) and
m(t, ) on the same point (¢, ). While P, My are defined on different grids, a natural
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idea is to transform them to the same central grid J first. For convenience, let
My = P. We can define the average operators as:

Ad!Vd%V, Md'_)Md:Ad(Md), ford:(),]_7...’D7

1
§(Md)j+e—da Jd = 17
— 1 —
(Md)] = 5 ((Md)g+ed + (Md)jfed> y  Jd = 2,3, ynd — 1, V] cJ
1 .
5 (Ma); =g, Jd = na.

—D
A: Vi x---Vp =V R MH{Ad(Md)}d:L---,D~

where e; € RP+! has 1 in the (d + 1)-th entry and 0 elsewhere, d = 0,---, D. The
boundary conditions of M are implicitly included in the average operator. We further
define P4 € V to indicate density boundary conditions,

1 .
§p0 (mJ)a Jo = 13

(Pa)j =10 Jo=2,3,-++,no—1, Vjed
1

5P (zj), Jo=no.

As an example, in Figure 2, Ay maps the red solid dots to the green dots. .4; maps the
blue solid dots to the green dots, and the red hollow dots contribute to the non-zero
entries of P 4.

Now, we are ready to evaluate the objective function by averaging P and M from
their staggered grids to the central grid. Namely, We define P, M €V as

(3.18) P = Ao(P)+PA7 M = A(M)

then we approximate the objective value by

D
<H Ad) y(P,M),
d=0

where
(3.19) Y(P,M):=Y(P,M):=Y_Y (P;, Mj,x;).
jeJ
Gradient descent. To fulfil gradient descent, we first average (P, M) from different
grids Jy to grid J by (3.18) and compute gradient values pointwisely

%y(?,ﬁ) = {YO (ﬁj’ﬁj’mj)}jejv
(3.20) 037, Y (P, M) := {Yq (P;, Mj, z;) }, 7,
Oz Y(P, M) := {aﬁdy(ﬁ7ﬂ)}d:1,'“,D.

d=1,---,D,
Then we average gradient values back to different grids J;. Defining another sets of
average operator as

AV = Vg, Mg = Mg, (Mg)j = ((Md)jJr'%d + (Md)j;%d) ;

z‘ DO —

* D T *
AV — Vi x-- -VD,M — {Ad( d)}d:L'--,Da
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we obtain desired gradient values:

(3.21) IpY (P, M) =Ap (6?3)(?7M) )
' OmY(P, M) = A" (057Y(P, M)) .

~—

Combining (3.20),(3.21), we can implement gradient descent step (3.14) on discrete

meshes by:
(3.22)

(P(k+%)7M(k+%)) — (ﬁ(kgﬁ(@) — W (31,3;(13(@7ﬁ(k)M)My(ﬁ(k)’ﬁ(k))) ’

Projection. To compute projection, we use the finite difference method to discretize
the corresponding differential operators in the PDE constraint. We first define discrete
partial derivative:

Dy ZVd—>V, MdHDd(Md>7 ford=0,---,D

1
Aid(Md)jJ,-ida Ja=1,
1 .
(Dd(Md))g = Kd ((Md)g+27d - (Md)gfer) y Jd = 2737 o, Ng — 17
1 .
_E(Md)j—%iv Jd = na,
discrete divergence:
D
Div: Vo x Vi x---Vp =V, (P,M)~ Dy(P)+ Y _ Da(Ma),
d=1

and the term Pp € V to impose boundary conditions:

1 .
e (xj), Jo=1,

(PD)J = O’ j0:2737"'7n0_177

Kopl (xj),  Jjo=mno.
Then the RHS of first equation in (3.15) can be approximated by
Div (P<’f+%>, M““*%)) +Pp.

We approximate 9, with a central difference and 044 with a three-point stencil finite
difference. By homogenenous Neumann boundary condition, we have discrete second-



FAST ALGORITHM AND CONVERGENCE ANALYSIS FOR DYNAMIC MFP 13

order derivative operators

Ddd :V — V, 6 —> Ddd (6),

Kg (_6.7' +6j+€d) ) Ja =1,
_ 1 — _ _ )
(Ddd((I)))J = Kg ((I)j*ed - 2(1).7 + q)j+€d) y Jd = 2737 o, Ng — 1;
[ |
Az (Pj-es — Pj) Jd = nd,

D
Lap :V =V, & Dog(®) + Y Dua(®).
d=1

The Poisson equation (3.15) on grids is therefore
(3.23) — Lap (6(’““)) — Div (P<k+%>, M““*%)) +Pp,
Defining another set of derivative operators

* U FS * (R * (R 1 FN FY
D;:V = Vo, ® s D(®), (Di(@)); = 5 ((@)ﬂid - @a.f%d)

Grad: V= Vo xVy x---Vp, &= {Dj(®)},_, . 5

we obtain the second step of projection, the discretization of (3.16):
(3.24) (P, MUY = (POFD Mt 4 Graa (3477,

Combining above ingredients, we have FISTA for MFP on discrete mesh summa-
rized in Algorithm 3.2.

Remark 3.2. The discrete operators Div, Grad and Lap are consistent in the fol-
lowing sense. For space V and Vg x Vi X -+ x Vp, if we view the elements ® and
(P, M) as long vectors, we can define the inner product as

(8.3%) =Y #;%;,

jeJ
(3.29) D
((PL,MY),(P*, M?)) == Y PiPP+3 0 % 0 (My);(M);.
i€Jdo d=1j€Jq
and define the induced norm as || - ||r. Then simple calculation shows that for any

P cV and (P,M) € Vg x Vy x -+ x Vp, the following equation holds

Lap (6) = Div o Grad (5) ,

(3.30) (— Grad(®), (P, M)) = (®, Div(P, M)),

These match the relations between divy 4, Vi » and A; 5 on continuous spaces.

Remark 3.3. Directly solving the large linear system (3.26) could be very expen-
sive. Thanks to the special structure of the operator Lap, we can decompose it and
solve (3.26) in a more efficient manner based on the cosine transformation.
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Algorithm 3.2 FISTA for MFP on discrete mesh
Parameters pg, p1

—~ — (0
Initialization 7 = 1, P© = P(©) = 1, and M{") = Y —1

for k=0,1,2,... do
gradient descent

{pm;): PR _ 09, p(BE), NEW),

(3.25)
ME+3) — ppk) — W o (P pk) ]\4(k-)>7

projection solve Y o

(3.26) —Lap( UCH)) Div (p(k+ 5 pkts )>+FD,

and conduct

(3.27) (P(k“),M(’““)) = (P(’H%)’M(H%)) +Grad( (k+1))'
update

X 1 1+ 4(r())2
k1) + +4(r"))

(ﬁ(mn,ﬁ(m)) — (1 +u,<1c)) (P(k+1)7M(k+1)> — o (p(k),M(k)) .

end for

Recall that Ag = —nld. Fori e J,let \* € R, ¥* €V be
iqg— 7
= —4 _—
g ndsm ( T ),

HF ((-3)527)

then {¥*}, - forms an orthogonal basis of (V, || - ||») and

Lap (T%) = A*0%

Note that A* = 0 if and only if s = 1, and W' has value [}, 1/ Hal‘d in all entries,

which implies ker(Lap) = {C1:C € R}. This matches the fact that in continuous
setting, Au = 0 if u = C on Q = [0,1]P*!. For any ® € V, we can define Lap™*(®)
by requiring

(3.31) (Lap™'(®),T') = 0.
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Therefore, we have

(3.32) Lap™ (@)= ) % (@0 v,
iej\{l}

This leads to a discrete cosine transform method to solve (3.26).

To derive the discrete Algorithm 3.2, we optimize the continuous problem (3.3)
by Algorithm 3.1 then discretize the algorithm. This is a first-optimize-then-discretize
approach. We can also consider a first-discretize-then-optimize approach. In fact, us-
ing our proposed discretization for MFP, the two approaches lead the same algorithm,
as illustrated in Figure 3. This is mainly because of the consistent relation of discrete
operators discussed in Remark 3.2.

continuous varia- optimize continuous algo-
tional problem (3.3) rithm: Algorithm 3.1
T
1
' discretize discretize
Y
discrete optimiza- optimize R discrete algorithm:
tion problem (3.33) Algorithm 3.2

Fic. 3. Equivalent approaches to obtain the discrete Algorithm 3.2
Based on previous notations, we discretize the original problem (3.3) to

3.33 . Sy e o
(3.33) (p,MI?elg(ﬁD)y(’ ) JGZ; ((Ao(P) + Pa)j, A(M)j,x5) ,

where the constraints are linear and the constraint set is convex:
(3.34) C(Pp) := {(P,M) : Do(P) + Pp + Div(M) =0} .

To optimize the problem with FISTA, we first compute gradient. For any P, M, we
define the corresponding values on J by P := Ag(P) + P4, M := A(M) be , then

(3.35) Y(P,M) =Y (Pj, Mj,x;) .
jeJ

We will have (3.20) by taking partial derivatives w.r.t P, M, and then (3.21) by
chain rule. Therefore the gradient descent step is exactly (3.25). For projection,
based on the inner product defined as (3.29) and induced norm, we can formulate the
Lagrangian as

(3.36)

_ 1 2 _ _
L(P,M,F) = 5 H(P, M) - (P(’“Jf%),M(’“r%)) HF + <<I>(’“+”,Div(P, M)+ PD> .
Because of the consistency of the discrete operators (3.30), we know that (3.26),(3.27)
computes the projection to C(Pp). Therefore the FISTA algorithm to the discrete

MFP problem (3.33) is exactly Algorithm 3.2.
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4. Convergence. One major difference between Algorithm 3.1 and Algorithm 3.2J
is that the former one is for the continuous setup while the latter one is for a given
discretized mesh grid although both algorithms provide convergence sequences ac-
cording to the FISTA theory. It is natural to ask if the discretized solution can
converge to the continuous solution when the mesh grid size Ay goes to zero. Specif-
ically, with a given step-size sequence {n®*} . let the sequences {(p"™, m*)} Iy

{ (p(k), m(k)) , (p(k"’%), m(’”‘%)) }k be obtained from Algorithm 3.1, and { (ﬁ(’“), ]/\Z(’“)> }k,l
{(P®, M), (P, M+ }k from Algorithm 3.2. It (o), m®) — (p*, m*)

and (P, M®) — (P*, M*) as k — oo, we would like to check whether (P*, M*)
converge to (p*,m*) as the mesh grid size converge to zero. In this section, we the-
oretically analyze and provide a positive answer to this question. To the best of our
knowledge, this is for the first time to examine the discretization error between op-
timization path of the continuous variational MFP and its discretized optimization
counterpart.

We first introduce some notations. With given step-size sequence {n(k)}k, let

{(p®, m®) }k, {(p(k), m®) <p(k+%), m(’”%)) }k be obtained from Algorithm 3.1.
With the same step-size sequence and initialization P(© = P(©) = ,0.(]?)), MO =
MO = m ter {(P0, M0} [P0, m®) (PEH m=)) e ob-
k _ k
tained from Algorithm 3.2. For any index set Jg, J, we write the continuous functions
p and m evaluating on corresponding discrete grids as
pao =Apitics» (Ma)as :={(ma)itjcs,» ma={(ma)s.tizi2.. p>

py=Apitjcr, (ma)g:={(ma)i};ez, mz={(ma)z}, 1, . p-

Let mg = p, My = P. For any k = 0, %, 1,1+ %, -+, we define the error on grid points
Jd by

BW = M)~ (m;m)h’ d=0,---,D

ER = {EP}
m & fg=1,....0’

)

E® = {E", EQ}.

m

Similarly, for £k =0,1,2,---, we define

~

B = M — (™) . d=0..D
Jq
B = (70)
m & f4-1..D’

B — (B B

®) k) (k)
B =" — o),

Recall that in Remark 3.3, we introduce induced norm ||-|| r on space Vo xVq x---xVp
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and V as
I 3 3
1E|p= > (EdF| o IEsle:= | D (Eo);
d=0jeJq jed
We here define 2-norm || - |2 as

D 3
- ll2 = <H Ad) - Ml
d=0

Next we propose several assumptions before stating the main theorem.

Assumption 4.1. Let pg, p1 be given initial and terminal densities. With above
notations, we assume the following conditions hold for any £k =0,1,-- -,
L. P05, P1, p(k)7 m(k)a p(k+%)7 m(k"r%)’ ﬁ(k)a /’n’\L(k), are CQa
2. There exist p < p, such that PR (t, ), 133@) € [p, 7,
3. ﬁ(’“)(t7w)7]\7§k) € QU CRP,
4. Yy’s are Cy-Lipschitz continuous on [p, p] X .y, x [0, 1]7, ie. ford =0,---, D

N
and any (85, 8%, '), (63, 8% %) € [p,p] X Qm x [0,1]7,

(4.1) [Ya(Bo, 8" ") — Ya(55. 8%, 2%)| < Cy ||(Bp. 8", ") — (85, 8%, %), -

Remark 4.2. Assumption 4.1 is accessible for very general cases. In fact, when
00, p1, P9, m© are C? and Y is C', one can show that assumption 1 holds by induc-
tion on k. And assumptions 2 and 3 are true as long as {p(k), m(k)} and {P(’“), M(k)}
converges. With a typical choice Y (58y,3,x) = L(Bo,3) where L is defined in (2.3),
we retrieve the optimal transport problem. Both (3.3) and (3.33) have unique min-
imizers {p*,m*} and {P*, M*} and both algorithms converges. If in addition pg, p1
are C? and ming{po(x), p1(x)} > p > 0, then Assumption 4.1 hold with continuous
initialization and carefully chosen step-sizes.

We now state our main theorem which characterizes the error bound with respect
the grid size.

THEOREM 4.3. If Assumption 4.1 hold for k =0,1,---, then

D D
w ol =e (35 o ()
d=0 d=0

Here C is a constant depending on dimension D, Lipschitz constant Cy, stepsizes
{0} eo1... & and sequences {p'®), M)}y . i but it is independent of {Ag}a=o,.. D

Note that the above theorem analyzes error bounds at each iteration along op-
timization paths from the continuous setup and its discretized counterpart. Conse-
quently, we can have the following convergence analysis if both sequences from the
continuous and discretized optimization converge (i.e. choice of the step size satisfies
convergence conditions used in FISTA [10]).

COROLLARY 4.4. Suppose that {(P(k),M(k))}k and {(p(k),m(k))}k satisfy all
conditions in Theorem 4.3. If in addition, there exist (P*,M*), (p*,m*) such that
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p* e Clym} e Ct and

lim H( ), M®) ) — (P, M")|| =0,
(4 3) k—o0 2
’ : (k)) L (F am* _
klggoH(p m (p,m”) Lo 0
where ||-||1, denotes the standard Ly-norm in the function space. Let A = max Ay,
then o
(4.4) Jim B, = Jim [[(P*, M) = (p5,,m3)||, = 0.

Proof. By triangular inequality,
||(P*3M*) - (pfioamfl)Hg
<[ (P9, M®) ~ (P, p1)

’ 2

k k . i}
2 " HE(k)Hz + H (p‘(fo) mff)) = (p,,m7y)

For any € > 0, there exists k. such that

IN

H(P(kE)aM(kE)) — (P*,M*)
H(pwe)’m(ke)) ~ (p*,m*)

(4.5) 2

[ I WY e

IA

Lo

By numerical integration, there exists a constant €', depending on d, p(k<), mFe)
p*,m* and independent of A, such that

2
H(/UO amJ ) - (p*Jovm*J) ‘2

<[] 10me)

By Theorem 4.3, there exist a constant Cs independent of A, such that

(4.6) o
dedt + Cy Z Ag,
d=0

D
< Oy Z A,
2 d=0

€

Let § = .Then f Ay satisfyi —0...0Ag <0,
e DTG+ en for any Ay satisfying maxg—g... p Ag < 0, we
have
D D .
(4.7) C1) Ag|+|C2) Ad| < 3,
d=0 d=0
Combining (4.5), (4.6) and (4.7), we conclude that for any ¢ > 0, there exist ¢ with
all {Ag}q satisfying A < § such that ||[E*|]2 <. O

To prove Theorem 4.3, we need to establish three lemmas to analyse the error
introduced in each main steps of the algorithm. After that, the proof of Theorem 4.3
can be obtained by induction.
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LEMMA 4.5. If Assumption 4.1 hold for k =0,1,---, then
(4.8)

<00 B9, -0 (50.) (L) o (a3,
d=0

1
Proof. By definition of Ec(ikJrz), we substitute discrete variables in (3.25) by the
sum of error and continuous variables. This leads to

(BED) 4 (mf ) = (B) + (3%), ~n® (0w, 9P, 5T9))

J

From (3.14), we have

k+1 ~(k k) —~(k
(m; 2))3' B (m‘(i )>j R (ﬁ(ﬂ )’mg )’mj> '

Combining above gives us

(E((ik+%))j _ (E((ik))j —p® {(5Mdy(]3(k)7]\/f(k))) ‘ y

v (. wj)]

Therefore we have the norm estimation

HE(’H-%)

<[]
F F

(3Md M(k)))J Y, (//)\(jk)’/n\l;k)’wj> 2

LYY

d=0j€Jy

For any j € Jg, the definition of (aMdy(ﬂk),M(k))) “in (3.21) yields,
J

\(aMdy (PO, RT0)) i (7" ;)

1 _ =k =) .
3| (0 (F7), )
i+

2

1 (k) /\(k)
"2 < ( )) Y (7 ) ;)
2 e j

2

1
B Yd( J+ed :ICJJr ) Yy (A(k),m( ) J:J)
1 =(k)  =(k) e
+ =Yy (Pj_?,Mj_?,wj_?> Y, (A(k),m(k) g)
=k) =)
5k (k)
(PHE;“MH?"EH?) (J LA J') .

—(k)  —=(k)
5K) 7).
<Pj—62d7Mj—e2da$jez> (PJ ) J J)

(4.10)

1
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=) [=(k)
Note that P; <M d > can be written as the sum of errors and continuous values:

Q.

?;k) _ (.Ao (E(()k) A(k:)) +PA)

(Ao (B7)), + (o (25)) + P
= (40 (E7)), + 757 + 0()
(

(), = (B, + (38), -0t

where the last equality 1n the above two equations are obtained from using Taylor

expansion to p*) and m m, !) We further have:
=(k) —=(k) &) (ke
H( Ji6d7 J:I:EQd’wji?)_(ﬁ(j),mg'),a:j>‘
(0 (38)), s (4 (3)), 0
| (0 (A7), (A (B2)) o)

k —~(k k) —~(k
(411) -+ H(,B(i)ed,m;i)%i,mji%i) (ﬁ(j )7m§ ) J) +O(A3)

1
D
) (Eéf“))j + (E )ﬁed + ;dzo‘ E(k) + Eff))jied
( (k)> Ad +0 (Ad) )

l\.’)\r—l

where C (p0), m®*)) = max{ag mfi,)(t z):d =0, ,D}. Combining (4.10) and
(4.11) provides:

‘(aMdy(ﬁ(k)jﬁ(k)))j y(ﬁ(])7 ) )‘

and applying the triangle inequality yields:

N

g)j;d <8Mdy(ﬁ(k)’ M(k)))j —Ya (@k)ﬁf),wj) ’2
%
302p 3ok S (CONREICHRICE W

D z D 3 D
DI (ﬁ“f),fﬁ(k)) A2l (H nd> o <Z A§>
d=0 d=0

d=0j€Jy
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<c(n,cy)|BW)|

(i) e () () ().

Together with estimation (4.9), we have

], < (000 5]
2 2
(4.12) D D
+C (;ﬁ’ﬂ, m(@) <Z Ad> +0 <Z A3> .
d=0 d=0
Therefore we prove the lemma. 0

Next we examine the error introduced in projection step.

LEMMA 4.6. Suppose that py, p1, pT2), m*E+2) are C2, then

D
‘ +0 <ZA§) :
2 d=0

HE<k+1)H <2HE<k+é)
, S

Proof. By definition of error terms and (3.26), we have
1 1 _
(4.13)  — Lap (E;’”l) n (b%Jrl)) — Div (E(H%) n (pg?z)’mgm))) + Pp.

Since (¢(k+1),p(k+%),m(k+%)) satisfies (3.15), and p*+2) m*+2) are C2, by Taylor

expansions, we have

1 1 — D
(4.14) _ Lap (¢§“+1>) — Div (pf,’ffz),mf,’““)) +Pp+ 0O, (Z AZ).
d=0

D D
Here O, <Z AZ) € V indicates its entry-wise contribution is O (Z AZ). Com-

d=0 d=0
bining (4.13) and (4.14) gives us

D
(4.15) — Lap (Eéf””) — Div (E<k+%>) + 0, (Z A§> .
d=0
imilarly, the second step on discrete mesh (3. 1ves
Similarly, th d step di h (3.27) gi
B+ 4 (pgf)+1)7m(f“)) —E*+3) 4 Grad (Eék+1))
(4.16) 1 1
) s (7).

and on continuous setting (3.16) gives

D
(4.17) (p.(]]zﬂ),m‘(fﬂ)) = (pf,i+%),mff+%)) + Grad (¢;€+1)) + 0O, (Z Afl> .
d=0
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Thus we have:

D
(4.18) E¢:+) — g+3) 4 Grad (Eg““)) + 0, (Z Ai) ,
d=0

D
where O, (Z AZ) € Vg x Vi x -+ x Vp indicates its entry-wise contribution is
d=0

D
o (Z AZ) .
d=0
Combining (4.15) and (4.18), we obtain

E%+Y = (Id — Grad o Lap~* o Div) E*+3)
D D
— GradoLap™ ' O, (Z AZ) + 0, <Z A§> .
d=0 d=0

Claim: ||GradoLap toDiv |y <1, || GradoLap ™ * ||z < =.
Therefore

(4.19)

] =

o], <2l +
2 2 4

D
0, (Z A3>
d=0
D
| +0 (Z A3> .
2 d=0
Proof of claim: Recall that Lap (\II’) = AWt § € J, where

D (iq — D)7
N=—4) nZsin? (d> ,
dz:(:) d 2’1’Ld

D .
i _ [1+ 014, .1\ (la— D)
v = dl;[g . cos <<]d 2) i ,

and {\Iji}’iej forms a basis of (V, | - ||r).
Ford=0,1,---,D,and i € J,ig # 1, let 0%* € R and ¥%* € Vo x V; x--- x Vy

o(5

d=0

2 2

<2 HE(k+%)

be:
) 1
obt = —2n,sin ((Zd )W> ,
2nd
Pt — {\I/g;i} ,
d&'=0,1,-+- ,D
here U — L pr (wi) | Wi —0.d £d
where d—ﬁd( ), Vg'=0.d#d,
then

(O @y =0, if d £ d,

di gydi’\ _ 1
(T, ¥ ’}—70(1,1.0(1,,

. , obi’ 0, ©#14
Di (P, D5(P*)) = (P Pty =<
< d( ), d( )> O'd’z< ) > {17 i=q
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ie. {®%*} forms an orthonormal basis of (Vo x Vi x --- x Vp, || || F).

D 3
Since || - |2 (H Ad> Il - ||F, we next compute the HGradoLapfloDivHT
d=0

||GradoLap71H2 with basis of (V,]| - ||r) and (Vg x V; x --- x Vp, | - ||r). For any
basis ¢ € V,

GradoLap™" (¥') =0,

D 44 )
GradoLap™* (\IJ’) = Z U)\—illld”, 1#£1
d=0

a1
thus when ng > 1 for d =0,---, D, we have
3

D
1 2 1 1
GmeLap_1 < max - oh? = max — <-—.
| I ien\{1} | (A)? d;; (=) ied\{1} [\*] T4

iq#£1

And for any basis ¥%% € Vg x V; x -+ x Vp,

GradoLap ™' o Div (U*%)

= CGradoLap~ ! ((TiiDd oD} (\I/’)> = GradoLap™* (fad”'\Ili)

gl D ghigd i y
:Grad <— )\’L \Ill> = — Z T\I} v

d’'=0,
id’ 751

therefore

Nl

diN2 D

; 2

1 . g d' i

HGradoLap oD1VH2§ max max - g fopl
d=0,1,--,D 4cJ iz #1

(rt5y7\ ¢
= max max - <1.
d=0,1, D icFiz#1 \ |\

The claim and thus the lemma are proved.

|
The last step is to estimate the error introduced in linear interpolation step
(3.17),(3.28).

LEMMA 4.7.

[ B4, < e w®] 0]+ [ 29,
2 2 2
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Proof. By definition of error terms and (3.28)

7(k+1) ~ (k+1)
E, + (md )Jd

_ (1 er(k)) (E((ik—&-l) n (m&kﬂ))h) —w® <E(§"“) + (m&k))Jd) :
and by (3.17)

(), = () (), - (),
d d d

Therefore we have
1) — (1 +w(k)> E+1) _ (k) k)

By triangular inequality, the lemma is proved. O

With Lemma 4.5-Lemma 4.7, we can show Theorem 4.3 by induction.
Proof of Theorem 4.3:

Proof. We first restate results from Lemma 4.5-Lemma 4.7:

D

2

‘2 +0 <Z Ad) ’

d=0

D D
ONI§5G) 5k) (k) 2

L <CD.cy™)||EW| +c(50,m®) (Zm) +0 (ZAd> ,

B9, < [t ot 0B+ o] 200
2 2 2

E(k+1)H <9 HE(H%)
, S

Ek+3)

From these, we obtain

D D
s [0, <80 e 3aas0(3oa1)
d=0 d=0 5 5
way [ee] el el cofaso($a).

where C depends on D, Cy,n®) | pk+2) mk+2) 5(k) gk
The initialization gives us

0 5,
2 2

Then based on (4.21), it is straightforward to show (4.2) by applying induction on k
directly. 0

5. Generalization and Acceleration. In this section, we generalize the pro-
posed algorithm to solve potential MFG problems. Moreover, we also discuss how to
use multilevel and multigrid strategies to speed up our algorithm.

5.1. Generalization to Potential MFG. To apply FISTA to MFG, we follow
a first-discretize-then-optimize approach. One crucial difference between MFG and
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t=1 [t
. *—o *> * * *
Jo="mno+ 3 l
P LS ¢ ¢
* * - - -
P LS ¢ ¢
Fixed ¢ ¢ ¢ ¢ ¢
PN L 3 * * *
* - - - *
Variables r=0 ¢ 4 ¢ 23 T
* Jo o1 I—¢ =
Jo = 2
* ]1 x=0 x=1
p— . 1 i
o J =5 hi=mts

F1G. 4. Illustration of discretization (MFG).

MFP is whether p(1,-) is provided explicitly. For MFG, we consider a discretization
in Figure 4 and modify our previous notations related to p.
The index set and discrete variable are now

35 1
Jo == {2,2,~" ,Mo + 2}, P = {Pj}jEJo € Vo := RroXmxxno,

and the discrete operators are

AoIVQ%V,PI—)ﬁ,

1
. §Pj+6707 Jo = 17
Pj:=4q1 '
5 PJ+370+P]_670); j0:273a , 10,
Dy :Vy— V,P — Do(P),
1
Kopj+%» Jo =1,
(Do(P))j =

Since the boundary condition is only at ¢t = 0, we modify P4, Pp € V to

So(@5), do=1
— zPo(Zj), Jo=1,
(Pa)j =42

07 j0:273a"'7n07

Take model (2.9) in section 2 as an example, the discrete problem can be formulated
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as
(5.1)
D ng -
By VP M) =003, 5 e (AalP)+ Py AM),29)
+Ae Y, PiGlx;)
j€Jdo,
jo=no+%

where
(5.2) Jura(Bo, B,x) := L(Bo, B) + AeBolog(Bo) + AqBoQ(x),
(5-3) Crirc(Pp) = {(P,M) : Dy(P) + Pp + Div(M) =0} .

Since this is an optimization problem with linear constraints, we apply FISTA to
it as detailed in Algorithm 5.1. In the algorithm, AJ, AT, D/ ,Div' are conjugate
operators of Ay, A, Dy, Div in norm || - ||z. Similar to what we discussed before, one
can have:

{ OsVura(P,M) := {Ao(Jnra)s, ((Ao(P) +PA)j7A(M)j7wj)}jej’
OpVmra(P,M) == {Ao(Jura)s ((Ao(P) +ﬁA)j’A(M)j’mj)}jej’

and
1
(OpYmrpc(P,M)),; = (-AOT (%yMFG(PaM)))jv Jo # mo + 3
(OpYrrra(P,M)); = (Ag (0pYarc(P,M))); + AcG(z; ),
1
Jo=no+ 5
OmYurc(P. M) = A" (0gzYvrc(P, M)) .

Remark 5.1. In Algorithm 5.1, we also need to solve a discrete Poisson equation
(5.4) and the approach is similar as presented in Remark 3.3. If we write Lap =
DODOT + Div DiVT, where Dy is the modified definition in this section. Then the linear
decomposition of Lap is

Lap(®) = > A (9, 0%)
ieJ

where A\ € R, U* € V are
. io—1/2)w ig— 1)
A = —4n2 sin? (2(%“/2> - 4an sin ( o ;

. 1 1 (20—1/2)7r
J 2n0+1COS<<]O 2) no + 1/2
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Algorithm 5.1 FISTA for MFG
Parameters pg, p1

—~ — (0
Initialization 7 = 1, P = P(©) = 1, and M{") = Y —1

for k=0,1,2,... do
gradient descent:

{p(k-%) = P® )M op Y pa (P, MK,
MEFD) = M) — By Yy e (PR, MK

projection: solve 5(“_1) for
54) (DyDI +DivDiv' )3 = py (P*+D)) + Pp + Div (M*+D))
0
and project (P(k"’%),M(k-ﬁ-%)) to Carra(Pp) by
pk+1) _ plk+3) _ Dy (6(]”1))

MU = MO —pivT (35

update
o)) 2
k) _ 1+4/1+4(r®)
2 )
(k) —_1
wk = T

TR
(ﬁ(kﬂ)’ﬁ(kﬂ)) _ (1 —|—w(k)) (P(k+1)7M(k+1)) —w® (P(k),M(k)) .

end for

Note that A; < 0 for any i € J, we can define Lap™'(®) by

(5.5) Lap™ (@) := ) /\i (@, 0%) Ut
icJ

5.2. Multilevel and Multigrid FISTA. Inspired by [17, 33], we borrow ideas
from multigrid and multilevel methods in numerical PDEs to our variational problem.
These methods can reduce computational cost on the finest level and thus accelerate
the proposed algorithm. The implementation details are presented in this section.

For notation simplicity, we assume h = Ag = Ay = --- = Ap in this section. Let
" be a grid with h = Ay, "J, be the certain Jy on the grid. Then index "j € "J,
stands for the point hj. If there is no ambiguity, we can omit the prescript of j. For
example, we define "u; = u (h(g - %)) for any function u and approximate the value
by hUj.

Consider L levels of grids hiQ), ..., "2 Q) where the finest level is "€, and h; =
2!=1h;. We first define how to prolongate values on a coarser grid into a finer grid.
Assume that hj € "J, stands for point h (j — %) on the finer grid "Q, we define its
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neighbourhood on the coarser grid 2 as

1 1
NN = {2’% SR P HQh (th —~ 2) —h (hj —~ 2)
2h(2h ;! 1) —h<hj—1>
2 2

(5.6)

= min
2h’l:’€2h'Jd

Then with boundary values

1
QhP’L - Zh(po)h 0 = 57
1 1
2h 2h .
P’i = (2 = 57 a9
(p1) =5y + 3
o 11 1
M i =V, = 5351 Y
(Ma)s =0, ia=3 5. %5

we define the prolongation ("P,” M) = Pro(*"P,?" M) by averaging values in neigh-
bourhoods:

1
"Pji=p—r >, P v"j e,
. ‘ WG| 2hicany;
(5:7) h 1 2h he _h
(Md)j = T Z (Md).,, A J e Jd.
’ hNJ 2hi622./\/'j

An example of prolongation in 1D is shown in the left panel of Figure 5

———3— —3—0—3—
11 ® O e ' ® O eq
’ ® B et i ® % e
_________________ L. -
i 8 " % .
' anl:{.lr °,} : 2nNg ={ %}
: '
| 1 |
—¥%—@—53— hp, = = (*'Pg+ 2P, %035 1y 1p
ik w7zt o) 1y +7 "Payt g P,
i h h
: A= (@) : +1 Peyt "Pwy,
[-o88 - - 88-- *®, % %%y +3 "Byt P
' 2hp _ N2 %2 %)
hszz"P. ' 71 1 1.1
2 ) ; stz +l+l+5+45
——0—3— ——0—=—

Fic. 5. Illustration of Prolongation (left) and Restriction (right) for 1D case.
From a finer grid to a coarser grid, the neighbourhood is defined inversely. Sup-

pose 2"i e Mgy, its neighbourhood is the set of all hj e "J; whose neighbourhood
includes 2"¢

(5.8) QZNZ = {h] S th 2hi e QZNJ'}.

and the restriction from finer level to coarser level (*"P,?"M) = Res("P,"M) is
defined by a weighted average over neighbourhoods:

v?hi c 2hJO,

K J’ JE RN
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An example of restriction is shown in the right panel of Figure 5.

We describe our multigrid FISTA in Algorithm 5.2, in which Algorithm 3.2 ()
means run Algorithm 3.2 for K iterations and Algorithm 3.2(-) means run the algo-
rithm till convergence. The first two inputs of Algorithm 3.2(-) are initial and terminal

densities pg, p1, and the last two inputs are initialization P(®) = ]3(0), M© = pfO),

Algorithm 5.2 Multigrid FISTA for MFP
Parameters L, hy = 217 h, K, "pg Mp (1=1,... L)
Initialization " PO =1, "' p© — 1

pre-smoothing
(’”P, ’“M) — Algorithm 3.2, (po, o, pO M M(O))
for [ =2,3,...,L do

(hlp, '”M) — Algorithm 3.2, (po, o1, Res (hl—lp, hHM))

end for
correction and post-smoothing
(hL P, he M) = Algorithm 3.2 (po,pl, hep hLM)

for{=L-1,L—2,...,1do

(hl P, M) - (’”P, ’”M) + Algorithm 3.2 (po, p1,Pro (hl+1P, ’HHM))
—Pro (" P M)

end for

Note that to keep the cost of Algorithm 5.2 low, we need to choose a K not very
large. Motivated by [33], we can remove the pre-smoothing steps by setting K = 0
and this leads to our Algorithm 5.3: multilevel FISTA.

Algorithm 5.3 Multilevel FISTA for MFP
Parameters L, h; = 27 h, M pg, Mpi(1=1,...,L)
Initialization hLP(O) =1, hLM(O) =1
(hL P M) = Algorithm 3.2 (po, P1, I PO hLM(O))
fori=L—-1,L—2,...,1do
(h‘P, he M) = Algorithm 3.2 (po, p1, Pro (hl“P, hl“M))
end for

6. Numerical Experiments. In this section, we conduct comprehensive exper-
iments to show the efficiency and effectiveness of the proposed numerical algorithms.
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We first numerical verify the convergence of rate of the algorithm related to the mesh
size. After that, our computation efficiency tests demonstrate that the proposed Algo-
rithm 3.2 has comparable efficiency with the state-of-the-art methods. Interestingly,
the proposed multilevel method performs around 10 times faster than existing meth-
ods. We further illustrate the flexibility of our algorithms on different MFP problems.
In all the numerical experiments, we use the dynamic cost function L defined in (2.3).
All of our numerical experiments are implemented in Matlab on a PC with an Intel(R)
i7-8550U 1.80GHz CPU and 16 GB memory.

6.1. Convergence Rate. To numerically verify the theoretical convergence
analysis discussed in section 4, we first apply the proposed numerical algorithm to a
simple 1D OT example with exact solution as follows.

Let Q = [0,1], po(z) = z+73, p1(x) = 1. Then we can have the following theoretical
solution of the OT between py and p;.

1

- t=
1['-'-2, 07
(6.1) prte) =g \/2te+ (L —1)° -1
——, 0<t<lL
ty/2te + (5 - 1)
1
Zx(a: —1)(2z+1), t=0,
z 3—t t 2
6.2) m(ta)={pE  om |2t (51
(2 — _
IR G 1 Bt 47 0i<t.
8t3 . 2 23
2t + (5 - 1)
We also know W2 (p pl):i
2 05 120
TABLE 1

Convergence rate of Algorithm 3.2 applied to 1D OT problem (k = 50000).

B A [ [, order | B

1/16 1/64 | 3.19E-04 2.88E-03 4.88E-06

1/32 1/128 | 1.08E-04  1.56 1.47E-03 0.97 1.22E-06  2.00
1/64  1/256 | 3.76E-05 1.53 | 7.44E-04 0.98 | 3.06E-07 2.00
1/128 1/512 | 1.37E-05  1.46 | 3.62E-04 1.04 | 7.63E-08 2.00

order ‘ W3 error  order

Note that it would be quite difficult to check E®) as we do not have evolution
path, p®) and m®), in the continuous Algorithm 3.1. Instead, we compute the
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following values:

[N

& — AN *) _ f? *) _l?
HE , = VA0AL > ‘Pj i+ ‘MJ mj ;
jeJdo jed1
(k%) - (k) % (k) .
HE L max {glgj}; P] Pj ,;rée?l( MJ m; }7

W2 error: ’AOAly (P(k),M(k)) - Wg(po,pl)‘ .
Here || E**)]|, is related to || E™||, by:

=

k k * *
2 = HE(IC)Hz + H(p‘(IO)’m'(])) B (pJO’mJ)Hz
For given A, A1, we can choose very large k such that

=

<[] ve
2 2

and ¢*) <« Ay + A;. Fixing k, according to our theoretical analysis, we expect to
observe at least

|89 =080+ 20).
and

HE(k’*) . < HEOM) e (A[)Al)_% E*) , o).
Numerical results are shown in Table 1 where we observe

|B| =0t +ate), B —o@o+ay.

This indicates that convergence rate of our numerical experiments perform better
than theoretical prediction. This is not surprise as the way of our theoretical analysis
may not be sharp.

TABLE 2
Time comparison of OT in 1D for different grid sizes (ng = 64,tol = 10~%, F=FISTA,
A=ALG, G=G-proz) with the best performance highlighted in red.

Tter Time (s) Time(s)/Iter
ng | F A G |F A G F A G

256 | 611 435 426 | 1.74 299 293 2.85E-03  6.86E-03 6.88E-03
512 | 611 435 429 | 3.06 591  6.92 5.00E-03 1.36E-02 1.61E-02
1024 | 611 435 430 | 7.60 12.93 12.85 | 1.24E-02 2.97E-02 2.99E-02
2048 | 611 435 431 | 24.84 36.15 32.72 | 4.07E-02 8.31E-02 7.59E-02
4096 | 611 435 431 | 51.79 69.99 68.09 | 8.48E-02 1.61E-01 1.58E-01

6.2. Computation Efficiency. In this part, we would like to demonstrate the
efficiency of our algorithms by comparing with state-of-the-art methods for dynamic
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TABLE 3
Time comparison of OT in 2D for different grid sizes (ng = 64, F=FISTA, A=ALG, G=G-
prox) with the best performance highlighted in red.

‘ Iter ‘ Time (s) ‘ Time(s)/Iter
niy, o ‘ F A G ‘ F A G ‘ F A G
128 116 64 66 | 46.20  46.07  46.49 3.98E-01  7.20E-01  7.92E-01

256 116 64 66 | 212.31 201.52 190.31 | 1.83E4+00 3.15E+00 3.27E400
512 116 64 66 | 810.86 761.65 752.59 | 6.99E4+00 1.19E401 1.14E401

OT problems. We apply our algorithms to OT problems with pg, p1 being Gaussian
distribution densities, and compare the results and computation time with those us-
ing ALG(augmented Lagrangian) [11, 12] and G-prox [29]. For all approaches, the
stopping criteria are

H (P(k“),M(k“)) . (P(k),M(k))H < tol.
<

In Table 2 and Table 3, we report computation time and number of iterations for
each algorithms on different grid sizes in 1D and 2D. From the tables, the proposed
Algorithm 3.2 outperforms ALG and G-prox in 1D and achieves similar efficiency in
2D. Interestingly, CPU time per iteration in our algorithm is the least among these
three algorithms. This is because, at each iteration, solving a Poisson equation is
required for all three algorithms while our method does not need to solve HdD:O ng
cubic equations required in ALG and G-prox. Therefore our method needs less time
in 1D experiment although it needs more iterations to achieve the given stopping
criteria. While, this computation save is marginal comparing with the cost of solving
Poisson equation in 2D. Thus, our method spend comparable time instead of less time
in this 2D experiment.

TABLE 4
Efficiency and accuracy comparisons of OT in 1D (ng = 64,n1 = 256) with the best perfor-
mance highlighted in red.

Num Time (s) Stationarity Feasibility Mass

Tter Residue Residue Residue
FISTA 611 1.723 3.27TE-05 2.28E-13 1.33E-15
ALG 435 2.840 9.43E-05 2.41E-04 1.64E-08
G-prox 426 2.761 1.93E-04 1.88E-04 2.96E-08
MLFISTA 882 0.422 7.97E-05 2.28E-13 1.11E-15
MGFISTA (K =5) 1448 1.195 4.79E-05 2.33E-13 1.77E-15
MGFISTA (K =10) | 1517 1.341 3.95E-05 2.28E-13 2.22E-15

Moreover, as shown in Table 4 and Table 5, we further accelerate the proposed
algorithm by at most 10 times with the help of multilevel and multigrid strategies. We
also compute the residue of being a stationary point, residue of feasibility constraint
(1.2), and residue of mass conservation to check the accuracy of the solutions. From
the residue comparisons listed in the tables, it is clear to see that all of our algorithms
provide solutions with far more better mass preservation property than results from
ALG and G-prox methods due to the nature of the projection step in our method.
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TABLE 5
Efficiency and accuracy comparison of OT in 2D (ng = 64,n1 = no = 256) with the best
performance highlighted in red.

Num Time (s) Stationarity Feasibility Mass

Iter Residue Residue Residue
FISTA 116 232.560  9.22E-04 6.01E-13 1.42E-14
ALG 64 211.043 8.75E-04 4.99E-03 3.10E-03
G-prox 66 208.696  9.29E-04 6.88E-03 3.10E-03
MLFISTA 162 12.853 3.43E-03 2.95E-13 2.07E-14
MGFISTA (K =5) 315 134.226 1.07E-03 5.99E-13 1.67E-14
MGFISTA (K =10) | 315 170.580  9.86E-04 6.00E-13 2.02E-14

Qualitatively, Figure 6 also shows that all 6 algorithms in our experiments provide
satisfactory results in accuracy.

Fic. 6. Qualitative comparisons of p(t,-) in 1D. Row 1 from left to right: FISTA, ALG, G-Proz.
Row 2 from left to right: MLFISTA, MGFISTA(K =5), MGFISTA(K = 10).

6.3. MFP with Obstacles. Most numerical examples of MFP in literature
consider () to be a regular region, i.e. 2 = [0, 1] x [0, 1]. However, in real application,
problems defined in irregular regions might make the implementation very compli-
cated. One potential way of handling irregular domain is to set @ to be an indicator
function of obstacles which leads to solutions staying in the irregular domain. In a
different example, [35] provides an interesting optimal transport example where the
region is a maze with many “walls”. Here we consider several illustrative cases where
there are one or two pieces of obstacles in our square domain and show that our algo-
rithm can deal with this case without modification of implementation. More detailed
study along this direction will be explored in our future work.

To be precise, letting Q@ = [—3,3] x [~1,1], we consider MFP problem with
objective function

/01/QL(P(t,CB),m(t,m)dwdt+>\Q /Ol/ﬂp(t,:c)Q(m)dm’



34 J. YU, R. LAL, W. LI, AND S. OSHER

Different choices of pg, p1,@ are shown in the first row of Figure 7 and Q(x) =

1, €N . . ' ‘
{0 T . QO where )y is the white region. By setting Ag to be a very large
) T 0

number (e.g. A\g = 8% 10* in our implementation), we expect the set Qg to be viewed
as an obstacle and the density evolution to circumvent the region. The snapshots of
the evolution shown in Figure 7 demonstrate the success of our algorithm that the
mass circumvents the obstacles very well.

a) Example 1 b) Example 2 ¢) Example 3

(=03 <05

(d) Example 1

=05

= _

(=07 (=09

(e) Example 2

=05

(=01 =03

Fic. 7. (a-c): Initial density po, terminal density p1 and obstacle region Qo highlighted as
white regions. (d-f) Snapshots of p at ¢ =0.1,0.3,0.5,0.7,0.9.

(f) Example 3

6.4. Flexibility. As one of the greatest advantages, our method enjoys flexibility
to handle different types of objective functions in variational MFP problems. To show
the effectiveness of our algorithm, we apply Algorithm 3.2 to the five models listed
in section 2. We can also observe how different objective functions affect the density
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evolutions.
Let 2 = [0, 1] x [0, 1], po, p1 being two images shown in Figure 8, G(x) = —p1 ()

and Q(z) — 0, po(z) # 0 or pi(x) # 0,

1, otherwise ,
following form

/ / (t, x))dedt

+/\E/O [ Friotr. w))dmdt—l—/\Q/ /Q (t, 2)Q(@)dadt

We consider MFP problem of the

min
(p,m)€C(po,p1)

)

We apply the proposed algorithm to the following four MFP models:

(6.3) (OT) Ap = Ag =0,
1 0
(6.4)  (Model 1) Ap = 0.01, Ao = 0.1, Fip : RY R p > {g og(p), . P>
, p=
2
(6.5)  (Model 2) A = 0.01,Ag = 0.1, Fg : R* 5 R, p > %,
0
(6.6)  (Model 3) A = 0.01, Ao = 0.1, Fip : RY 5 R p> {g’ p= .
, p=

and a MFG model

+>\G p(l,iIJ) ( )

(6.7)
1
/ L(p (t,z))dzdt
o Ja
. 1 1
min
(pm)eC(po) +)\E/O /th x) log(p(t w))dwdt+)\Q/ /Qp(t7fB)Q(fE)d:Bdt

with A\g = 0.01,A\g = 0.1, \¢ = 1. It is worth mentioning that to solve model (6.3)-
(6.6), we must rescale p1,p; such that jQ po = fQ p1 but we do not have to rescale
G(z) for pg in (6.7).

m Mot
09 02
08 02
07 04
s os
0s 0s
04 or
02 08
02 09
o 1

F1G. 8. From left to right: initial density po, final p1, interaction penalty Q(x) and terminal
density regularizer G(x)

Figure 9 show the snapshots of the density evolutions. Since (6.5)-(6.7) set the
space preference to the evolution, the mass evolutions are within the dark region and
the optimal transport model (6.3) has a more free evolution style.
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Comparing model (6.4),(6.5) with (6.6), we observe that the mass evolution of

model (6.4),(6.5) are dense, while that of (6.6) experiences a congest-flatten process
and tends to be sparse. This is compatible with our discussions in section 2.

1=04
4
as 4
3
25 N
2 . s
15 |
1 1
s

) OT: Fg(a) =

1=0.8

(b) Model 1:Fg(a) = aloga,a > 0.

n

(c) Model 2: Fg(a) = %-.

_

(d) Model 3: Fg(a

1=0.8

25
4

2
3

15
2

1
1 1

05

(e) MFG: Fg(a) =aloga,a > 0.

t=1

5

35
3
25
2
15
1
0.

5

1=0.8

14
12

10

8
6
4
2

t=1
06
05
04
03

Fi1c. 9. Snapshot of p at t = 0.2,0.4,0.6,0.8,1 (from left to right)

7. Conclusion. In this paper, we propose an efficient and flexible algorithm to
solve potential MFP problems based on an accelerated proximal gradient algorithm.
In the optimal transport setting, we can converge faster or nearly as fast as G-prox and
approach optimizer with the same accuracy. With multilevel and multigrid strategies,
our algorithm can be accelerated up to 10 times without sacrificing accuracy. In
broader settings of MFP and MFG, our method is more flexible than primal-dual or
dual algorithms as it enjoys the flexibility to handle differentiable objective functions.
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Theoretically, we, for the first time based on an optimization point of view, analyze the
error introduced by discretizing p, m, and show that under some mild assumptions,
our algorithm converges to the optimizer. In the future, we expect to extend the
proposed algorithms for non-potential mean field games, which have vast applications
in mathematical finance, communications, and data science.
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