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Well-posedness of nonlocal macroscopic models of multi-population
pedestrian flows for domain shape optimization

PaorLa GOATIN*
ELENA RossIf

October 3, 2024

Abstract

We consider a class of multi-population pedestrian models consisting in a system of nonlocal
conservation laws coupled in the nonlocal components and describing several groups of pedestri-
ans moving towards their respective targets while trying to avoid each other and the obstacles
limiting the walking domain. Specifically, the nonlocal operators account for interactions oc-
curring at the microscopic level as a reaction to the presence of other individuals or obstacles
along the preferred path. In particular, the presence of obstacles is implemented in the nonlocal
terms of the equations and not as classical boundary conditions. This allows to rewrite domain
shape optimization problems as PDE-constrained problems.

In this paper, we investigate the well-posedness of such optimization problems by proving the
stability of solutions with respect to the positions and shapes of the obstacles. A differentiability
result in the linear case is also provided. These properties are illustrated with a numerical
example.

Key words: Nonlocal systems of conservation laws; multi-population macroscopic pedestrian
flow models; domain shape optimization.

1 Introduction

Macroscopic models of pedestrian flows have been developed in the last two decades by the engineer-
ing and applied mathematical communities to describe and manage crowd movements, looking at
the spatio-temporal evolution of averaged quantities such as density and mean velocity. Hughes [23]
sees the crowd as a “thinking fluid” where each individual aims at minimizing its own travel time.
Other macroscopic models are based on gas dynamics equations [3], 25], gradient flow methods [30],
nonlinear conservation laws with non-classical shocks [10] and time evolving measures [31]. More
recently, nonlocal models [7,, 9, [12] 15 [I8], which account at the macroscopic level for interactions
at the microscopic scale, have received a lot of attentions for their mathematical properties and
the ability to reproduce self-organised structures, such as lane formation at intersections of groups
moving in different directions. These models are based on the assumption that pedestrians follow
they preferred velocity field, but they correct the direction of their movement to avoid crowded
locations within their (limited) vision cone, see also [22] for a derivation based on the social forces
microscopic model [21].

Recently, [5], 17, [18] proposed a novel approach to account for the presence of obstacles in the
walking domain in this nonlocal setting: instead of artificially adding a discomfort vector field
to keep the density away from boundaries [2] [9] [IT], 2], obstacles can be incorporated in the
nonlocal operator as high density regions, thus avoiding including them in the preferred velocity
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field. Remarkably, with this approach, the shape optimization of the walking domain boils down
to a classical PDE-constrained optimization problem, and its numerical resolution is very efficient
because it does not require any mesh and velocity field recomputing [I7]. We recall that the use of
obstacles to improve the pedestrian flow and minimize the evacuation time in walking facilities is
known to be effective and have been the object of several investigations, see e.g. [16] 20} 24] 29] 33].

Analytically, nonlocal pedestrian models belong to the class of nonlocal systems of conservation
laws coupled through the integral terms, which were studied in [I},[9, [13]. In particular, [13] provided
a well-posedness result with respect to the Wasserstein distance of order one in the case of measure
solutions of linear transport equations. Still for linear systems, [8[9] studied the differentiability of
weak entropy solutions with respect to the initial conditions, showing that the Gateaux derivatives
are the Kruzkov solutions of the corresponding sensitivity equation.

In this work, we consider a class of nonlocal crowd dynamics models for NV > 1 populations char-
acterized by their destinations and/or speed laws, and trying to avoid each other in a delimited en-
vironment. Namely, we focus on the following initial-boundary value problem for a nonlocal system
of N conservation laws that describes the evolution of the pedestrian densities p = (p',...,p")7
as a function of time ¢ and position x = (21, 72) on a walking domain Q C R%:

Oy p* + divy [fk (pk> vk (t,x,jk[p])] =0, xeQt>0,k=1,...,N,

p(0,%) = po(x), x € Q, (1)
p(t,x) =0, x € 0Q,t > 0.
Here, v* = (vF,0%), k = 1,..., N, are vector fields describing the direction of movement of the

k-th population, J* is a nonlocal operator, i.e. J*[p] = (jk[p(t)]> (x), and p, is a given initial

datum. Usually, the vector fields v* consists of a fixed smooth vector field of preferred directions
(e.g. given by the regularized solution of an eikonal equation) together with nonlocal correction
terms depending on the current density distribution.

To account for the presence of boundaries, in the form of walls or other obstacles, we assume
that Q¢ = R? \ Q is a compact set consisting of a finite number M € N of connected components
Q°=QfU...UQf,. Similarly to [5], we consider that the nonlocal operators are evaluated on the
augmented density pg, : R? — Rf *+1 accounting for the presence of obstacles and defined as follows:

. ok ifk=1,...,N,
pQ =

2
Zej‘i1 RynieXos ifk=N+1, (2)

with Ry4¢ >0, £ =1,..., M, big enough so that v/* (t,x, Jk[pﬂ]) ‘n(x) <0 foralxed, t>0,

n being the outward normal to 2. In this way, the domain € is invariant and is equivalent to
the Cauchy problem

Oy p* + divy [fk (pk> vk (t,x,jk[pg])} =0, xcR%t>0,k=1,...,N,

p(OaX) :pO(X)7 X€R2a

where we have set p§(x) =0 forx € Q¢, k=1,...,N.

Aiming at guaranteeing the well-posedness of the above mentioned optimization problems, we
are interested in proving the stability of solutions with respect to the shape of the domain, i.e. the
positions and shape of obstacles €2, £ = 1,..., M, see Section [2| Moreover, in Section |3| we show



that a differentiability result with respect to the shape of the domain €2 holds in the linear case. A
numerical study of a shape optimization problem is finally presented in Section [4] while conclusions
and perspectives are discussed in Section

2 Analytical results

We set Ry = [0, +00[. We denote by I the time interval R, or [0, 7], for a fixed T' > 0. We set also
Yt = [0,¢] x R? x R™ for t € R. Throughout, the number of equations N, the number of connected
components of Q¢ the integer m and the strictly positive constants Ry, k = 1,...,N + M, are
fixed, with N, M, m > 1.

We assume the following;:

(©2.1) The domain © C R? is a non-empty open set with smooth boundary 9, so that the outward
normal n(x) is uniquely defined for all x € 9§2. Moreover, we assume that Q¢ = R?\ Q is a
compact set consisting of a finite number M of connected components.

(Q.2) For all k = 1,..., N, the vector fields v* point inward along the boundary 9 of €, i.e.
vk (t,x, jk[pg]) ‘n(x) <0 for all x € 909, t > 0.

(f) fue (CPNW2>) (Ry;Ry) with f,(0) = fu(Rg) =0forall k=1,...,N.

Assumption guarantees the invariance of the domain €, i.e. if supp p¥(0,-) C Q, then we
have that supp p*(t,-) C Q for all ¢ > 0, so that the boundary condition become useless and the
problem can be studied on the whole plane R?. In particular, when considering functional norms
of p¥ on R?, we have p*(t,x) = 0 for x € Q.

Besides, assumption provides a maximum principle, guaranteeing that each component p¥
of the solutions stays positive and bounded below Ry, if the initial data do. We remark that the
nonlinearities introduced by the functions f; prevent the application of results based on Lagrangian
solutions and not requiring entropy conditions, such as [9] 13| 27]. In particular, in Section [3[ we
have toset fr =Idforallk =1,..., N, to provide differentiability, thus Violating see Remark

We now need to introduce some notation and further assumptions.

For k=1,..., N, given the map v*: I x R? x R™ — R?, where (¢t,x,4) € I x R? x R™, we set

5%

Yok (t,x, A) = | .ylf(t,x,A)]. c RP?,

Vark(t,x, A) = —8Aj1/f(t,x,z4)} i=1,2 e R?xm,

7j=1,....m

Vaarh(tx, A) = [Vak(tx,4) Vark(tx, 4)] e RCom),
[t

-l

2 k
V t . . .
+ Hvx,x,A,A ( P )HLOO(R2XRm;RQX(Q"'m)X(Q‘*'m))

[t

C2(R2xR™;R2) Loo (R2 X R™;R2 Loo (R2 xR ;R2X (24m))

N
Also, for p € BV(Q;RY), we denote TV (p) = > TV(p").
k=1
We pose the following assumptions:



(v) Fork=1,...,N,vF € (CONL®)(I x RZxR™;R?); for all t € I, v*(t,-, ) € C3(R? x R™; R?)

and Huk(t,-,-)‘ is bounded uniformly in ¢t and k, i.e. there exists a positive

C2(R2xR™;R?)

)|

constant V such that

<Vforalltelandallk=1,...,N.
C2(R2 xR™;R?)

(J) For k =1,...,N, JF: LY(R%;RN*1) — C2(R%R™) is such that there exists a positive K
and a weakly increasing map K € L{° (R4; Ry ) such that

loc
(J.1) for all » € L1 (; RN+
ij[m]HLw(R2;Rm) < Klrallu @ my
|Vt < K rallpa g

LOO(RQ;RMXZ)
k
|27 ol o gsesy < K (Irallagezan) Irallgezsn),

(J.2) for all r1 € LY(Qq; RV*1) and 7y € L1(Qg; RN )

ij[rl,ﬂl] - jk[rzﬁz]

Loo (R2;R™) < K Hrl,ﬂl - TZ,QQHLI(RQ;RNJ,-l))

< K (H"'l,ﬂl HLl(RZ;RNJﬂ)) HTI,Ql — T2, HLl(R2;RN+1)’

Hvx (7*r1.0.] = T* a0l

L°°(]R2;]RWXN+1)
where rq,7r1,0,,72,0, are defined accordingly to . Above, 2, Q1 and Q9 satisty
Solutions of problem are then intended in the following weak sense.

Definition 1 [I, Def. 2.2],[2, Def. 2.1] For any T > 0 and p, € L*(R%, 11}, [0, Ry]) such that
supp py C 2, a function p € C°([0, T], LY (R% IIY_, [0, Rk])) is said to be an entropy weak solution
to if, for k =1,...,N, setting V*(t,x) = v* (t,x, jk[pg(t)](x)), with pq defined as in ,

p¥ is a Kruzkov entropy solution to the Cauchy problem

Oy p* + divy [fk (pk) |7 (t,x)} =0, xeR%t>0,

i.e. for all k € R and all test functions ¢ € CX(] — oo, T[ xR?%; R, there holds

/OT /RQ{‘,O/C — k] + sn(e" — ) (i () = b)) V* (130 quﬁ} e
(3)
_ /OT /]R2 sgn(p® — k) fie (k) dive VF(t,x) ¢ dxdt + /]R2 ’pg(x) - H’(b((),x) dx > 0.

The existence of solutions to follows from [I, Theorem 2.3|, see also [2, Theorem 2.2].
Notice that, unlike previous works such as [2, 5, 0], we consider different maximal densities Ry,
k=1,...,N, for the different populations, allowing for larger modeling flexibility (e.g. regarding
social distancing). The maximum principle still applies to each equation independently.



Theorem 1 Let assumptions (T [(©.7), [(©2.2), hold. For any initial datum p, €
(L*NL N BV) (I, [0, Ry]), there exists a solution p € CO(Ry, L1 (Q; 1IN, [0, Ri])) of in
the sense of Definition [l Moreover, the following bounds hold

et My 0.0 = Poller @my jo.r0)-
TV(p(t, ) < K TV(py) + Ka(ef1t — 1),

Hp(t + 7, ) - p(tv ')HLl(Q;HIICV L[0,Ry)) < C(t)T,

where the constants K1, Ko and the function C(t) depend on ||pyllp, TV(py) and on fi, v*, K
and K as in|(J)|, fork=1,...,N.

Remark 1 If, instead of we assume
(f*) fr € (C2NW2>) (Ry;Ry) with fx(0) =0 and sup |f;(r)| < +oc for allk=1,...,N,

existence of solutions to 1s still guaranteed. However, the mazximum principle does not hold,
namely, the L>°-norm of the solution may increase exponentially in time, see [1, Theorem 2.3].

The main result of this paper is the following, stating the stability of solutions to with
respect to the initial data and the domain boundaries.

Theorem 2 Let assumptions and hold. Let Q2,0 C R? satisfy and let vF
satisfy for both Q and ©, for k=1,...,N. Consider py, € (L* N"L>* N BV) (Q; 111, [0, Ry))
and og € (L1 NL>®N BV) (@;chv:l[O,RkD. Call p,o the corresponding solutions to , defined
respectively on the domains €2 and ©.

Then, fort € Ry, the following estimate holds

o) = o) |pa @y 0,8, < K1OllPo = TollLagemy 0., + K212 = 1O 2 ez

where the functions KC1(t) and Ka(t) are respectively as in and @ and p is defined in .

We notice that the stability result above holds also if f satisfies [(f*)| The statement of Theo-
rem |2 should be changed accordingly to Remark [I} since the maximum principle does not hold.

Proof. We follow [32], Proposition 4.1], using Kruzkov’s doubling of variables method [28] in a form

similar to [26, Theorem 1.3], adding the dependence on time to the spatial dependent part of the

flux function, see also [6, Lemma 4] where the one-space-dimensional case is considered.
Introduce the following notation: for k =1,..., N set

RE(t,x) = v (t,x, jk[pg(t)](x)> : Sk, x) = v (t,x, jk[a@(t)](x)> .

For each k =1,..., N, we follow the same steps of [32, Proposition 4.1], leading to

J.

(1) — ot ) dx < /R [ph0) — oh0)] ax (1)

[ L

+\\f,g]\oo/0tHRk(s, ) — Sk (s, )H

div (Rk(s,x) - Sk(s,x)> T (pk(s,x)) dxds

v (p"(s)) ds,

Loo (R2;R2)
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where ¢ € [0,7]. By [(v) and we have
Vb (s, THpa(9)() = v* (5. THloe(s)]()

< [[Vart] g |7 Ra10) — T s)10)]
< VK| pa(s,) —oe(s

Moreover, by and |(f), we estimate

HRk(s’ )= 5, ')HL“’(R%R?) B ‘

Lo° (R2;R?)

L (R2;R™)

’ ')HLI(R2;RN+1)'

div (Rk(s, )— Sk(s,-)>

< [[Vadivk Ve s,
L (R2;R)

“loa()]() = THoe ()|

Loo (RZ;R™)

IV A e s [ TxT* [0a(5)] - Vx T (o6 (s)]|

< VKHPQ(Sv ) - 09(87 ')HLl(]RQ;]RN“'I)

Lo (RZ;R’W‘LX2)

+VK (HPQ(S7')HL1(R2)> Hpﬂ(s7 _0-@ HLl (R2;RN+1)
since

div (Rk(s,x) - Sk(s,x))

= v (# (5., 7 pa9)9) — v (55, T (610

+ Varf(s,x, T pa(s))(x)) - 05, T*[pa(s)] (%) + V.av (s,%, T*[pa(s)](x)) - 02, T *[pa(s)] (%)
— Vari(s,%, T loe(s)](x)) - 00, T loe(s))(x) — Varg(s,x, T loe(s))(x)) - 0s, T “loe(s))(x).

Observe that

[(po = o0)(s, )| (R2;RN+1) = =|[(p— o) ")HLI(R2;RN) + [|n(0) - M(@C)HLl(RQ;R)’
where
Mq Mg B
p(Q) =Y RyiXag, (0% :=> RyiiXes, (5)
=1 =1

and Mo and Mg are the numbers of connected components of (2¢ and ©¢, respectively.
Indeed

N+1

Z/ ’pQ—a@ $,X) dx—

)‘dx

Mg Mo
+/R2 ZRN_MXQE — ZRN‘MXQE (s,x)|dx.

=1 =1
Therefore, from and the total variation estimate in Theorem (1} we get

k

[kt ) =) < ok~ ot

t o~
L1(R2;R) L1(R2;R) + H/‘(Q ) — (O )HLI(RQ;R)/O K(s)ds  (6)



t
+ [ RO = )6l gaen) ds.
0

where K(s) := maxy, Ki(s) with

Ralo) = VIl |

L1(R2;R) <K +K (HpOHLl(R?;RN) + ||M(QC)HL1(R2;R))>

+K <eK18TV(p0) + Ko(ef15 — 1)) ] .

Now we sum over k in @ obtaining
t ~
Hp(t7 ) - O'(t, .)HLl(RQ;RN) < ”p() - UOHLl(R?;RN) + NHM(QC) - M(GC)HLl(R2;R) /0 IC(S) ds (7)
t ~
= [ R = )6 s, 05

Applying Gronwall’s Lemma, we derive the desired estimate
L~
|p(t,-) — ot ')HLI(Rz;RN) < llpo — 0'0||L1(R2;RN)6Nf° Ke)de

t ~ ~
+ N|| () = () | L1 (goc /0 K (s)el S Keyar g

We can set L
K1 (t) == e Jo K(s)ds (8)
and .
Ka(t) := N/ IE(s)eNfst Krdr g 9)
0
to get

Hp(t, ) —o(t, ')HLl(RQ;RN) < Ki(®)llpo — UOHLl(RQ;RN) + ICQ(t)HM(QC) o M(@C)HLl(R2%R)'

0

Remark 2 As a byproduct, the above stability result guarantees the existence of optimal solutions
of minimization or maximization problems involving density dependent functionals of the form

p07 / / dth T e R+, (10)
R2

where ¥ € (CONLY)(RY;R,) and p € CO(Ry; L (€ RY)) is the entropy weak solution of ([I)).

2.1 A particular example

A possible choice for the nonlocal vector field is the following:

vt (%, T [pa®](x)) = (1= 21 Zpa(t)](0)) u(x) — 22 Z5[Vpa (1)) (). (1)



where u* : Q — R? are the (normalized) fixed smooth vector fields of preferred directions. Here,
the nonlocal operator J* is composed of two parts:

N+1 N+1
Tiloa®] =Tk | D bt )| T [Vpa()] =T |V > pi(t,)|
h=1 }117:,&]1C (12)
with Zy[p] := Tk * P ,
V1 (e * pl?
where 7, kK =1,..., N, are smooth non-negative kernels with compact support such that

//R2 (%) dx = 1.

Formulas f indicate that the k-th population adjusts its preferred direction of movement u”
twofold: the scalar term ZF takes into account the average total density (including obstacles) around
X, thus acting on the speed of the movement, while the vector term Ié“ describes the tendency of
individuals of the k-th population to avoid regions with high (average) density gradient of the other
populations (including obstacles), thus acting on the direction of movement. The coefficients 1 > 0
and g2 > 0 are scaling factors, which temper the impact of the correction terms.

In particular, in the case N = 2, we can consider the following model (similarly to what studied
in [18]):

Opp' + divx [Plvl (") ((1 —eiifp! + p* + p°]) ul (x) — 21 [V(p* + PS)]>] =0,
(13)
Oup? + divy [P2U2(p2) ((1 —ealalp' +p° + p%]) u?(x) — 22 I[V(p' + pS)])] =0,

where, for k = 1,2, vy, > 0 are the pedestrians’ speed functions and p3 = Zé\i 1 Ro4eXqg represents
the (fixed) obstacle density.

Remark 3 Note that, even in the worst case scenario u*(x) = n(x) for some x € 9, one can find
Ry big enough to guarantee |(£2.2)| provided that 1 < e + es.

To match the general hypotheses and |(J), we need:
(v) v € (C2NW2>) (Ry;Ry) with v (Ry) =0 for k=1,2.

(u) u* € (CZ2NW2>®)(R%R?) for k = 1,2.

(n) m. € (CENW>)(R*Ry) for k = 1,2.

3 Differentiability

In this section, we assume fi,(pF) = pF for k = 1,..., N, that is, we have a system of linear transport
equations as in [8]. We are interested in the differentiability of the solution p with respect to the
obstacle positions. More precisely, we consider a vector field w € CIIOC(R2; R?) and the solution of
the differential equation

X (h,x) = w(X(h,x)) for h>0, X(0,x) = x,



which generates the family of transformations {T£ :R2 5 R%: h > 0} defined by T/} (x) := X (h,x)
[[4, Chapter 9]. Setting Q" := T2(Q2) to be the perturbation of the original domain through the

vector field w, let p be the solution of

O p* + divy [,okvk (t,x,jk[pg])] =0, x€R%t>0,k=1,...,N, (14)
p(0.%) = py(x). x € R?,
and p" the solution of
Ay p* + divy [pkuk (t,x, jk[pm])] =0, xeR2t>0,k=1,...,N, (15)
x € R2.

P(0,x) = po(x),

Then the Gateaux derivative is given by

h _
p N P strongly in L1,

r := lim
h—0

which (formally) solves
Oyr* + divx [Tkl/k (t, x, J* [PQ]) + PPV A (t, x, J* [PQ]) Dy J* [PQHT]]
7’(0, X) =0,

forx € R%, ¢t >0, k=1,...,N. Remembering , the above derivative is defined as

=0, (16)

k — k " = g j

(With slight abuse of notation since n is defined only on 0f).)

Note that
P avt (1%, T pa] ) Dud *loglir] = 0

in Q°, since p¥(t,x) = 0 for x € Q°, t > 0. Therefore, by we ensure 7¥(t,x) = 0 for x € Q°,

t>0.
Following [8, 9], we note that has the form

Or* + divy (rkak(t, x) + b"(t, X)) =0, (17)
Tk(oa X) =0,
where a”(t,x) = v* (t,x, Jk[pﬂ]) € R? and b*(t,x) = pFV " (t,x, jk[pQD Do, T*[pg][r] € R2.
In turn, can be rewritten as
ot + divy (rk’ak(t, x)) = —divy bk(t, x), (18)
rk(0,x) = 0.



Setting B¥(t,x) = — divy b*(t,x) and referring to [§, Lemma 5.1, existence and uniqueness of
entropy weak solutions for requires the following regularity of a* and B¥:

a® € (CONL>®)([0, T[ xR?; R?), (19a)
ak(t,-) e CLR%4R?) Vi e 0,17, (19b)
Vya® € L2([0, T[ xR?; R?*2), (19¢)
B* e L>([0, T[; LY(R% R)) N L®([0, T[ xR%; R), (19d)

and for the initial datum 7¥(0,-) € (L' N L>®)(R%; R). Observe that

e (|19a)) is guaranteed byMand (J); indeed, the required regularity of J*[p] = (jk [p(t)]) (x)
with respect to ¢ derives from|(J.2)|and the L! Lipschitz continuous dependence in time given
by Theorem [T}

e ([19b) follows as well from and indeed it is a”(t,-) € C%(R?;R?);

e in (19d), we have Vya* = V¥ + VA V T¥[pg], so Virk, Vavk € L2([0, T[ xR?; R?*2)
is guaranteed by while Vi J¥[pg] € L>=([0, T[ xR?;R?*2) is ensured by

e for , if we assume that p, has compact support, then by finite propagation speed also
p(t,-) has compact support for all t > 0; therefore, it is enough to require divy p¥, divy V4"
and divy Dy, J*[po][r] to be in L°([0, T[ xR?; R); for divyk V 4%, this is guaranteed by for
divy p*, we need pF € WH2(Q;RN), and this is guaranteed by [8, Proposition 2.5] if we take
po € WE(Q:TIN_ [0, Ry)); finally, for divx Do J*[pg][r], we need Do, J%[pg][r] € W1
which is satisfied by

Therefore, as in[9, Theorem 2.2], we can state the following differentiability result.

Theorem 3 Let assumptions (T [(92.2)] and |(2.2)| hold. Let py € WH2 (4TI, [0, Ry])
and w € CL _(R*R?). Then, for allt > 0, the solution p € CO(Ry; L (4 RY)) of is strongly
L! Gateauz differentiable in the direction w and the Gateauz derivative r € CO(Ry; LY (Q;RY)) is

the (entropy) weak solution of the sensitivity equation .

A direct chain rule calculation gives the following necessary condition for optimality.

Corollary 4 Let us consider the problem of minimizing (or mazximizing) a functional of the form

+00
J(Q) = /0 /RQ U(p(t,x))dxdt, (20)

where ¥ € CLL(RY;Ry) and p € CO(Ry; LY (4 RY)) is the solution of (14).
If Q is optimal, then

+oo
DwJ(Q):/O | VU (p(t,x) (e x) dxdt = 0, (21)

where r € CO(Ry; LY (Q;RY)) solves (L6).

10



4 Numerical tests

To illustrate the previous results in a specific application example, we consider a sample situation
where two populations, represented by their densities p' and p?, evacuate from a domain consisting
of two perpendicular intersecting corridors, similarly to [I8, Section 4.2] and [I7, Section 4.3.1].
In particular, we aim at minimizing the evacuation time from the domain by finding the optimal
position of a square obstacle, later denoted by €2, in the intersection area.

For the numerical integrations, we exploit a modified Lax-Friedrichs scheme [4] with dimensional
splitting. In order to consider the differentiability, we set fx(p) = p for k = 1,2, so that reads

Op! + divy [pl ((1 —eaLilp! +p* + p’]) ul (x) — 21 [V(p? + p3)1)} =0,
(22)
op* + divy [p2 ((1 — a1 Lolp' + P+ p¥]) v (x) — e2 L[V (p' + p3)])} =0,

where p? = RXqe represents the (fixed) obstacle density. The walking domain is
Q0 =1-3,3[ x ]-0.5,0.5[U]-0.5,0.5] x |—3,3[\ Q¢
where the exits are located at I'y = {3} x |—0.5,0.5] and I's = ]—0.5,0.5] x {3} and
Qf = |27, 27 + s[ X |23, 25 + 5],

the fixed side of the square obstacle being s = 0.25, its lower left corner (z7,x$) belonging to the
set of admissible obstacle positions Qqps = [—0.5,0.25] x [-0.8,0.25] U [—0.8,0.5] x [—-0.5,0.25],
see Figure Notice that, with this choice of s, the obstacle may both lie entirely at the
intersection of the two corridors, and, with reference to one or the other population, be placed also
in the incoming corridor. The same density R is also considered in the four walls delimiting the
corridors: [0.5,3] x [0.5,3], [0.5, 3] x [-3,—0.5], [-3,—0.5] x [-3,—0.5] and [—3, —0.5] x [0.5, 3].

The given normalized vector fields u!' and w2, pointing towards the respective exits, are depicted
in Figure [1l We remark that they do not take into consideration the presence of the obstacle and
are therefore independent of its position. The other parameters and the kernel functions are the
following;:

1287 180y o4 PV

S15 (0.2)7(0.2% — [Ix[|F)*if [[x] < 0.2

R=2, =08, =09, %) = 1 (x) — 575 ( ’
1 2 m(x) = n2(x) {0 ] = 02,

The initial datum is the following, see also Figure
1 _ 2 _
po(x) = 0'95X}72,35,71‘65[><}70.25,0.25[(X)’ Po(x) = O'BX]70.25,0.25[><]72.35,71.65[()()’

so that the total mass in the domain at the initial time is Hp(l) + p%HLl(Q) = (0.4375.
Numerical solutions are computed on a uniform Cartesian mesh grid with 768 x 768 points, that is
Awl = Axg = 5/600

Aiming to find the optimal position of the obstacle, which minimizes the total travel time, we
consider the cost functional with U(p) = Ziw: L P, that is

J(x‘l’,xg):/000/9<p1(t,x)+p2(t,x)> dxdt.

11
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0.0

Figure 1: Left: initial datum p} and vector field u'. Right: initial datum pg and vector field u?.
In each picture, we highlight the area Q.5 where the lower left corner (z¢,z9) of the obstacle may
be located.

Numerically, the time integral is computed on the interval [0, Tey], where Ty is the evacuation time,
in the sense that the integration stops as soon as ||p'(Tey, ) + p?(Tev, ')HLl(Q) <1073,

As reference, we consider the evacuation without obstacle at the intersection, i.e. Qf = (), which
leads to Tief = 14.375. This solution is displayed in Figure [2| at different times.

To locate the minima, we perform around 124 numerical simulations, letting the position of
the lower left corner of the obstacle vary inside Qqp, see Figure |3] right, for the exact locations of
the evaluation points (x9,29) € Qons. Moreover, Figure 3] left, displays a contour plot of a (cubic
spline) interpolation of the resulting evacuation times. We observe that, depending on its position,
the presence of the obstacle may sensibly improve or deteriorate the evacuation time, which varies
between 8.425 and 19.1, thus ranging between about —41% and +32%. Notice also that, when
(9,29) = (0.2,0.2), we stop the numerical integration at time ¢t = 21, even though the walking
domain is not empty yet. The minimum Tpy, = 8.425 is reached at (23", z3P") = (0, —0.7), with
the obstacle lying in the corridor traveled by the smallest group, just before the intersection. The
solution corresponding to the optimal case is shown in Figure [4 Additionally, Figure [5] provides
an insight of the comparison between the reference case and the optimal one, showing also the
differences between the evacuation trends of the two populations.

Observe that, according to Corollary [4f the solution 7 to system linearized at the optimal
solution, namely , must satisfy (21), i.e.

/OJ”X’/Q (rl(t’x) + 7'2(t7X)) dxdt = 0.

To check this, instead of solving , which is complicate to implement, here we rely on gradient
computation by finite differences. Let us denote by p,, the (numerical) solution to the case with
obstacle located in (a:cl)pt, mgpt), thus corresponding to the minimum evacuation time, and by p;, the

(numerical) solution corresponding to a shift of the obstacle from the optimal position by A > 0 in

12



pl at time 2.02 p2 at time 2.02

3
1.0
0.8
0.6
0.4
0.2
0.0

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

0.0

0.0

Figure 2: Solution to with no obstacle, i.e. Qf = 0 at times ¢ = 2.02 (top), t = 3.43 (middle)
and t = 5.03 (bottom). Left: p' (West-East). Right: p? (South-North).
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Figure 3: Left: contour plot of the evacuation time as a function of the position of the lower
left corner of the obstacle (z{,29) € Qops. The picture has been obtained by a (cubic spline)
interpolation of the evacuation times computed numerically on the grid displayed on the right. The
minimum is Typ = 8.425, reached in (23P*, z3P*) = (0, —0.7), see the white star in the left picture.

a given direction e = (e1, e2), thus located at (27" + hey, z3°° 4 hez). Then the quantity

+o00
/ /QZ LAY Pffpt(t,X) dx dt ~ DeJ (xP", 25P")

k=1

should have non-negative components close to 0. To check this, we compute ¢? in the directions
er1 = (£1,0) and eys = (0, £1), shifting the position of the obstacle by h = 0.1 in both directions
along the Cartesian axes, i.e. computing p;, corresponding to the obstacle positions (:E1 +h, xom)
and (257", z5P" 4+ h). This results in:

0 0 0.883 1.258
h h h _ h
q+2_<0.578>’ q—2_<0.205)’ q—l_( 0 ) q+1_( 0 >

which confirms the optimality of (z{P", z3P").
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pl at time 2.02 p2 at time 2.02

0.0

0.0

0.0

Figure 4: Solution to (22) with the obstacle located in the optimal position, i.e. Qf = ]0,0.25[ x
]-0.7,—0.45[, at times t = 2.02 (top), t = 3.43 (middle) and ¢ = 5.03 (bottom). Left: p! (West-
East). Right: p? (South-North).
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Figure 5: Form left to right: time evolution of mass of the first population (le (¢, ')HLl(Q))’ the

second population (||p?(t )) and the total mass (||p'(t,-) + p?(t, ')HL1(§2)> in the reference

) HLl(Q
case without obstacle (dashed line) and in the case of optimal position of the obstacle (continuous

line).

5 Conclusions

Leveraging the idea of implementing the presence of obstacles in the nonlocal operator [5] [17], we
have proved the L' stability of the crowd density distributions of different groups of pedestrians
solving with respect to the shape of the walking domain. In turn, this ensures the existence of
solutions to optimal control problems depending on the shape of the domain, such as the optimal
positions of obstacles to minimize the evacuation time of a crowd from a given facility. In the linear
case , a differentiability result also provides necessary conditions for optimal solutions.
These results have been illustrated on a particular example of two groups crossing perpendicularly
in a cross shaped domain, but can be applied to any other configuration.

The proposed approach can be extended to other nonlocal models dealing with solid boundaries,
such as [19], greatly improving the coding and computational costs of solving optimization problems
depending on the shape of the physical domain.
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