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Abstract

This thesis discusses properties that are related to the existence and
stability of equilibria of linear and nonlinear compartmental systems.
First, linear compartmental systems are considered and necessary and suf-
ficient conditions for the system to be asymptotically stable will be given.
Furthermore, for a class of nonlinear compartmental systems known as
donor-controlled compartmental systems, sufficient conditions for bound-
edness of solutions and existence and uniqueness of an equilibrium are
given. In addition a necessary condition for the existence of an equilib-
rium is given for compartmental systems with capacity constraints using
the maximum flow of a network. Finally we show that the theory for com-
partmental systems can be applied to traffic networks and a necessary and
sufficient condition for the existence of an equilibrium for traffic networks
with demand functions is given.
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1 Introduction

Dynamical systems that are characterized by conservation laws describing a flow
between compartments are called compartmental systems. Compartmental sys-
tems have received significant attention due to the many applications such as,
traffic networks [8], production networks [9], water distribution networks [10]
and data networks [11].

In this thesis we will show a way of modeling linear and nonlinear compart-
mental systems. Furthermore we will look into the existence and uniqueness of
equilibria and the stability of a compartmental system, and determine neces-
sary and sufficient conditions on compartmental systems such that asymptotic
stability is guaranteed. We will consider linear compartmental systems with
constant non-negative input, where linear functions that describe the dynamics
can depend on only the state of one compartment or the difference between the
states of two compartments. In addition to linear compartmental systems we
will also consider nonlinear compartmental systems with constant non-negative
input. For nonlinear compartmental systems the functions that describe the dy-
namics can depend on the state of all compartments. A subcategory of nonlinear
compartmental systems called donor-controlled systems where the functions of
the dynamics of the system can only depend on the state of one compartment
will also be discussed. Donor-controlled systems have additional properties that
can be used to determine the uniqueness and stability of an equilibrium. Fur-
thermore we consider static flow networks motivated by compartmental systems
with capacity constraints on flow functions. Finally we will consider traffic net-
works as an application of a compartmental system.

In Section 2 we will formally define what we mean with a compartmental sys-
tem, and give conditions on the linear and nonlinear compartmental systems
such that stability is guaranteed. In Section 3 we will look at the max-flow min-
cut theorem and show how this can be used to determine a necessary condition
for the existence of an equilibrium for compartmental systems with capacity
constraints. In Section 4 we give a way to model traffic networks and we show
how the theory in the previous sections can be applied to traffic networks. In
addition we give a necessary and sufficient condition for the existence of an
equilibrium for traffic networks with demand functions.



2 Stability of compartmental systems

In this section we show how to model linear and nonlinear compartmental sys-
tems and analyze the existence and uniqueness of equilibria and the stability of
a compartmental system.

2.1 Compartmental systems

By compartmental systems we mean dynamical systems that are characterized
by conservation laws and that are partitioned into compartments such that
material is transferred between these compartments. In the following definition
we formally define what we mean with a compartmental system.

Definition 2.1 (Compartmental system). A compartmental system with n com-
partments is a system of the form

ji:ui+Z(Fij_Fji)_FOi7 (1)
i=1

where x; is the state of the i-th compartment. Figure 1 is the representation of
the i-th compartment of a compartmental system. The inflow to a compartment
i from another compartment j, with j # i, is given as Fy;. The outflow from
compartment 1 to compartment j is given as Fj;. The inflow from outside the
system to compartment i is given as u;. The outflow from compartment i to
outside the system is given as Fy;. In addition a compartmental system satisfies
the following constraints:

(i) u; >0 for allt >0 and i € I,;

(i1) Fi; >0 and Fo; >0 for alli,j € I,,i# j,o >0 and t > 0;
(i11) If x; =0 then Fy; =0 and Fj; =0 for alli e I,
with I, = {1,...,n}.

Us Fo;

Figure 1: Representation of an i-th compartment of a compartmental system.

The inflows u; are generally constant or functions of only time. In this
section we only consider u; to be constant. The functions Fj;, Fj; and Foy; can
be functions of x1,...,x, and t.

An example of a compartmental system is a production network. Here the
compartments represent the different stages of a production process and the
state of a compartment determines the amount of the material in that process.

Before we go deeper into the theory of compartmental systems we first need
some graph theory.



2.2 Graph theory

A directed graph, also called a digraph, is an ordered pair G = (V, E), where V
is the finite set of vertices or nodes and F c V x V is the set of edges. When
(i,7) € E there is a directed edge from node ¢ to j. We use a graph G to represent
the compartmental system from Definition 2.1. We have Fj; > 0 for z; > 0 if
and only if (¢, j) € E. This means that if Fj; = 0 for z; > 0 then (¢,7) ¢ E, i.e.,
there is no directed edge from node i to j. In the following definition we define
what we mean by a directed path.

Definition 2.2 (Directed path). A directed path from node i to j is an ordered
sequence vo = 1,v1, V2, V3,0 = j of distinct nodes such that (vg,vg+1) € E for
all k with 0<k<j-1.

An example of a directed path is the path from node 1 to node 4 in Figure 2.
When there is a directed path from a node to outside the system we call such a
node outflow connected which we define as follows.

Definition 2.3 (Outflow connected). A node i € V is called outflow connected
(or externally connected) if there is an directed path from node i € V to outside
the system, i.e., either Fy; > 0 for x; > 0 or there is a directed path from node
i toj eV with Fj; >0 and Fo; > 0 for z;,x; > 0. A graph is called outflow
connected when all the nodes i € V are outflow connected. When the graph of a
compartmental system as in Definition 2.1 is outflow connected we also say that
the system is outflow connected.

An example of an node that is outflow connected is node 1 in Figure 2, as we
have a directed path from node 1 to node 3 and for node 3 we have an outflow
Fos to the outside world. Furthermore since all the nodes in the graph of Figure
2 are outflow connected we have that the graph is outflow connected. If we
delete the edge (4,3) € E then the graph in Figure 2 is not outflow connected
as there is no path from node 2 and node 4 to node 3 which is the only node
that has an outflow Fjs.

Uy F3 Fy3

Figure 2: Graph which is outflow connected.

2.3 Linear compartmental systems

First we consider linear compartmental systems. We describe the linear com-
partmental system in the same manner as in Definition 2.1 with some additional
constraints given as follows.



Definition 2.4 (Linear compartmental system). A linear compartmental sys-
tem is a system of the form

i?i:Ui+i(fij$j—fji$i)—f0i$i, (2)
i=1

in which the constants fi;, foi € R satisfy
(1) fi; 20 for alli,jel,;
(#) foi 20 for allieI,;

(#3) u; 20 for all i € I,

with I, ={1,--,n}.

Definition 2.4 is a special case of Definition 2.1 with the flow functions F;; =
fizxz;. In order to analyze the stability of linear compartmental systems we will
use some results from positive systems theory.

2.3.1 Positive systems

In this section we consider systems of the form
z(t) = Ax(t) + b, (3)

where z € R" is the state of a system and b is a non-negative vector b € R™.
When the state z(t) is non-negative for all time ¢ > 0 for a positive initial state
2(0) we call such a system a positive system. Before we give an exact definition
of a positive system we first introduce some notation.

For a matrix A = [a,;] and a vector z € R™ we write
(i) « > 0 if for all elements x; of x we have z; > 0;
(ii) « >0 if for all elements z; of = we have x; > 0;

(iii) A >0 if for all elements a;; of A we have a;; > 0;

)

(iv) A >0 if for all elements a;; of A we have a;; > 0 and a;; > 0 for at least
one element.

This notation allows us to give the following definition of a positive system.

Definition 2.5 (Positive systems). A dynamical system as in (3) is positive if
x(0) 2 0 implies x(t) >0 for all ¢t > 0.

There is a theorem that makes it easier to check if a system is positive. For
this theorem we first need the following definition.

Definition 2.6 (Metzler matrix). A matriz A € R™" n > 2, is called Metzler
if all its off-diagonal elements are non-negative.

Now the following theorem from [4] can be used to check if a system as in
(3) is positive.

Theorem 2.7 (Theorem 9.3 in [4]). For the system (3) the following are equiv-
alent:



(i) the system is positive, that is, x(t) >0 for all t and all (0) > 0;
(i) A is Metzler and b > 0.
Proof. The proof can be found in [4]. O

Before we give necessary and sufficient conditions for the stability of positive
system we first need the following definition.

Definition 2.8 (Hurwitz matrix). A matriz A is called Hurwitz when all the

eigenvalues of A have a negative real part, i.e, we have Re()\;) < 0 for all
)\i € O'(A)

Now we can use the next theorem from [4] to determine if the system (3)
has a unique equilibrium z*.

Theorem 2.9 (Theorem 9.5 in [4]). For a Metzler matriz A, the following
statements are equivalent:

(i) A is Hurwitz;

(ii) A is invertible and —A™ > 0;
(i4i) for all b >0, there exists a unique equilibrium z* >0 solving Ax* +b=0.
Proof. The proof can be found in [4]. O

The previous theorem now leads to the following corollary, which we will use
in the next section to check the stability of a compartmental system.

Corollary 2.9.1. Consider a system as in (3), where A is Metzler and b > 0.
If the matriz A is Hurwitz, then the following statements hold

(i) the system has a unique equilibrium point z* € R™, that is, a unique solu-
tion to Ax* +b=0;

(ii) the equilibrium point x* is non-negative;

(i4i) all trajectories converge asymptotically to x*.

2.3.2 Linear compartmental system and positive systems

We can rewrite a linear compartmental system which has the form (2) in the
same matrix form as in (3) so that we can use Corollary 2.9.1 to prove the ex-
istence and asymptotic stability of the equilibrium. In order rewrite the system
(2) in matrix form we first need the following definition.

Definition 2.10 (Compartmental matrix). A matriz A = [a;;] € R™™ is called
a compartmental matriz if

(i) All the diagonal elements are non-positive, i.e., a;; <0 for all i€ I,;

(it) All off-diagonal elements are non-negative, i.e., a;; >0 for all i # j and
i,j €I, (A is Metzler);

(tii) The column sum is non-positive, i.e., Y1y a;; < 0 for all j € I, (A is
column diagonally dominant (la;;| > Xy ;.5 aij)),



with I, ={1,...,n}.

We then consider a matrix C' = [¢;;] € R™™ which is defined as

_ ) foi = Zhoipei fra =,

Cij = D (4)
fij ifi+ VB

where f;; are as in Definition 2.4. The matrix C' is a compartmental matrix
since by Definition 2.4 we have that f;;, fo; > 0 for all 7,5 € I,. Therefore we
have that all the diagonal elements of C' are non-positive since fo; + > 5_1 fri > 0.
The off-diagonal elements of C' are non-negative since f;; >0 for all ¢,5 € I,,. In
addition for the ¢ — th column sum of C' we have

—(foi + i fri) + i fni=—f0i <0.
ho1 h=1

Therefore the matrix C' is compartmental. By using the matrix C' we can now
write (2) compactly as
z(t) = Cx(t) +u, (5)

where v € R™ is the inflow vector. We can now use the following theorem from
[4] which relates outflow connectivity of a graph of the compartmental system
to the matrix C' being Hurwitz.

Theorem 2.11 (Theorem 9.13 in [4]). Consider the linear compartmental sys-
tem as in Definition 2.4 written in the form as in (5) with compartmental matric
C and with graph G. Then the following statements are equivalent:

(i) the system is outflow connected;

(i) the compartmental matriz C is Hurwitz.

Proof. The proof can be found in [4] O

The above result leads to the main result in [4] about the asymptotic behav-
ior of linear compartmental systems.

Theorem 2.12. Consider the linear compartmental system as in Definition 2.4,
with constant input u > 0 written in the form as in (5) with compartmental
matriz C' and with graph G. If the system is outflow-connected, then the com-
partmental matriz C is invertible and every solution tends exponentially to the
unique equilibrium z* = -C'u > 0.

Proof. The linear system is in the form (3) and C is a compartmental matrix and
therefore by definition also Metzler. Furthermore by assumption we have that
u > 0. The graph is outflow connected therefore by Theorem 2.11 we have that
C is Hurwitz. In addition, by Theorem 2.9 we have that the compartmental
matrix C' is invertible. Furthermore by Corollary 2.9.1 we have that every
solution tends exponentially to the unique equilibrium z* = -C~'u > 0. O

Example 2.13. Consider the following compartmental system whose graph is
given in Figure 3.

-fsi=fa O 0 0 Uy

. fa1 —fai2 0 0 0
v fa1 0 ~—fsz O 7o (6)

0 faz  faz —foa 0
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Figure 3: Graph of the system (6).

Let fa1 = fo1 =2, fa3 =3, faa =1 and fos =5. We then have

-4 0 0 O
2 -1 0 0
¢= 2 0 -3 0} ™)

0o 1 3 -5

and since the graph in Figure 3 is outflow connected we use Theorem 2.12 to find

that the system is asymptotically stable as every solutions tends to the unique

equilibrium x* = [% 3 1 g]T for ug =6.

There are other ways to describe a linear compartmental system than the
form as given in Definition 2.4. Another way, with different type of flows between
compartments, is given in [2] which we will discuss in the next section.

2.3.3 Linear compartmental system with two types of flow

Another way of describing linear compartmental systems is given in [2], where
nonlinear compartmental systems are considered. In this section the notions are
translated to the linear case. There are two types of flow described, namely a
so-called g-type flow and an h-type flow. An intuitive illustration of these types
is given in Figure 4.

g(x,— x3) hix,)
Figure 4: g-type (left) and h-type (right) flows in a fluid system.[2]

For the g-type flow the flow between node i and j can go in both directions
and it depends on the difference of the states x; and ;. If there is a g-type flow
from node 7 to node j the flow between the two nodes is given as gi(z; — z;),
where g, is the flow constant with 1 < k <7 and r the number of g-type flows in
the system. The linear functions gy (x; —x;) are combined in the vector function
g as

g =111, with g =gr(@;i—x;). (8)

10



For the h-type flow the flow can only go from node ¢ to node j and it only
depends on the state x;. If there is h-type flow from node ¢ to node j the flow
is given as h;x;, where h; is the flow constant with 1 <! < m and m the number
of h-type flows. The linear functions h;x; are combined in the vector function
h* as

hi
R =+ |, with A} =ha;. (9)
hon

We can relate the g-type and the h-type flows to the flow constants f;; which
we used in Definition 2.4 in the the previous section as follows. For the g-type
flow from node % to node j the flow is then described as two flows. Those are
a flow F}; = fj;z; from node ¢ to j and a flow F;; = f;;2; from node j to i. We
then have that fi; = fj; = gr so that we get that the flow between node i to
Jj is fji(xi —z;). The h-type flow from node ¢ to node j is then described as
Fj; = fjizi, and we have fj; = hy.

The inflow is as in Definition 2.4 described in a vector u € R", where u; is
the inflow from outside the system to node 7. In addition, there is a control
input w(t) € RP, where p is the number of control inputs. The control input can
be used to add more inflows like the inflow w if the flow does not depend on .
Or as will be done later in this section choose w such that the control input w
becomes a g-type flow or a h-type flow. The dynamics are then described by

z(t) =Sg*(x(t)) + Rh*(x(t)) + Bw(t) + u(t), (10)

with g* and h* as in (8) and (9) respectively, constant inflow vector u e R™ and
the matrices S, R and B defined as follows:

Sik =—=1, Sjr=1 when there is a flow g-type flow g5, from node ¢ to j;
Ry =-1, Rj =1 when thereis a h-type flow h; from node i to j;

Bi, =-1, Bj,=1 when there is a control input w, from node ¢ to node j.

In Figure 5 an example of an compartmental system with g-type and h-type
flows is shown. In Figure 6 the same compartmental system as in Figure 5 is
shown with the flows as described in Definition 2.4. An example of a system
with g-type and h-type flows is given next.

Example 2.14. Consider the compartmental system whose graph is given in
Figure 5. The dynamics of the system are then described by (10) with the fol-
lowing vector functions,

g1(w1 - 73) hyws
g*(z) = | g2(z1 —22) |, h*(m)=[h2x3]7
93(I2—£174)
and matrices
-1 -1 0 0 O 1 0
0 1 -1 1 0 0 0
§= 1 0 0} R= -1 -1\ b= 0 -1
0o 0 1 0 O 0 1

11
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Figure 5: Graph of the system (10) with ¢g*,h*S, R and B as given in Example
2.14.

Figure 6: Graph of the system in Example 2.14 with notation as in Definition 2.4.

First lets look at the case were there is no added control input, i.e, w = 0.
In this case we have

#(t) = Sg* (x(t)) + Rh* (2(t)) +u. (11)

We then define the matrices G, H and R as

G = diag(g1,--,9r), H =diag(hi,,hm), R;;j =min{R;;,0},

where we again have that r is the number of g-type flows and m is the number
of h-type flows. Then take ¢g* = -GS "z and h* = ~HR"x and we can rewrite
the system (11) as

i(t) = -SGSTx(t) - RHR x(t) +u,
=-[SGS™ + RHR™ | x(t) +u.
Now the system is in the form (5) which we had in the previous section. Since
u is constant and positive and the matrix — [SGST +RH RT] is compartmen-

tal we can use Theorem 2.12. As a result we have that if the system is out-
flow connected every solution tends asymptotically to the unique equilibrium

v =[SGST+ RHR'] " u.

For the control input we now take w = —yB"xz where v € R, is a positive gain.
In the following example we can see what happens when we take this control

12



input. When the control input w = —yBTz is used for the system as in (10) the
dynamics for the system become

i(t) = -SGSTx(t) - RHR x(t) -vBB "z + u,

T pT T (12)
=—[SGS + RHR" +vyBB ]a:(t)+u.

If the compartmental system (12) is outflow connected, has a constant non-
negative inflow vector u and the matrix
-[SGS™+ RHR" +yBB"],

is a compartmental matrix. Then by Theorem 2.12 we have that every solution
tends exponentially to the unique equilibrium

2" =[SGS™ + RHR +4BB™] " u.

Example 2.15. Consider the system in Example 2.14 with control input w =
—vBTz. Then the dynamics for the system become

#(t) = Sg*(z(t)) + RR*(x(t)) —vBB 'z +u,

with
1 0 O 0[]z YT
o doo 0 offm| | o
VBB x = -y 0 0 1 =1f|as| |-v(zz3—z4)|

0 0 -1 11|z v(x3 —24)

So for node 1 we now have that the control input wy is a flow —yx1 which is
an h-type flow from node 1 to outside the system. Here we have that the flow
constant hy = . The control input ws, which is between node 3 and 4, is now
an g-type flow y(x3 —x4) between node 3 and 4, where the flow constant g4 = .
In Figure 7 the graph of the new system can be seen.

g2
(1) 2

hs Uz

h2 \\?.)/ : : Uy
Figure 7: Graph of the system in Example 2.15 with w = —yB"x and h3 = g4 = 7.

We now consider a shifted system for which we have a similar theorem as
Theorem 2.12 for the system of the form (13). For this theorem we need the
following assumption.

Assumption 2.16. An unique equilibrium vector T exists corresponding to a
control w:
0=S5¢"(%)+ Rh*(Z) + Bw +u.

13



Now let v = w —w and z = x — T then without restrictions we can consider
the stabilization problem with the shifted system

2(t) = Sg*(2(t)) + Rh*(2(t)) + Bu(t). (13)

For this shifted system we can say something about the stability using a theorem
from [2], for this we first need the following definition.

Definition 2.17 (Strongly connected). A graph G = (V, E) of a compartmental
system (13) is called strongly connected if there is an directed path from node i
to node j for alli,jeV.

Remark 2.18. Note that from Definition 2.2 we had that a directed path from
node i to j is an ordered sequence vy = i,v1,V2,Vs,-,v; = j of distinct nodes
such that (vi,vgs1) € E for all k with 0 < k < j—1. If there is a g-type flow
from node i to node j then we have (i,7),(j,1) € E (although we only draw one
direction in the associated graph). As the flow of a g-type flow can go in both
directions. For an h-type flow from node i to node j we have (i,j) € E.

This leads us to the following theorem.

Theorem 2.19 (Theorem 1 in [2]). If the graph is strongly connected, the
following statements are equivalent;

(i) Matriz [S R B] has row rank n;
(i) The system graph is outflow connected;

(iii) System (13) can be globally asymptotically stabilized to z =0 by the control
v=-yBTz.

Proof. The proof can be found in [2]. O

This theorem is similar to Theorem 2.12 from the previous section. The
added assumption of the graph being strongly connected is there so that state-
ment (i) implies that statement (i¢) holds. We can rewrite the shifted system
(13) in the same manner as we did for the system (11), where we take v = —yBT 2.
We then have

2(t) = - [SGST +RHR™ + 'yBBT] z(t). (14)

This system has an equilibrium at z = 0 and by Theorem 2.12 we have that this
equilibrium of the system (13) is asymptotically stable if the system graph is
outflow connected.

So in conclusion for linear compartmental systems with constant non-negative
input we have found a sufficient condition such that the system asymptotically
stable. This sufficient condition is that the system should be outflow connected.
In addition we can specify a linear compartmental system with a control input
that has two types of flow. One that is dependent on the difference between
states and the other which only depends the state of the donor. For this sys-
tem we found that the necessary and sufficient conditions for the system to
be asymptotically stable are that the system should be outflow connected and
strongly connected.

14



2.4 Nonlinear compartmental system

In this section we look at the existence and uniqueness of equilibria and the
stability of nonlinear compartmental systems. We describe the nonlinear com-
partmental system extending Definition 2.1 in the following definition.

Definition 2.20 (Nonlinear compartmental system). A nonlinear compartmen-
tal system is a system of the form

i’izui+Z(Fij_Fji)_F0i- (15)
i=1

Where the functions Fy;, F}; and Fy; are functions of x1, ...,z andt that satisfy
(i) u; >0 for all t >0 and i € I,;;
(i1) F;; >0 and Fo; >0 for alli,jel,,i#j, t>0 and x> 0;

(i11) If x; =0 then Fy; =0 and Fj;; =0 for allie I,

with I, ={1,...,n}.

In order to analyze the stability of nonlinear compartmental systems we first
use the following theorem from Jacquez [3].

Theorem 2.21 (Theorem 5 in [3]). Let i = F(x) be a C* differential equa-
tion on a convex subset 2 of R"™. Suppose that the Jacobian matrix DF(x) =
(0F;/0xj) is a compartmental matriz for all x € Q. Then,

(i) V(z)=%;|Fi(x)| is a monotone decreasing function on solutions z(t) of
i= F(o);

(i) Every solution of & = F(x) is either unbounded or tends to the equilibrium
set.

Remark 2.22. Note that in order to use Theorem 2.21 for the compartmental
system (15) we take

Yje1(Fij = Fjn) = Fou

Y je2(Faj = Fja) — Foo

F(x)= +u. (16)

Zj;tn(Fnj - an) - FOn
Since u is constant we then need that the Jacobian of

Xje1(F1j = Fj1) = Fou
Y je2(Foj — Fjo) = Foo

Zj#n(Fnj - an) - FOn

is a compartmental matriz for all t > 0. This is a similar requirement as we had
for the linear compartmental system & = Cx + u in Theorem 2.12, namely that
the matriz C' is compartmental.

15



For linear compartmental systems the stability of the equilibrium is related
to the outflow connectedness of the graph of the compartmental system, recall
Theorem 2.12. This is also the case of nonlinear compartmental systems as we
can see in the following theorem from Jacquez [3]. This theorem gives necessary
and sufficient conditions on the system as in (15) such that an equilibrium
exists and every solution is bounded. This theorem is a generalized theorem
from Maeda et al. [1].

Theorem 2.23 (Theorem 9 in [3]). Consider a system as in (15) which has
constant input vector u > 0 and satisfies the monotonicity hypothesis
8Fij

—= >0 for all i,j,k,i + j. (17)
axk

Then,

(i) For any fized input vector u, (15) has an equilibrium if and only if every
solution of (15) is bounded;

(i) System (15) has an equilibrium for every fixred u > 0 if and only if (15)
is outflow connected and the functions Fy; that are part of the path to the
outside world are unbounded.

So we now have conditions on the system (15) such that an equilibrium exists
and the solutions are bounded. Note that the theorem does not guarantee that
the equilibrium is unique. If we combine the conclusions from the previous two
theorems we can conclude the following.

Theorem 2.24. Suppose that compartmental system (15) has constant input
u>0 and let Fi(x) = ¥;.;(=Fji + Fij) = Foi + u;. Assume that

(i) 522> 0 for all i,j.k,i # j;

(ii) g—f: <0 for all i;
(iii) g‘TFk >0 for all i,k,i +k;

(iv) The compartmental system is outflow connected and the functions Fj; that
are part of the path to the outside world are unbounded.

Then all the solutions are bounded and tend to the equilibrium set.

Proof. We will first prove that the system (15) has an equilibrium and that the
solutions of the system (15) are bounded. As an assumption we have that the
input w is a non-negative constant and by condition (i) that the system satisfies
the monotonicity hypothesis. Therefore all the assumptions of Theorem 2.23
are satisfied and we find that the system (15) has an equilibrium for every fixed
u > 0 if and only if the system is outflow connected and the functions Fj; that are
part of a path to the outside world are unbounded. Therefore by condition (iv)
in the statement of Theorem 2.24 we have that an equilibrium exists for every
fixed u > 0, which means that by Theorem 2.23 we also have that the solutions
of the system (15) are bounded. We will now prove that all the solutions tend
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to the equilibrium set. Consider F'(x) as in (16), we can then write the system
(15) (for fixed w > 0) as & = F(z), which has the following Jacobian.

OF (z) . OFi(x)
Oxq Oxy,
DF(z)=| : : (18)
OFy(x) OFy (z)
oz 0xy

with F;(z) as defined in Theorem 2.24. From Definition 2.10 we have that this
is a compartmental matrix if the following conditions hold:

(i) 22 < for all
(i) 2242 >0 for all i, k,i # ks

OF;(x
(i) ¥, aT(k) <0 for all k.
Condition (i) and (ii) hold by our assumption. In addition the monotonicity
hypothesis implies that condition (iii) also holds as we have

n 8Fz($) _

2

i=1 8xk i=1 8(Ek

o oy,

We have proven that the Jacobian of F(x) is a compartmental matrix, therefore
by Theorem 2.21 we have that the solutions of (15) are either unbounded or
tend to the equilibrium set. We already had that by Theorem 2.23 that the
solutions were bounded in addition to that an equilibrium exist for every fixed
input u > 0. Therefore we have that all solutions of (15) are bounded and tend
to the equilibrium set, which completes the proof. O

Remark 2.25. Note that condition (i) and (i) in Theorem 2.24 are the first
two conditions in Definition 2.10 of a compartmental matriz. So condition (ii)
and (iii) are there so that the Jacobian of F(x), where F(x) is defined as in
(16), is a compartmental matriz for all t > 0. The third condition in Defini-
tion 2.10 is then replaced by condition (i) of Theorem 2.24 since condition (i)
of Theorem 2.24 implies that condition (iii) of Definition 2.10 holds. Therefore
we have that conditions (i), (i) and (iii) are also sufficient conditions in order
for the Jacobian of F(x) to be a compartmental matrix.

In the following examples we show why outflow connectedness is needed
for an equilibrium to be stable and the unboundedness of the flow functions
guarantees that an equilibrium exists for any fixed input vector u.

Example 2.26. Consider the system which has a graph as in Figure 8.
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Figure 8: Compartment system which is not outflow connected.

It is clear that the system is not outflow connected since there is no path to
the outside world from compartment 3. The dynamics for the compartmental
system 1s given as

&1 =uy — Fa1 — Fa,
To = Fo1 — Fopo, (19)
&g = Fa,
where it is recalled that the functions Fy; are as in Definition 2.20. There is an
equilibrium when we have & =0. So in this case we need that

Fyy = uy,
Fo1 = Fpo,
Fy = 0.

Note that in order for the equilibrium to be stable we need that F31 = 0 for
any x© > T. If this is the case the state x3 only increases which means that the
equilibrium is unstable. Furthermore if we have F31 =0 for x1 >0 then there is
no edge (1,3) € E in the graph. The reduced system obtained by removing the
edge (1,3) is outflow connected.

Example 2.27. Consider the system which has a graph as in Figure 9.

Uy Fyy Foo
@

O Fos

Figure 9: Compartment system which is outflow connected.

The dynamics for the compartmental system is given as
Ty =uy — Fo1 — Fi,
1 = Fo1 = Fopo, (20)
&3 = F31 — Fos.
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Suppose that the flow functions Fa1 and F31 are bounded, i.e., there exist a,b €
R™ such that Fo1 < a and F31 < b. Then we can no longer guarantee that an
equilibrium exists for any input vector u since if we have u; > a+b no equilibrium
exists. Namely, we need &1 = —Fo1 —F31+u =0. So in order to guarantee that an
equilibrium exists for any constant input vector u we need that the flow functions
are unbounded.

2.4.1 Donor-controlled systems

Donor-controlled systems are compartmental systems for which the flow func-
tions Fj; only depend on the state of the donor z;. We describe the donor-
controlled systems by extending Definition 2.1 with some additional constraints
in the following definition.

Definition 2.28. A donor-controlled system is a system of the form
&= u + Y (Fyj(25) = Fji(i)) = Foi(a:), (21)
i=1

where the functions Fy; and Fo; are functions of x; and t that satisfy
(i) u; 20 for allt >0 and i€ I,;
(i1) F;; >0 and Fo; >0 for alli,j eIy, i+j andt>0;

(i1) If x; =0 then Fy; =0 and Fj; =0 for all j € I,

with I, ={1,...,n}.

Note that the donor-controlled system as in Definition 2.28 is a positive
system. We can show this as follows, anytime that there exists an ¢ such that
x;(t) = 0, the conditions for the function F}; in Definition 2.28 imply that
Fji(x;) = Foi(x;) = 0, therefore the dynamics for the system (21) become

.%"Z' = ZFZ‘j(l‘j)+ui. (22)
j=i
Which means that &; > 0, whenever z;(t) = 0 since Fj;(z;) > 0 and u; > 0.
Therefore we have that the system (21) is non-negative for every z > 0 and
non-negative initial condition z(0) > 0. Which is by Definition 2.5 a positive
system.

Due to a property of the donor-controlled system (21) with w; > 0 we can
find sufficient conditions for the system to be asymptotically stable, namely the
property that

OFs; =0, forj=+k.

8£Ek
Before we state the theorem that gives these sufficient conditions we first need
the following theorem from [1].

Theorem 2.29 (Theorem 5 in [1]). Consider a donor-controlled system as in
Definition 2.28 with a constant input v >0 and let the flow functions F;; satisfy

OF;;
—2>0 for alli,j,i + j.
8xj
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Then, the equilibrium is independent of the initial state and uniquely determined
by u if the system is outflow connected and the flow functions Fi; that are part
of a path to the outside world satisfy

Fij(x) - Fij(y;) >0, for any x; >y; > 0.
Proof. The proof can be found in [1]. O

We can now state the main theorem of this section.

Theorem 2.30. Consider a donor-controlled system as in Definition 2.28 with
a constant input u >0 and let the system satisfy

(i) 9950 for all i,j € I, with i # j;
J

(i) The system (21) is outflow connected and the functions that are part of a
path to the outside world are unbounded;

(i1i) The F;; that are part of a path to the outside world satisfy Fi;(x;) —
F;;(y;) >0, for any z; >y; >0 and i,j € In,

with I, = {1,...,n} Then, the equilibrium is globally asymptotically stable for
x> 0.

Proof. We will first show that the equilibrium of the system (21) is unique.
By assumption we have that the system (21) has a constant input u > 0, the
functions Fj; satisfy the monotonicity hypothesis (condition (i)), the system is
outflow connected and the functions Fj; that are part of the path to the outside
world are unbounded. In addition we have that condition (iii) is satisfied, which
means that by Theorem 2.29 we have that the equilibrium is unique. We will
now show that every solution of (21) tends to the equilibrium by showing that
the conditions of Theorem 2.24 are satisfied. As in Theorem 2.24 let
Fl(x) = Z(F” - Fﬂ) - FOi + U,
J#
then for ¢ # j we have

OFi(z) _ 5+

Ox; j#i

(8Fij 8Fﬂ) 8F0¢ B ( 6‘Fﬂ) 8F01v
8302» 8:@ 8:51 - i 83% 8.’1% ’
since Fj; of a donor-controlled system only depends on the state x;, i.e., we have
aFij
Bxi

= 0. In addition by the monotonicity hypothesis we have

OF;(z) ( aFji) OFy;
83@ - Z 8331» 8.’1)1‘ : 0’

J#i

so condition (ii) of Theorem 2.24 is satisfied. Furthermore for ¢ # k we have
3FZ(:L‘) _ Z (8Fz«j B 8Fji) B 0Fy; 3 oF;,
ark- - i 8$k N (95%

8$k 8a:k . 07
which means that condition (iii) of Theorem 2.24 is also satisfied. By assump-
tion we have that condition (i) and (iv) of Theorem 2.24 are satisfied. So by
Theorem 2.24 we have that all the solutions are bounded and tend to the equilib-
rium set. Furthermore by Theorem 2.29 we had that the equilibrium is unique
therefore we have that the system is asymptotically stable, which completes the
proof. O
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Remark 2.31. The unboundedness of the functions Fj; that are part of the
outside world is not an necessary condition for the donor-controlled system to be
asymptotically stable. The unbounded of the functions F;; only guarantees that
an equilibrium exists for any input u > 0. If an equilibrium for the system exists
and all the other conditions are satisfied then the system is still asymptotically
stable.

Example 2.32. Consider the system which has a graph as in Figure 10.

U F:
1 ] 31
Fu
Fy Fys3
Us @ Fyo @ Fos

Figure 10: Graph of the system in Example 2.32

The dynamics of the compartmental system is given as

&1 = —Fo1(21) = Fs1(21) - Faa(21) + wa,
o = —Fao(w2) + Fo1 (1) + uz,

. 23
@3 = —Fy3(w3) + F31(21), (23)
T4 = Fua (1) + Faa(22) + Fuz(x3) - Foa(2a),

with the functions given as
1(z1) =4(e™ - 1),
1(z1) =2(1-¢e"),
(24)

2 Ig) = 2(612 - 1),
3 JJ3) = 1(€x3 - 1),
4 .’L‘4) = 3(6$4 - 1).

CICECECRCN

(
(
1(z1) =3(1-e™),
(
(
(

1t is clear that the system is outflow connected and that the functions F;; sat-
isfy the monotonicity hypothesis. Furthermore the functions F31, Fyo, Fy3 and
Foy, which are part of a path to the outside world are unbounded and satisfy
condition (i) of Theorem 2.30. So by Theorem 2.30 we have that the system
is asymptotically stable. A plot of the trajectories for zero initial conditions is
given in Figure 11 , which shows that the solutions of the system (23) indeed
tend to an equilibrium and that the equilibrium is stable.
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Simulation of donor controlled system
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Figure 11: The Matlab simulation of the system (23), with functions F;; as
given in (24) and uy = 10,us = 5.

So in conclusion for nonlinear compartmental systems with constant non-
negative input and with flows Fj; that are functions of xi,...,z, and ¢ we
found necessary and sufficient conditions such that the solutions of the system
are all bounded and tend to the equilibrium set. Necessary and sufficient con-
ditions for this where that the system is outflow connected, the Jacobian of the
system is compartmental and that the functions F; satisfy the monotonicity hy-
pothesis and that the functions that are part of a path to the outside world are
unbounded. For the nonlinear donor-controlled system we had the additional
constraint that the functions F)j; should be strictly increasing which resulted in
a stronger theorem, namely that the equilibrium is unique and asymptotically
stable. In addition the requirement that the functions are unbounded is not
necessary, if there exists a equilibrium then the system is asymptotically stable

when the other requirements are satisfied.
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3 Flow networks with capacity constraints

In this section we look into the existence of an equilibrium of an compartmen-
tal system with capacity constraints, i.e., the flow Fj; is bounded. When the
flow functions F;; are bounded then Theorem 2.24 for nonlinear compartmental
systems and Theorem 2.30 for donor-controlled nonlinear compartmental sys-
tems can’t be used to guarantee that an equilibrium exists. However as the
unboundedness of the flow Fj; is not a necessary condition for the existence
of an equilibrium an equilibrium can still exist when Fj; is bounded. In this
section we will look into necessary conditions for the existence of an equilibrium
for a compartmental system with capacity constraints.

First, contrary to Section 2 we do not consider the dynamics of a compart-
mental system. Instead we focus on the structure of the graph and the capacity
of the edges of the graph of the compartmental system. Consider a flow net-
work, which consists of a directed graph G = (V| E), where V is the set of nodes
and F c V xV is the set of edges. As we had in Section 2, when (i,j) € E,
with 4,7 € V, there is a directed edge from node ¢ to j and a flow Fj; from
node i to j. In addition a flow network consists of a source and sink. A source
s € V is a node which has only outgoing flow, i.e., for i,s € V with ¢ # s we have
(s,1) € E for some i and (4,s) ¢ E for all i. Dually, a sink ¢ € V only has incoming
flow, i.e., for i,¢t € V with i # t we have (i,t) € E for some ¢ and (¢,) ¢ E for all 4.

A flow network is a graph where there is a flow going to the sink from the
source, where the maximum flow through an edge is limited by the capacity of
an edge. As in Definition 2.1 F}; is the flow from node i to j through edge (3, j).
Let ¢(4,j) be the capacity of the edge (4,j) then we have Fj; < ¢(3,7) for all
i,7 € V. This leads us to the following definition of a flow network.

Definition 3.1 (Flow network). A flow network (G, s,t,c) consists of a directed
graph G = (V, E), where V is the set of nodes and E c V xV is the set of edges,
a source s€V, a sinkteV and a capacity function c: VxV — R,. Furthermore
the flow Fy; from node i to j satisfies the following constraints:

(i) For any non-source and non-sink node, the input flow is equal to output
flow, i.e., for all i e V\{s,t} we have ¥ ;.1 Fij = ¥ ;.1 Fji;

(i1) For any flow in an edge we have 0 < Fj; < c(3, 7).

Remark 3.2. Note that Definition 3.1 assumes a single source s and a single
sink t. If a network has more than one source or sink we can translate this
network to the flow network from Definition 3.1 by adding two nodes which are
the main source and sink. From the main source we then add edges with an
infinite capacity to all the source nodes and from the sinks we add edges with an
infinity capacity to the main sink.

We can translate the notion of a source and a sink of a flow network for the
graph of a compartmental system as in Definition 2.1 as follows. First add the
nodes s,t to the set of nodes V. Let the source s be the source of all the flows
u;, 1.e., if we have an inflow u; to node i then (s,7) € E with capacity c(i, s) = u;.
In addition let the sink be the receiver of the flows Fp; from node i, i.e., we if
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we have an outflow Fp; from node ¢ then (i,t) € F with capacity c(i,t) and we
have Fy; < ¢(i,t). An illustrative example is shown in Figure 12 and Figure 13.

Figure 12: The graph of a compartmental system.

c(1,4)
1
2 «, “,
7)
c(2,1) @
U2 0@9

@ c(2,5)

Figure 13: The flow network of the compartmental system as in Figure 12 with
added source and sink node. The capacity ¢(i, j) is given along the edges.
Next we define what we mean with the maximum flow.

Definition 3.3 (Maximum flow). The mazimum flow Fq. is the mazimum
amount of flow that can go through the graph from the source to the sink while
the constraints Fj; < c(i,j) are satisfied for all (i,5) € E.

An example of a flow network with the maximum flow is given next.

Example 3.4 (Flow network). Consider the following flow network which has
a graph as in Figure 14, where the capacities c(i,j) of the edges are given along
the edges. The ordered sets V and E of the graph are given as

V= {8,1,2,3,4,5,t},
E = {(8, 1)7 (332)7 (174)7 (1’3)7 (2a3)a (235)7 (374)7 (4’t)7 (5>t)}'

The mazimum flow of the flow network is 5, since it is not possible to increase
the flow as otherwise we would get either Fis > ¢(s,1) or Fas > c(s,2).
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Figure 14: Glow network of Example 3.4. The capacities ¢(i,5) of the edges are
given along the edges.

We now introduce a way of dividing a flow network into two sets which
separates the source and the sink.

Definition 3.5 (s—t cut). Consider the flow network (G, s,t,c), an s—t cut of
a flow network is a set of edges whose endpoints belong to the different subsets
S and T that satisfy

(i) SuT=V;
(i) SAT =:
(i) s€S andteT.
An edge (i,j) e E isinans—t cut ifieS and jeT.

Consider again the flow network of Figure 14. Then, a possible s — ¢ cut
is formed by the edges (s,1) and (s,2), where we have S = {s} and T =
{1,2,3,4,5,t}. Another example of an s—t cut is formed by the edges (s, 1), (3,4)
and (2,5), where we have S = {s,2,3} and T = {1,4,5,¢}. In the following defi-
nition we determine the capacity of an s —t cut.

Definition 3.6 (Capacity of an s—t cut). The capacity C[S,T] of an s—t cut
is given by the sum of the capacities of the edges that are in the s —t cut, i.e.,

we have
C[Sa T] = Z C(Za]) (25)
(i,4)e(S,T)

Consider the flow network of Figure 14 again. For the s -t cut formed by
the edges (s,1) and (s,2) we have C[S,T] = 5. The s -t cut formed by the
edges (s,1),(3,4) and (2,5) has an capacity of C[S,T"] = 10. We now need one
more definition before we go go the main theorem in this section, which is the
following definition.

Definition 3.7 (Minimum cut). An s -t cut is a minimum cut if the sum of
the capacities of the s —t cut is the minimum sum of all the possible s —t cuts.
Let Copincur be the capacity of the minimum cut then we have

Crninewt = min Yoo e(iyg) -
(5T) {(i7j>e(S7T)
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The minimum cut of the flow network in Figure 14 is the s—t cut formed by
the edges (s,1) and (s,2), which has a capacity of C[S,T] = 5. So the minimum
cut of the flow network in Figure 14 is the same as the maximum flow. This is
not a coincide as we can see from the following theorem.

Theorem 3.8 (Max flow/min cut). Let (G,s,t,c) be a flow network where
Fraz is the mazimum flow on the network and Coineut 95 the capacity of the
minimum cut. Then we have that the mazimum flow on the network is equal to
the minimum cut, i.e., we have

Frae = Cmineut- (26)
Proof. The proof of can be found in [6]. O

An illustrative example on how to determine the minimum cut and the
maximum flow by using Theorem 3.8 is given next.

Example 3.9. Consider the flow network which has a graph as in Figure 15,
where the capacities of the edges are given along the edges.

: U : 5 @

Figure 15: Flow network of Example 3.9 where the capacities of the edges are
given along the edges.

There are sixz possible s —t cuts for the graph in Figure 15, which are

1. (s,1) with C[S,T] =uy;

2. (1,2),(1,3) with C[S,T] = 3;
3. (2,4),(3,4) with C[S,T] = 5;
4. (1,2),(3,4) with C[S,T] = 4;
5. (1,3),(2,4) with C[S,T] = 4;

6. (4,t) with C[S,T] =5

In this case we want to see what the maximum possible inflow uy is so we
consider that the capacity of the edge (s,1) to be infinite. The minimum cut of
this network is then the s—t cut formed by the edges (1,3) and (1,2), which has
capacity C[S,T] =3 so we also have Fp,q, = 3.

The max-flow min-cut theorem is a result for the static flow network from
Definition 3.1. However this result can be used for the dynamic compartmental
system with capacity constraints. In the case of a compartmental system with
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capacity constraints we have a compartmental system as in Definition 2.1 where
the flow functions Fj; are bounded, i.e., we have 0 < Fj;(z) < ¢(4,7), where
¢(i,7) is the capacity of the edge (i,7) and Fj; the flow from node i to node
j- In the next example we show how the compartmental system with capacity
constraints can be modelled and how the maximum flow can be used to analyze
the system.

Example 3.10. Consider the compartmental system which has a graph as in
Figure 16.

Figure 16: Graph of the compartmental system of Example 3.10.

The dynamics of the compartmental system is given as

&y =uy — For(x1) - F (1),

Ty = Fo1(71) - Faa(x2),

@3 = F31(x1) - Fiuz(x3),

By = Fao(2) + Fiyz(x3) — Foa(wa),

(27)

with the flow functions Fy; given as
Fgl £L’1) = ].(]. - 6711),

(
31(21) =2(1-e™™1),
2(22) =2(1-e™™), (28)
(
(

e

43(w3) = 3(1-e™"3),
04 IL’4) = 5(1 - 6714).

S

As the edges have the same capacity constraints as in Example 3.9 we have that
the mazimum flow of this network is 3, and an equilibrium exists if u < Fiuq, = 3.
A plot of the trajectories for zero initial conditions is given in Figure 17 with
uy = 2.9. From this figure we can see that an equilibrium indeed exists and
that the equilibrium s stable. When we increase the input ui so that we have
w1 > Frae an equilibrium does not exists which can be seen in Figure 18.
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Simulation of donor controlled system
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Figure 17: The Matlab simulation of the system (27) with uy = 2.9.

Simulation of donor controlled system
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Figure 18: The Matlab simulation of the system (27) with uy = 3.1.

We can now state a necessary condition for the existence of an equilibrium
of the compartmental system as in Definition 2.1 with capacity constraints,
provided that the compartmental system is outflow connected, which is that

n

Z U; < Fmaz. (29)

i=1
If Y u; > Fipae then an equilibrium for that compartmental system does not
exist. Note that it is not a sufficient condition it can still be the case that an
equilibrium does not exist even when we have Y u; < Fyq., we show this in the
following example.

28



Example 3.11. Consider the compartmental system which has a graph as in

Figure 19.

Figure 19: Graph of the compartmental system in Example 3.11.

The dynamics of the compartmental system is given as

&y =u — Far (1) — F31(21),

Tg = Fo1(71) - Faa(x2),

&3 = F31(21) - Faz(x3),

&y = Fya(x2) + Faz(w3) — Foa(2a),

with the functions given as

Foi(x1) =2(1-€"),
Fyi(21) =2(1-e"),
Fip(z2) =1(1-€7"2), (31)
Fyz(xs) =3(1-e™™),
Fos(zg) =5(1—e™).

As in Example 3.10 we have that the maximum flow of this network is 8, however
when we choose uy = 2.1 < Fiq. an equilibrium does not exist. A plot of the
trajectories for zero initial conditions is given in Figure 20 with uy = 2.1, which
shows that an equilibrium does not exist for this u;. The reason an equilibrium
does not exist is that from node 1 the flow to node 2 and 3 is equal as they have
the same flow functions. Therefore around half of the inflow uy is going to node
2, we then have that xo only increases as the capacity of the edge (2,4) is not
enough to transport this inflow as %ul =1.05>¢(2,4) = 1.
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Simulation of donor controlled system
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Figure 20: The Matlab simulation of system (30) with u; = 2.1

So in conclusion we have found that by analyzing the static flow network
we can find an necessary condition for the existence of an equilibrium for the
compartmental system with capacity constraints. This necessary condition is
that the inflow u should be less then the maximum flow of the compartmental
system. The maximum flow of a compartmental system can be determined by
considering the upper-bound of the flow functions F; as the capacity of the edge
(i,7) and then use the max-flow min-cut theorem to determine the maximum
flow.
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4 Traffic networks as compartmental systems

In this section we give a way to model traffic networks and show that traffic
networks are compartmental system so that the theorems from the previous
sections can be used to analyze the system. Furthermore we analyze a traffic
network with demand functions and give a necessary and sufficient condition
for the existence of an equilibrium.

For describing the dynamics of a traffic network a routing matrix R is often
used. We define the routing matrix R for a compartmental system as in Defini-
tion 2.1 as follows.

Definition 4.1 (Routing matrix). The routing matriz R = [R;;] € R™ is a
matriz whose entries R;; represent the fraction of outflow from node i that is
directed towards node j, i.e., we have

0 if i =],
Rij:{Fﬁ ifiti (32)

where z; = ;1 Fj; + Fo; and represents the total outflow from node i. Further-
more R is subject to the following constraints:

(i) Rij=0if (4,5) ¢ E;
(1) ¥ Ri; <1 with strict inequality only if Fo; >0 for x; > 0.

As an example consider the following routing matrix R

R= (33)

o O O
S Owi=
S ==

We have Rqs = Rq3 = %, which means that half of the outflow of node 1 is going
to node 2 and the other half to node 3. Furthermore we have Ro3 = 1, which
means that the only outflow of node 2 is the flow from node 2 to node 3. In
addition R3; = R3s = R33 = 0, which means that the only outflow from node 3 is
the outflow Fys to outside the system. In the following definition we formally
define what we mean by a traffic network.

Definition 4.2 (Traffic network). A traffic network is a system of the form
t=u-(I-R")z, (34)

with constant inflow vector u € RY, constant routing matriz R € R7P*™ and non-
negative n-dimensional vector z. Where z; = ¥ ;.; ;1 Fji(x) + Foi(x) and the
the functions Fj;(z) and Fo;(x) are functions that depend on x and t as in
Definition 2.1.

The system in the definition above is of the same form as the system in
Definition 2.1. To see this we first rewrite the system (34) in the following form

{L;i =U; + Z RjZ‘Zj —Z;. (35)
j=1
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We had Rj; = F;;/z; therefore we have

n

:E'i:u¢+ZFij—zi.

j=1
Furthermore z; = ¥ ,.; ;-1 Fji + Foi s0
n
Zi=ui+y Fyj— Y Fji—Fy, (36)
i g1

which is the same form as we had in Definition 2.1.

In traffic networks a digraph N = (V,I) is often used to represent a road net-
work, where V' = {vg, v1,v2,...,0m} is the node set. Here, the nodes vy,..., vy,
represent the junctions between the roads and the node vy represents the outside
world. In addition, the set I consists of the edges that represent the roads in the
traffic network. An example of a traffic network is given in Figure 27. Contrary
to the previous section we consider the roads, represented as the edges, as the
compartments of the system instead of the nodes as they contain the traffic.

In the previous section we used a different graph to represent the compart-
mental system. The graph G = (V,E) as we used in Section 2 and 3 is the
so-called line-digraph of N = (V,I) [7]. The edges of the graph N = (V,I) rep-
resent the nodes of the graph G = (V, E). When there is an edge (4,7) € E in a
graph G that means that there is an edge 7 € I going to a node v € V and an
edge j € I starting in node vy, i.e., we have

i = (vp,vx) and j = (vg,v;), for some 0<h,l<m and 1<k<m. (37)

In addition for the graph N there is an edge i = (vg,vr) € I when there is an
inflow u; and an edge i = (vg, vg) € I when there is an outflow Fp;, with 0 < k < n.
As an example consider the simple graph N = (V,I) in Figure 21. In this road
network, there is an edge i € I directed towards node vy € V and a edge j € I
starting in node vy, which means that for the line-digraph G there is a edge
(i,5) € E, which can be seen in Figure 22. The element R;; in the routing
matrix R is now considered to be the fraction of flow that is going through edge
i which is now going through edge j. So when R;; = % that means that half of
the traffic on road i is going to road j after the junction.

j J
—[]
Figure 21: A simple graph N = (V,I) representing a road traffic network.

The line-graph associated with the network in Figure 21 is given in Figure 22.

O——O

Figure 22: The corresponding line-graph G = (V, E) of the road traffic network
in Figure 21.
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Using the above relation between traffic networks and compartmental sys-
tems, we can use the theorems from Section 2 to determine to stability and
existence of an equilibrium. If the traffic network consists of linear functions,
i.e., we have

zi= Y fiwi + foits, (38)

where f;; and fo; are non-negative constants as in Definition 2.4. Then Theorem
2.12 can be used to determine that the system is asymptotically stable. If the
traffic network in Definition 34 is nonlinear and donor-controlled as in Definition
2.28, i.e., we have

Zi = Zsz(Iz)+F01(I1)7 (39)

where Fj; is a function which only depends on z; as in Definition 2.28. Then
Theorem 2.30 can be used to determine that the system is asymptotically stable.
If the traffic network is not donor-controlled, i.e., we have

Zi:ZFji(x)+FOi(x)7 (40)

where Fj; is a function which depends on x and ¢ as in Definition 2.20. Then
Theorem 2.24 can be used to determine that all the solutions of the system are
bounded and tend to the equilibrium set. If the functions that are part of a
path to the outside world are not unbounded we can still use both theorems if
we can determine that an equilibrium exists. We show how to determine that
an equilibrium exists in the next section.

4.1 Traffic network with demand functions

We can also consider traffic networks with demand functions, where a demand
function characterizes the maximum possible flow on an edge. In this case the
edges that represent the roads have a certain capacity. This leads us the the
following definition.

Definition 4.3 (Demand functions). The demand function ¢;(z;) are functions
which represents the maximum possible flow through edge i € I given the current
mass x;, so that 0 > z; > ¢;(x;). The demand functions ¢;(x;) are assumed to
be continuous, non-decreasing, concave, with ¢;(0) =0 and have a flow capacity
C;, where
C; = sup ¢;(x;),
x;20
In order to give a necessary and sufficient conditions such that an equilibrium
for the traffic network exists we choose z; = ¢;(x;) and we can rewrite the system
(34) as
i=u-(I-R)o(x), (41)

where ¢(x) = (¢i(2;))icv is an n-dimensional vector. Provided that the system
is outflow connected, a necessary and sufficient condition for the existence of an
equilibrium for the system (41) is that the vector

2 =(I-R") ", (42)
satisfies

2 <Cyy i€Vl (43)

33



In the next example we show how this condition can be used to find an inflow
u such that a nonlinear donor-controlled traffic network has an equilibrium and
therefore by Theorem 2.30 we have, provided that the traffic network satisfies the
remaining condition of the theorem (with the exception of the unboundedness
of the functions F;; that are part of a path to the outside world), that the
equilibrium is asymptotically stable.

Example 4.4. Consider the traffic network in Figure 27. The edges represent
the roads and the nodes represent the junctions between roads. The associated
graph G = (V, E) of the traffic network in Figure 23 is given in Figure 24. The
dynamics of the traffic network is given as

i=u—(I-R)é(x), (44)
with R and ¢(x) as

00 L Lo o0 0 0] 28:6;3
00001000 4(1_6_%)
00000010 2(1_2_“)

R=[0 00 0 0 % 0 2| o@)-= et ] (45)
i i 3(1-e)
00000101 11 - o)
0000000 O 51— o)
000 0000 0 41— )|

[v4]

Figure 23: A digraph N = (V, I) representing the road traffic network of Exam-
ple 4.4.
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U2

G
Figure 24: The corresponding graph G = (V, E) of the road traffic network in
Figure 23.

As the traffic network is outflow connected an necessary and sufficient con-
dition for the existence of an equilibrium is that z* = (I - R")"' < C. So for an
equilibrium to exists for the traffic network (44) we need that

NGNS S SN RN I It

When uy < 3 and us < 3 the constraints above are all satisfied. Therefore if we
choose an input u with u; < 3 and us < 3 an equilibrium exists and as all the
other requirement of Theorem 2.30 are satisfied we have that this equilibrium
is unique and asymptotically stable. A plot of the trajectories for zero initial
conditions is given in Figure 25 with uy = us = 2.9. In Figure 26 a plot of the
trajectories for zero initial conditions is given with uy = 3.01 and ug = 2.9 which
shows that an equilibrium does not exist for this u.
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Simulation of traffic network
35 T T T T T

25T

0 20 40 60 80 100 120 140 160 180 200
t

Figure 25: The Matlab simulation of the traffic network (44) with R and ¢(z)
as in (45) and u; = 2.9 and ug = 2.9.

Simulation of traffic network
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Figure 26: The Matlab simulation of the traffic network (44) with R and ¢(z)
and u; = 3.01 and us = 2.9.

In the previous section we noted that an necessary condition for an equilib-
rium to exist is that > u; < Fy,q and that this was not a sufficient condition.
However if we do not consider that the routing matrix R of the traffic network
(41) is fixed then we can find a routing matrix R such that Y, u; < Fp,q, is a suf-
ficient condition. So in this case we change the routing matrix R such that the
maximum flow through the traffic network can be achieved and an equilibrium
exists and therefore the traffic network is asymptotically stable. We show how
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this can be done in the next example.

Example 4.5. Consider the traffic network in Figure 27. The edges represent
the roads and the nodes represent the junctions between roads.

L1
5 9
3 7 11
2 10 13
(%) V4 Vg
[oafe——Tor " o]

Figure 27: A digraph N = (V, I) representing the road traffic network of Exam-
ple 4.5.

The associated graph G = (V, E) of the traffic network in Figure 27 is given

in Figure 28.
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Figure 28: The corresponding graph G = (V, E) of the road traffic network in
Figure 27.

The dynamics of the traffic network is given as
i=u-(I-R")¢(z), (47)
where ¢(x) = aarctan(z) and a € R™ is given as
a=[2 2 1321213213 3.
The functions ¢;(x) are bounded above by the constant a;, which we now consider

as the capacities of the edge, i.e., the capacity of edge i is a;. The flow network
with the capacities listed along the edges is given in Figure 29.
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Figure 29: A digraph N = (V, I) representing the road traffic network of Exam-
ple 4.5, where the capacities of the edges are given along the edge

The minimum cut of the network in Figure 29 is the s-t cut formed by the
edges 7 and 8, which has a capacity of C[S,T] = 3. Therefore we have that the
mazximum flow Fi.. = 3. There are several possible directed paths that can be
used to achieve this mazimum flow. A routing matriz to achieve the mazimum
flow is by setting the non-zero entries of R as

Ry =1,

Ros =1,

Ry7 =3/4,

Ryg =1/4,

Rs7=1/2, (48)
Rsg =1/2,

R710=1,

Rgi12=1,

Rip13 = 1.

In addition we choose uy = 2 and us = 1. The corresponding possible flow
network is given in Figure 30.

(1,2) ) (42) — (81) (12,1)
(7,2)
N o (10 2) (13,2)

Figure 30: A digraph N = (V,I) representing a road traffic network, where the
(i,7) above the edge is given as, ¢ inV the number of the edge and j the flow
through that edge.

A plot of the trajectories for zero initial conditions of the traffic network
can be seen in Figure 31, which shows that the solutions of the system (47)
indeed tend to an equilibrium. Therefore even though we do not have functions
Fj;, which are part of the outside world that are unbounded, we can still use
Theorem 2.30 to find that this equilibrium is stable.
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Simulation of traffic network

x8(t)
e e - 100t |+
x11(t)
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5 10 15 20 25 30

Figure 31: The Matlab simulation of the traffic network (47) with R and u as
given above.

So in conclusion we have found that traffic networks are indeed compartmen-
tal systems and as such the theorems from linear and nonlinear compartmental
systems of Section 2 can be used to analyze the stability of traffic networks.
Furthermore we have found that a necessary and sufficient conditions for an
equilibrium to exists is that

2 =(I-R")'u<C,

where z is the vector that contains the total outflow of all the cells and C the
vector that contains the maximum outflow of all the cells. Finally we can use
the maximum flow, which was shown how to obtain in the previous section, to
determine a new routing matrix for the traffic network such that the maximum
flow can be achieved and an equilibrium exists.
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5 Conclusion

We were looking into the existence and uniqueness of equilibria and the stability
of a compartmental system, and wanted to determine necessary and sufficient
conditions on compartmental systems such that asymptotic stability is guaran-
teed.

For linear compartmental systems with a constant non-negative input we found
that a sufficient condition for the system to be asymptotically stable is that
the system is outflow connected. Furthermore we have shown another way of
modeling a linear compartmental system where we specify two different types
of flow. For this system we found that the necessary and sufficient conditions
for asymptotic stability are that the system should be outflow connected and
strongly connected.

For nonlinear compartmental system additional conditions were found such that
all solutions tend to the equilibrium set. Sufficient conditions for this is that the
system is outflow connected as in the linear case, the functions of the system
need to satisfy the monotonicity hypothesis, the Jacobian of the system needs
to be compartmental, and the functions that are part of a path to the outside
world are unbounded. These additional constraints were not necessary for the
linear compartmental system as these are already properties of a linear function.

For donor controlled system the sufficient conditions of the functions of the
system that are part of a path to the outside word, being strictly increasing
is enough for the system to be asymptotically stable. In addition the require-
ment for the Jacobian of the compartmental system is not necessary as the
monotonicity hypothesis already implies that the Jacobian is compartmental.
Furthermore the unboundedness of the functions is not a necessary condition
for the donor controlled system to be asymptotically stable but only a condition
that guarantees that an equilibrium exist for any constant non-negative input.
If it can be found that an equilibrium exits then the Theorem for asymptotic
stability for donor controlled system can still be used to proof asymptotic sta-
bility.

In addition, motivated by compartmental systems with capacity constraints we
looked at a static flow network. Where by using the max-flow min-cut theorem
a necessary condition for the existence of an equilibrium for a compartmental
system with capacity constraints was found. This condition was that the total
inflow should not exceed the maximum flow of the compartmental system.

Furthermore a way to model a traffic network was given and it was shown that a
traffic network is compartmental system so that the theorems from the previous
section can be used to analyze the stability of the traffic network. In addi-
tion an necessary and sufficient condition, provided that the system is outflow
connected, for the existence of an equilibrium for traffic network with demand
functions was found. Finally, when the routing matrix of the traffic network is
not fixed an new routing matrix can be found such that the maximum flow is
achieved and an equilibrium for the traffic network exists.
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