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Abstract

We consider a fluid flow model of network behavior (as in the
papers of Johari [1] and Massoulié [2]) to investigate how congestion
control can achieve efficient use of network resources. The aim of the
project is to find criteria for local stability for simple resource-user
networks in the presence of communication delays. Both a continuous
model and a discrete model are discussed. In order to determine the
stability of a more complex continuous model, we make use of the
direct method of Lyapunov-Kraskovski.
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1 Introduction

The problem of congestion is known among travelers in the form of congested
roads. The same problem exists for other networks, such as the Internet.
Congestions cause a lot of delays which annoys the users of the network. It is
therefore important to investigate how these congestions can be reduced, and
investigate how local stability can be achieved. Stability is very important
for keeping delays as small as possible during changes in the network.

Internet traffic includes end-users, resources, connections between these
two and packages which are send between all of the devices in the network.
These end-users are for instance the computers used for surfing the Web and
resources includes places where sites and files are stored. Congestion occurs
when the number of packages at a node in the network (in this network
nodes are end-users and resources) is larger than its capacity. The end-users
experience these congestions as a communication delay.

The communication delay of the Internet consists of two elements: prop-
agation delay and queuing delay. The propagation delay is the physical delay
in transmission of data along a length of fiber or through space. The queuing
delay is caused by data waiting to be processed at resources. Kelly [3] argues
that queuing delays are small in comparison with propagation delays, while
speeding up the stream of packages and multiplexing streams decreases queu-
ing delays. Propagation delays, on the other hand, are fixed by the distance
between nodes in a network and by the speed of light. While the transmis-
sion speed is bounded by the speed of light. Therefore we assume queuing
delays are very small and focus only at propagation delays.

We consider a fluid flow model for the behavior of packages at the Internet.
This means that packages flow along the route of the lowest resistance. In
our model, this resistance is caused by queuing delays at recourses. By
using a fluid flow approximation queuing delays will be very small, all new
packages rather flow through other routes instead of waiting at the resource.
As discussed above we assumed that queuing delays are really small, so with
a fluid flow approximation we can apply this into our model.

To find a solution for the delays on the Internet, we could look at a
solution from a central point of view. The only problem is the large size of
the Internet which needs to be covered, while it is growing every day. So we
need a solution at a decentral level. This can be done by efficient decision
making from end- users about the quantities of packages send on the Internet
at a certain moment in time. For this, we need information about current
delays at the network. Ping-messages are our solution. These are very small
messages send almost constantly between every device using the Internet,
to check for their existence. We will use these messages to determine the



transmission time and delay between devices.

Let the set of resources be represented by J and route r be a nonempty
subset of J. We denote the set of all routes by R. For our model, we give
every route a number which corresponds with a specific user, thus set R is
both a family of subsets of J and a set of users. During this thesis, users and
routes will both be used to refer to the set R. In order to make an efficient
decision of quantities send on the Internet by a user, we apply the following
model with strictly positive parameter k.

i(8) = mofw, =2, () YA ws(t)), reR (1)

ler s:l€s

In this model, z,.(t) is the amount of packages user r sends on the Internet
at time t. The increase of these packages is a factor x, of the scaled costs of
the route r. Here, w, denotes the costs user r is prepared to pay for sending
all of his packages over his route and f;(y) denotes a real cost function for
sending one package through recourse [ with a total flow of y through this
resource.

Note that (1) does not have any delays in it’s equation, while these are
very important for our investigation. Therefore we introduce a round trip
delay D, and divide it into two parts: a forward delay Bl,r from user r to

recourse [ and a backward delay ﬁlJ from the recourse [ back to user . The
model with communication delay is shown by:

i (8) = wifw, — 2, (t = D) - S A (ault = Diy — D)), reR (2)

ler EHASE

In this thesis, we are interested in pursuing conditions which each individ-
ual user must satisfy to ensure the stability of the system. We will consider
conditions of the following form:

k-D, < route-dependent constant, r € R (3)

Note that such a condition is only dependent of the user, so we can choose
a k, satisfying the stability condition to determine the amount of packages
that is a solution of (2) for each user.

In this introduction, we only discussed the continuous model of network
behavior. In order to discuss the discrete model, we discuss in Chapter 2
how we may convert these two models into each other. Furthermore, we will
show in Chapter 3 the criteria for which a simple discrete model and a more
complex discrete model are stable. These criteria will also be proven in this



thesis. For the continuous models we show and proof the stability criteria
in Chapter 4. Only for the more complex model we use the direct method
of Lyapunov Kraskovski. This method is discussed further in Chapter 4
together with the usage of the method for the complex discrete model. At last
the basics of determining stability for differential equations will be discussed
in the appendix.



2 Continuous v.s. discrete model

As discussed in the introduction, model (2) (also showed below) is used.

in(t) = ko, — an(t = D) - S f(S (@t = Doy = Biy))l, reR

ler s:l€s

Notice that this is a continuous model. When sending messages with high
speed and within a small time period, this model is remarkably easy rewritten
into a discrete model on the condition that the time periods are small enough.

In order to have a discrete model, we need to rewrite some of the variables
in (2). At first we approximate ,.(t) with the Taylor expansion, which yields:

xr(t—i_h) = :L‘T(t)—f—h/{r[wr_xr(t_Dr)'z fl(z(Is(t_ﬁl,r_ﬁl,s)))]_}_}%(h)7 reR

ler s:l€s

where R(h) is an error R(h) = 23,(&) with ¢t < { <t + h.
Introducing the following four variables,

D,
A= 5F

>l

T =
Rr = hk,  Z.(t) = x.(ht)
the equation will be as follows:

EgT(T—i_l) = 57“(7—)—’_%1"[107“—%7"(7—_/\1")'2 fl(Z(ZgS(T—

ler s:l€s

N~ N ))+R(A), reR

Note that in order to make a good approximation with Taylor, h needs to
be very small. From this requirement follows that we also need that 7 > t,
A, > D, and k, < K,.

From now on the discrete system will be presented as:

z[t + 1] = z[t] + Kk, |w, — x.[t — D,] - Zfl(Z(xs[t - ﬁl,r - Bz,s]))L reR

For this system it still applies that the delay is greater then the delay of the
continuous model, and the &, is smaller then its continuous counterpart.

Notice that the discreet model is a system of difference equations, while it
is discreet. The continuous model we use, is a system of differential equations.



3 Stability of discrete models

The first kind of models we will discuss are the discrete models. The general
discrete model looks like:

.%'[t—{—l] = x[t]‘i_"{'r[wr_xr[t_Dr]'Z fl(Z(xs[t_gl,r_Bl,s])ﬂ? reR (4)

ler s:l€s

For this model we first discuss the simple case of one resource and one user,
later we also discuss the case of multiple users and resources.

3.1 One user and one resource

To begin, we consider a simple network of one user and one resource. The
difference equation of the system is:

z[t + 1] = z[t| + k(w — z[t — D] f(z[t — D])) (5)

We will linearize (5) to determine the stability. Let the stable point be T,
and p = f(T) with w = Tp. We assume that f is increasing, nonnegative,
not identically zero and differentiable at the stable point with derivative
() = p'. Linearizing with z[t] = T + y[t] shows us the following linearized
system,

ylt +1] = y[t] — k(p + zp")ylt — D]

when neglecting higher order terms. Now we try a solution of the form
y[t] = e, this gives us the characteristic equation:

eHPHD _erD o p(p4+7p') =0 (6)

To determine the stability, we are interested in the roots of the characteristic
equation. Make sure that the system is stable if and only if all roots of (6)
have real parts smaller than zero. For more information and an explanation
see the appendix.

Before discussing the stability criterion for this system, we will first show
that the maximum real part of the roots of equation (6) is continuous in .
Secondly, we will show that the same equation has only negative real parts
of all roots for k near the origin. Finally, we will look at the smallest x such
that (6) has a root of zero real part.

Lemma 3.1. Let p(u, k) be a polynomial in e, with coefficients which are
continuous functions of k (where k may be a vector). Then the mazimum
real part of the roots p of p(u, k) = 0 is continuous in K.



Proof. Tt is known that the roots of any polynomial are continuous functions
of the coefficients [5]. If the coefficients are continuous functions of x, then
the roots e* are continuous in x, and so are the real parts of the roots . [

Lemma 3.2. All roots of equation (6) has negative real parts if K is suffi-
ciently small.

To prove Lemma 3.2 we use the Implicit Function Theorem.

Definition 3.3 (Implicit Function Theorem). This theorem is for a function
f:A— R" with A an open subset of R*"* which we can write into f(z,y)
with € R*¥ and y € R".

Let (a,b) be a point in A such that f(a,b) = 0. If the determinant with
elements of the derivative of f with respect to y is not equal to zero, then
there exists a neighborhood B of a € RF and a function g : B — R, such
that g(a) = b and f(z,g(z)) =0 for z € B.

Proof. Define a polynomial p(u, ) by:
p(p, k) = MDD _enD o g

where a = p+Zp' is strictly positive. Then the characteristic equation (6) is
the same as p(u, k) = 0. In the case that k = 0, the root is = 0. From the
following derivative,

Sp(p, ) = (D + 1)t — DesPD

o

we see that the derivative is nonzero for p = 0, kK = 0. With the Implicit
Function Theorem we can find an open interval (—e, €) and a differentiable
complex-valued function g(x) such that g(0) = 0 and g(k) = p satisfies
p(p, k) = 0 for —e < k < €. Differentiating p(u, ©) = 0 with respect to s, for
k within the interval, we have:

d
- p(g(), 1) = (D + DerPg/(5) = Der P (1) 4+ = 0

Make sure that ¢’(0) = —a when we evaluate the derivative through x = 0.
Now we use the Taylor expansion of g(x) around x = 0. This shows us the
following;:

9(k) = —ra+ O(k)

From this result, we can conclude that if x increases away from zero towards
the positive boundary of the interval, the real parts of the roots decrease from
zero. Hence, for sufficiently small  all roots have negative real parts. O

8



Since we have proven the Lemma’s, we will discuss the main theorem for
the discrete model of one resource and one user.

Theorem 3.4. System (5) is locally stable if:

)

™
— / < 2 .
k(p +Tp) sm(—2(2D Y
Proof. This result is easy to check for D = 0, in that case we get the following
equation:
ylt + 1] = (1= s(p +7p"))ylt]

We see that if x(p + Zp') < 2 the modulus of the right-hand side term in
front of y[t] is smaller than 1, so the system is stable.

Now we assume that D > 1. By Lemma 3.1, the maximum real part of
the roots varies continuously with x. We also know that the system is locally
stable for small x from Lemma 3.2. Therefore, it is sufficient to find the
smallest x such that equation (6) has a root with zero real part. So presume
that the root is of the form pu = 2¢6, then our characteristic equation can be
rewritten as:

/i(p —I—Tp/) _ _(62i9(D+1) . €2i6D)

_ Lol —e? i(2D+1)0
=( 22)T e

= e72" 2sin(f) 2P+

When a = k(p + Tp') the equation of above will result into the following
equation: ' )
2sin(f) e(PPHVI=5m — ¢ (7)

Hence, we conclude that:

T . 2mn
22D+1) 2D +1

2|sinf| = a and it can be verified that § =

where n is an integer. Since we are looking for the smallest positive a

such that g has an real negative part, we take n = 0. This means that

2| Sin(mﬂ = a. We may notice that there are no solutions of n such that

0 is a solution of 2| sin 0] = a if a < 2sin(5z777y). So the smallest a such that

equation (6) has a root with zero real part is a = 2sin(g55777), from which
we can find the smallest k. Make sure that the left-hand side of (7) decreases

if R(u) < 0, meaning that the system is stable if a < QSin(m). O



It can been shown that the system of (5) is unstable if x satisfies x(p +
zp') > 2 sin(2(2++1). This means that the criterion of Theorem 3.4 is strong.
The proof of instability may be found in the article of R. Johari and D. Tan
[1, Theorem 3], it is however not discussed in this thesis.

Notice that we have found a criterion such that the user of the network
is able to choose a x which makes the system stable. The choice is only

dependent on T, p, p’ and D which are known parameters of the user.

3.2 Multiple users and resources

For a more complex network, we will use a similar way of determining the
criterion in which the system is stable. At first, we will show the system
for three users and two resources. Make sure that two resources corresponds
with three unique possible routes, which is similar to three users. For that
system we determine the characteristic equation.

Let the set of users be R = {1,2,3}, the set of resources J = {a,b} and
Ajr = 0 if resource j does not lie on route r, and Aj, = 1if j does. Then the
system looks like:

zp[t + 1] = z.[t] + K (wy — 2, [t — D] - [ fal Z Aus (st — ﬁaﬂ" - BG:S]))

s€{1,2,3}

+( Y At =Dy =B ), reR
s€{1,2,3}
(8)

when neglecting higher order terms. Similar to the linearization of the system
with one user and one resource, we linearize system (8) about the stable point
T = (T,,r € R). Let us define p; = f;(3_;.,Ts) for all resources j € J and
assume that p; has a derivative pj; = fj(3_,., ;). For the linearization, let

us take y,[t] = “E}% and make sure that Y., Aj,p; = w, T, ! just as in
the more simple case before. All of this results in the following linearized

system:

yelt + 1] =y, [t] - ﬁrwrf;lyr[t — D]
- Z Aar\//{rfrAas\//{sfsp;ys [t - ga,r - Ba,s]

s€{1,2,3}

- Z Abr\/’inrAbs\/ﬁsfsp;;ys [t - ﬁb,r - Bb,s]

s€{1,2,3}

, 7 €R

10



Now we are interested if there exists a (possibly complex) vector a = (o, r €
R) such that yr% = aet for fixed p € C is a solution of system (9). Remem-
ber that D, =

y,[t] into (9) and multiplying by e
equations:

jr+ D, for all j € J. Then by substituting our solution

Dr=t) we get the following system of

e Pt o etPr 4 0, T

+ > AV P A, T Dy,

s€{1,2,3}

5 50ys (10)
+ Z Ay T e Por) Ay T e b’S)pbaS
s€{1,2,3}

=0, reR

The system of above may be rewritten into a system of matrices. In order
to do so, we define some diagonal matrices k, W, X and P’ with diagonal
coefficients of respectively #,,w,,Z, and p} for r € R and j € J. Let also
A(p) be a matrix with coefficients AjTegfﬂ“ for j € Jand r € R and let 8
refer to the diagonal matrix of kWX . Then we may express the system
into:

(diag(e!Pr+D) —erPr e R)+ B+ I{%X%A(—M)TP/A(/L)X%R%)(X =0,reR

In order to satisfy the equation above, it is necessary for the determinant of
the matrix premultiplied by «, to be zero. So the following equation holds:

det(diag(et P+ —erPr ¢ R)—i-ﬁ—i—/ﬁ%X%A(—IU,)TP/A(,M)X%H%) =0, 7r€ER

(11)
The original system (8) is stable if and only if the real parts of all roots of
the characteristic equation (11) are negative. To make it ourself easier, we
define C(j1, k) = B+ k2 X2 A(—p)TP'A(p) X 252) and we will refer to the
left-hand side of (11) by p(u, ) such that:

p(p, k) = det(diag(e" P+ —etPr r e RY+C(u,k)) =0, reR

is the characteristic equation we would like to be satisfied.
Below we have the theorem in which the stability criteria for the system
is given for the case of D, = D for all r € R.

Theorem 3.5. When D, = D for all r € R. The system of (8) is locally
stable if for all T € R:

w3+ D8 D) < 28l ) (12)

Jjer JeETr s:jEs

11



In order to proof this theorem we first need some definitions about ma-
trices.

Definition 3.6 (Hermitian Matrix). A matrix A is Hermitian if A = ﬁT, this
means that the matrix stays the same after taking the conjugate transpose
of itself.

Definition 3.7 (Unitary Matrix). A matrix U is Unitary if U = U™, this
means that the conjugate transpose of U is equal to the inverse matrix of U.

Note that a Hermitian matrix with only real values is the same as a real
symmetric matrix. A Hermitian matrix has some known properties, one of
them is the following [6, Chapter 7]:

Property 3.8. A Hermitian matriz is unitary diagonalizable. This means
that for any Hermitian matriz A, there exists an unitary matriz U such that

U AU = D where D is a complex diagonal matriz.
Furthermore, we define the absolute row sum by:

Definition 3.9 (Absolute row sum). The absolute row sum of matrix A of

row ¢ is given by:
n

> lagl
j=1

where a;; is the element of A at row ¢ and column j, with j =1,..,n.

Since we defined all important terms which we use for the proof, we start
with proving Theorem 3.5.

Proof. For this proof we will give an overview of the 5 steps discussed in the
proof of Theorem 9 in paper [1].

Step 1. For 0 < a < 25111(%) the equation e"P+Y) —erP g =0 has
no roots with real parts equal to zero.

This conclusion follows directly from Theorem 3.4.

Step 2. The mazimum real value of the roots p of p(u, k) = 0 is continuous
mn K.

This statement follows from Lemma 3.1. Remark that p(u, ) is not in-
stantly a polynomial equation, while it contains terms which are powers of
e~ #. Still this is easily corrected by multiplying by a large enough power of e*.

Step 3. Any k which satisfies the hypothesis of Theorem 3.5, ensures that
p(p, k) has no roots with real parts equal to zero.

12



To show this we let x satisfy the condition. Then we compute the absolute
row sum of c(u, k) = 8+ kA(—p)TP’A(1)X. Suppose that there exist a
root p = i with 0 < 6 < 27 for p(u, k). In that case we may find that
Kr(Dier P T 2 jer Pj Dsjes Ts) 18 greater than the absolute row sum of C.
Since k satisfies the condition of Theorem 3.5, QSin(m) is an upper
bound for the absolute row sum.

According to Horn and Johnson [5, Chapter 8] the maximum absolute
eigenvalue of any square matrix is bounded by its maximum absolute row
sum. So the maximum absolute eigenvalue of C'(u, ) is also bounded by
2sin(z5p7)-

We have the following characteristic equation if D, = D:

det((e" PV — erPYT 4 C(p, k) = 0 (13)

Furthermore, if 1 = i0 then the matrix C(u, k) is a Hermitian matrix. From
Property 3.8 we know that this matrix is unitary diagonalizable.

Therefore we may write C'(u, k) = T'PT" where T is unitary and & is the
diagonal matrix of eigenvalues of C'(u, k). The eigenvalues are strictly posi-
tive and the determinant of matrix C' is nonzero, as C'(u, k) has nonnegative
values. Since we found the upper bound of the maximum absolute eigenval-
ues, we know for the eigenvalues ¢, that ¢, < QSin(m) for all » € R.
Because I' is unitary, the determinant of C' is equal to the determinant of ®,
this yields:

det((eMPH) —erP 1 ¢ r € R)) =0 (14)

Remark that we take the determinant of a diagonal matrix, thus we must
obtain:
eﬂ(D+1) — 6/“LD + ¢7" = O

for an r € R with 0 < ¢, < 2sin(m). This contradicts with Step 1, so
Step 3 is proven.

Step 4. There exists a k satisfying the hypothesis of the theorem, such
that all roots p of p(u, k) = 0 have real parts less then zero.

We will proof the existence of such a x by induction of the users. Let
R = {1,2,...N} and we define R, = {1,2,.....,n}. Then we denote the
characteristic equation on the subset of routes R, by p,(u, ).

For n = 1 we have already proven the existence of such a  for p;(u, k) =0
by Theorem 3.4.

For n > 1 let there be a k as above for p,_1(p, x). Then we may write
pn(t, k) into the following with k£ = (K1, ..., Kp—1,0)

pn(,u7 k) = (eM(D—H) - eMD)pn—l(Mv '%)

13



This follows from decomposing the determinant inside p,. Make sure that
Pn_1 has all roots with negative parts less then zero and from e#P+D) — erl —
e!P (et — 1) we see that p, has a root of = 0 with multiplicity 1. Now we
need to show that the root p = 0 of p, will decrease if the n'"- element of
k increases from zero to k,, from which we can conclude that all roots of
pn(t, k) = 0 have negative real parts.

Furthermore we may write p,, into the following form:

pn(,u7 ’KJ) = (eM(D+1) - G#D)pnfl(,uv ’%) + "inanl(/% ’%)

For this function we use the Implicit Function Theorem. By means of this
theorem we can write p as a function of «, as h(k) = p. Moreover we may
find the derivative of the function h at K = 0 by computing the derivative of
p(9(k), k) with respect to k. That is 2'(0) = —¢,-1(0, k) /pn-1(0, k) = —a,
with a, > 0. Taking the Taylor expansion of this derivative through zero
yields:

h'(0) = —kpan + O(ky)

From this we see that if x increases from zero that p is decreasing from zero.
So for any n, p,(u, k) = 0 with all elements of x small and greater then zero,
has roots with negative real parts. This also applies for n = N such that
pn = p, thus Step 4 is proven.

Step 5. Completion of the proof
Suppose there exists a x satisfying the hypothesis of the theorem for
which the equation p(u,x) = 0 has at least one root with real part greater
then zero. Consider the path x(t) = tk* 4+ (1 —t)k for 0 <t < 1 with x* the
k of pin Step 4. While k(1) = k* we know that p(u, £(1)) = 0 has only roots
of negative real parts. From Step 2 we know that the maximum real value of
the roots are continuous, so there must exist a ¢ such that p(u, (t)) = 0 has
a root with real part equal to zero. Since k() is a convex combination of x*
and r, which both satisfies the hypothesis, x(t) also satisfies the hypothesis.
From Step 8 we conclude that x(t) may not have any roots with real part
equal to zero, this is a contradiction to the result of Step 2, so the theorem
is proven.
0

With proving Theorem 3.5, we have found a solution for how all users of
the network how may choose their quantity of packages in order to retain the
stability of the system. Their quantity of packages depends on the decision
for k, which must satisfy:

1
(Zj@" pj + Z]Er p; Zs:jés x_S)

14

Ky < 2sin(

202D + 1))



Make sure that the decision making only depends on known parameters, so
any user is able to make an efficient choice.

15



4 Stability of continuous models

Previously we discussed two different cases of the discrete model. We con-
tinue by discussing the same two cases for the continuous model. The general
continuous model is:

i,(t) = wofw, — 2ot = D) - S [ (st = Dy = D)), re R (15)

ler s:l€s

4.1 Omne user and one resource

We start again with the simple case of one user and one resource. This gives
us the following equation out of equation (15):

#(t) = Klw — x(t = D) f(2(t — D))] (16)

To determine the stability of this system, we will need a linear equation. So
we linearize around the equilibrium point = through

x(t)—T
NG
Taking p = f(Z) and p’ = f'(Z), with the assumption that f is increasing,

nonnegative and not equal to zero. We obtain the following linearization by
neglecting higher order terms:

y(t) =

§(t) = —r(p+7zp)y(t — D)) (17)
We find the characteristic equations by substituting y(t) = e* into (17):
A= —k(p+zp)e P (18)

Finally, when the substitution ¢ = AD we find the following reduced equa-
tion:
—k(p+7p)D — pe* =0 (19)
Hayes discussed in paper [7] the following interesting Lemma, which we
use for determining the stability of the system.

Lemma 4.1. The roots s of f(s) = ce® — s have all R(s) > K if and only if
K <1and Ke™® < ¢ < e ®/V2+ K2 where V =V (K) is the unique root
of Ktan(v) = v for 0 <v <.

16



Proof. We can see that for K > 1 not all of the roots have R(s) > K, since
for ¢ < 0 there exist a root ¢, < 0. For 0 < ¢ < e~ ! we can find a real
root €, with 0 < €5 < 1. Furthermore, for e~! < ¢ there are complex roots.
Let us consider the complex roots in the upper half plane only. By writing
s = re? = u+ iv we see that r = ce* and = v, and from the angle 6 of the
complex number, we know that tan(f) = £. Therefore, the roots for e™! < ¢
lie on the line of utan(v) = v with 0 < v < 7 and v < 1. Thus K is not

greater or equal to 1.

First we consider the greatest value of ¢ such that the complex roots with
—m < v < 7 satisfy R(s) > K. Suppose that these roots lie on the line
R(s) = K. Then these roots are K + 1V with Ktan(V) =V . We take

V = Vc2e?K — K2 such that ¢ = e ®y/V2 4 K2. For ¢ smaller than this
value, we know that the roots are on the right side of R(s) = K.

If K < 0 we still need a ¢ such that the roots lie on the right side of
R(s) = K. For that, the negative real root €¢; must have real value greater
than K, since all other roots lie on the right side of the root €;. It is easy to
see that s < ce® if s < €1, while €; is a root. Now we conclude that in order
to have K < € we need K < ceX, which is the same as Ke™* < c.

Finally, V' is a unique root of K tan(v) = v since the function g(v) =
tanmy Das the derivative Lg(v) = % which is smaller then zero for

0 < v < m, thus is decreasing for that interval. Furthermore ¢(0) = 1 and
g(m) = o0, so there is one unique solution V for g(v) = K for the interval. [J

From this we can deduce the following result of Hayes, taken from Bellman
and Cooke [8, Theorem 13.8].

Lemma 4.2. All the roots of pet + q — ue* = 0 with p and q real numbers,
have negative real parts if and only if:

(a) p<1, and
(b) p < —q<yai+p

Here ay is the root of a = ptan(a) such that 0 < a < 7. If p = 0, we take

s
a1:5.

Proof. This follows directly from Lemma 4.1. If we take ¢ = —ce? and
1= p — A we have the equation:

(=Xe™ +c)e? =0
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which is the same as ce® — A\ = 0, while e? is nonzero. Remark that this is

the same form as in Lemma 4.1. Take K = p and ¢ = —ge P, then we use
the previous lemma. Make sure that R(u) < 0 when R(\) > p. For p =0 we
lﬂ'
takealzgwhile0<§<7Tandt2—1:O. ]
an(5m)

Theorem 4.3. System (16) is locally stable if:

k(p+Tp) < (20)

T
2D
Proof. This is a direct application of Lemma 4.2 to equation (19) by taking
p=0,qg=—k(p+Zp)D and a; = 5. From the basics of stability (Appendix)
we know that if all roots of an equation have real negative parts, the given
system is stable. So the criteria for stability is 0 < x(p+2Zp")D < 7 for which
we already knew that 0 < k(p + Zp')D while &, T, p,p’, D > 0. O

Remark that criteria (20) could be rewritten into:

T

kD < ——— 21

200+ 7) 2

For which the right hand-side is constant for the one and only user in this

case. So for the most simple case of one user and one resource we have found

the condition with the form we wanted and which has been shown in the
introduction.

4.2 Multiple users and resources

For the more complex case of multiple users and resources for the continuous
model, we use the Direct method of Lyapunov-Kraskovski. Before we apply
this method on the model, we first discuss the method itself.

4.2.1 Direct method of Lyapunov-Kraskovski

In the Appedix the stability of a simple linear differential equation is dis-
cussed. Unfortunately those equations are not always as simple and linear
as in that case. So we need another method when dealing with more difficult
differential equations. For strongly non-linear cases we will use the direct
method of Lyapunov.

Before explaining what this direct method looks like, we first consider
some important definitions about different kinds of stability first. The first
and weakest stability we discuss here is the Lyapunov Stability.

18



Definition 4.4 (Lyapunov Stability). Consider the regular system x =
X(x,t), let x*(t) be a given real or complex solution of this system. Then
x*(t) is Lyapunov stable on t > t if,

for any small € > 0 there exists a (¢, to) such that

[%(to) = x"(to)l| <& = [[x(t) =x"(1)[| <&, VE>1g (22)
where x(t) is any other solution.

The uniform stability is a little stronger than Lyapunov.

Definition 4.5 (Uniform Stability). A solution x*(t) is uniform stable for
t > tq if the solution is Lyapunov stable, for which ¢ is independent of %,.

When a solution is uniformly stable as well as attractive, we call this
solution asymptotically stable. The exact definition is shown below.

Definition 4.6 (Asymptotic Stability). Let x*(¢) be a uniformly stable so-
lution for t > ty. This solution is asymptotically stable when it is additionally
attractive, this means there exists 7(ty) such that

Ix(to) — " ()| < 7 = lim [lx(t) (1)) = 0. (23)

Furthermore we show some definitions about characteristics of functions
that are of importance of understanding the theorem of Lyanpunov we discuss
in this chapter.

First we need the definitions of a positive or negative definite and positive
or negative semidefinite function.

Definition 4.7. Function V(x) is positive (or negative) definite in a neigh-
bourhood N of the origin if V(z) > 0 (V(z) < 0) for all z # 0 in N, and
V(0)=0.

Definition 4.8. Function V(x) is positive (or negative) semidefinite in a
neighbourhood N of the origin if V(z) > 0 (V(z) < 0) for all x # 0 in N,
and V(0)=0.

This means that a functions described as V(x,y) = 2? + y? is positive
definite on the whole plane, while the function V(z,y) = —y?*(z* — 1) is
negative semidefinite on the strip 2?2 < 1.

Definition 4.9. A function is described as definite (or semidefinite) in case
the function is either positive or negative definite (semidefinite).

Now we end up at the direct method of Lyapunov.
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Theorem 4.10. Consider the reqular system x = X(x,t) and let x*(t) = 0,
t > to be the zero solution where X(0) = 0. Then x*(t) is uniformly stable
fort >ty if there exists a function V(x) with the following properties in the
neigbourhood of x = 0:

(i) V(x) and its partial derivatives are continuous;
(i1) V(x) is definite;

(iii) V(X) is semidefinite for the given system and is of opposite sign to
V(x).

Theorem 4.11. Consider the same system and conditions as in Theorem
4.10. Now the zero solution x*(t) is uniformly and asymptotically stable if
there exists a function V (x) satisfying the conditions (i), (i1) and the follow-
ing condition:

(i33)* V(x) is definite for the given system and is of opposite sign to V(x).

A function V(x) satisfying the conditions of Theorem 4.10 is called a
weak Lyapunov function. Functions satisfying all of the criteria of Theorem
4.11 are strong Lyapunov functions.

From the direct method of Lyapunov we only need to find a function V' for
a given system with the properties shown above, to determine the stability of
the zero solution to the system. In order to show this, we will discuss some
examples of using Lyapunov’s theorem.

Example 4.12. Consider the differential equation:

2(t) + f(z(t)) =0 (24)

We can replace (24) by the following system through letting y = .
y(t) =a(t),  9t) = —f(=(t)) (25)

We will assume that
f(0)=0, x(t)f(xz(t)) > 0 for x(t) # 0. (26)
Multiplying (25) by 4(¢) and integrating the whole equation to x(t), we get:
2
t

yT() + F(a(t) = c (27)

where ¢ is a constant and F(z(t)) = fox(t) f(z1(t)) dxq(t). Now let us define
the function: )
v (t)

Via(®), () = 5

+ F(xz(t)) (28)
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We will show that V' is a Lyapunov function. First it is easy to see that
V(0,0) = 0 and V(z(t),y(t)) > 0, so V is positive definite. Furthermore
we will need the derivative of function V' for checking the third condition of
Theorem (4.10).

iv(x(t), y(1) = y(t) 2(t) + F(x(t)) @(t) (29)
0

dt
= —f(2(t)) 2(t) + f(x(t) ©(t) =

It follows that V = 0 , thus V is semidefinite, and the function V (z(t), y(t))
is a (weak) Lyapunov function. As we can see, V' is constant over time, so the
point (x(t),y(t)) cannot recede from the origin. A point (x(t),y(t)) starting
near the origin will remain close to the origin, this means that system (25)
is stable.

For higher dimensions it is not always possible to produce the Lyapunov
function as above. Therefore we discuss the following example.

Example 4.13. Let we have a system x = Ax with matrix A. Suppose that
the solution of the system is asymptotically stable, which implies ®(\;) < 0
for all n eigenvalues A; (i = 1,2,...,n) of matrix A. We construct a strong
Lyapunov function for the system of the quadratic form:

V(x) =x'Kx (30)

for which we first determine K to make V positive definite. We also want V'
to be negative definite. For that we need the derivative of (30).

V(X) = Xt(AtK + KtA)X (31)
It would be convenient if:
AK + KtA=—1 (32)

because in that case V is negative definite. This is easy to see when we
rewrite: V(x) =x!(—I)x=—>" ?

=14

To satisfy (32) we consider the product of eA"*e. For the derivative we
have p
E(eAtzteAt) — AteA'tpAt + eAteAt A (33)

When x = Ax is asymptotically stable all eigenvalues have negative real
parts. Then from Jordan [9, Section 10.5] we know that for any v such that
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v > mazi<i<,(X\;) there exist a constant ¢ > 0 such that |le?|| < ce?. Since
A and A! have the same eigenvalues, we can chose ¢ such that

e, ||| < ce™, ¢>0, ~<0. (34)

This ensures that the following integral is convergent.

% . R d t ¢
|G et = im [ e e = fim e 1 — 1 (35)
0 — 00 0 —0

By writing out the derivative inside the integral, we have also:

/ d< Att At)dt At/ <€Att€At>dt+/ (eAtteAt)dt A (36)
0

When comparing the results of (35) and (36) with the desired result of (32)

we see that
K = / Att At (37)

ensures that V' is negative definite. Further from Jordan [9, Section 10.5] we
also know that K is symmetrical because (e**)! = 4" for any nonsingular
n x n-matrix A. By (30) we have

V@%i/(f&ﬂ@“wﬁ
0
= / (ex)t(eMx)dt
0
which is a quadratic form. Therefore V' is positive definite.

4.2.2 Lyapunov stability of the model

We are interested in the stability of system (15), shown at the beginning of
this chapter. Let the set of resources be given by J = {1,2,...,L}. Then
we can linearize this system like we did with other systems before, where
yr(t) = (z,(t) — Z,.)(v/k,Z,)"L. The linearized system of (15) is then shown
by:

() = —Boyelt = D)+ S Myt —d,—d,), reR (38

SER
where 3, = k,w, T, !, the vector M,, is given by
Msr = VErv jr\/ KsV Tg (Al'rAlspll A2TA2sp/2 to ALTALspIL>
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ys(t - ﬁls - BIT)
s 77”) ys(t - 328 - BZT)

ys<t - gLs - BLT‘)

We will leaving out the difference in delay for all users though writing
js— Djr = D forall r,s € R and j € J. Now we can write the system
shown above in the following form:

y(t) = =(B+ M)y(t — D) (39)

Where  is a diagonal matrix with diagonal elements 3., M is a symmetric
matrix with elements My, and y(t— D) a vector of elements y,.(t — D). Notice
that matrix 5+ M contains only positive elements, since s, w,, T, and p] are
strictly positive parameters.

Many stability theorems are known for delayed systems of the form z(t) =
Az(t — 7). One of them is the following theorem, presented by Buslowicz
and used by Schoen [10, Theorem 3.14]:

Theorem 4.14. The system i(t) = Ax(t — 1) is asymptotically stable if and
only if for all eigenvalues \;(A) with i = {1,...,n} of matriz A,

arctan(gii—m)

[(Ai(A))]

However, we are interested in finding the stability criterion with using
the direct method of Lyapunov-Kraskovski. Marshal Slemrod [11, Section 3]
discusses a theorem of stability, using a Lyapunov functional for the linear
system of the form:

R(AN(A) <0 and 1<

(t) + Az(t —r) + Bx(t) + Cx(t —r) =0

This theorem is relevant for us although A and B are zero matrices in our
case.

For our system Marshal Slemrod uses a Lyapunov functional V' of the
form:

V() = $(0)T Py(0) / ST (0)Qu (6 (40)
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in which () is a function ¢ (¢) : [-7,0] — R". Now we differentiate the
functional and since we know that 1(0 ) = —C(—r), as it satisfies the form
of the linear system with A and B zero matrices, then V(1)) is given by:

V() = =p(=r)"CTPy(0) = $(0)" PCY(-r)
+9(0)7 QU (0) — ¥ (—r) Qv (~7)
We choose the matrices P and ) such that they satisfy the hypothe-

sis of the theorem 4.17. Before discussing the theorem we first give some
definitions.

(41)

Definition 4.15. A functional difference operator D is an operator D :
C([=r,0],R") — R"™ with

D¢ = 6(0 me —7k)

where P, are constant n X n-matrices with £k = 1,.., N and 0 < 7, < r for
real number 7. If N > 1 then 7, /7; are rational numbers.

From now on we consider the system

%D(xt) f(z¢) for t > 0 and with zo = ¢.

For this system we define also:

Definition 4.16. A subset I' C C([—7,0],R") is invariant with respect to
solutions of the system of above, if there exist a function g(¢) : (—o0,00) —
R™ of every ¢ € T, for which go(¢) = ¢ and

Dgt+a(¢ Dgo / f ga+s tZ 0

with g,(¢) € I for all o € (—o0, 00).

Now we may discuss the theorem for which the matrices P and @) of the
Lyapunov functional should satisfy the hypothesis.

Theorem 4.17. Consider the system %D(z,) = f(x;) as above. Let D be a
stable difference operator and V' be a Lyapunov function on a set of Gy with
G = {¢ € C([_T7 O]aRn> : V((b) < l}

If there is a constant K, such that when ¢ € G, that |D¢| < K, then for
t — oo any solution x,(¢) with ¢ € Gy, approaches I'. For this T' is the
largest set {¢ € G : V(¢) < 0} which is invariant to the system, where G is
the closure of G.
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The main theorem from Marshall Slemrod, we discuss, for a system of the
form &(t) + Cx(t —r) = 0 with C an constant n x n-matrix, is the following:

Theorem 4.18. [11, Theorem 3.1] With 0 the n X n zero matriz, if M =
0o C

ct o

stable.

is positive definite, then the solution z(t) = 0 is asymptotically

Proof. Let we take P = I the unity matrix and ) = 0 the zero matrix. Then
it is easy to see from (41) that we have V () = —[1(0), ¥ (—r)]" M[[1(0), 1 (—r)].
Furthermore, D = ¢(0) while #(¢) is the only derivative in the differential
equation, thus D1 is a constant difference operator. We can also derive from
the form (40) and the choices for P and @ that V(¢)) = [Dy[* > 0 and

V(y) < —ul[y(0)[ for any > 0.

Then by noticing that V(¢) < o?||v||*> with ||¢|| = sup_,<,<o [ (¢)] for
some o > 0. We find that for any b > 0 with ||¢|| < b we have |Dy| < ab.
When we take | = o?b? and K; = ab we can apply Theorem 4.17. This
theorem says that any solution x;(¢) with ||¢|| < b approaches I" when ¢ goes
to infinity. In this case I' = {0}, thus any solution will go to to zero. O]

From Theorem 4.18 we can conclude that system (39) is asymptotically
stable for the solution y(t) = 0, since (54 M) is positive definite. This means
that all equilibrium solutions 7, of system (2) are asymptotically stable if all
kinds of round-trip delays are equal to D.
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5 Conclusion

In this thesis we discussed the stability of the equilibrium solutions of four
different models. For the discrete models we could determine the stability
almost directly from determining when all roots of the characteristic equation
have negative real parts. However, for the continuous model we used multiple
theorem, like the Direct method of Lypanuov Kraskovski.

For both difference and differential systems, the criteria of the simple
models of one resource and one user were relatively easily proven. Unfor-
tunately these models where also the most uninteresting ones of those four,
while we are interested in stability of a large network. Nevertheless we did
find that if x satisfies

2 . T

<
" R ToT Y

— 5 )

p+zp

the equilibrium solution of the simple discreet model is stable. Likewise the
equilibrium of the simple continuous model is stable if x satisfies:

T

KR ———————
2D(p +Tp)

Notice that the x and D of the continuous models are different of those of
the discrete models. So denote the x and D of the discrete models again
by A = % and K = hk, such as in chapter 2. Then kD = KA, from this
we conclude that both criteria should be almost similar. This can easily be
seen if A (Discrete D) is very large, in that case 2 sin(ﬁ) is almost equal
to 557. From that if A is great, we see that it is almost the same as 7.
This gives us the same criterion for the discrete model as for the continuous
model. Make sure that A is large, while A is very small relatively to the small
delay D.

The criteria of the more complex systems were a bit harder to find and
prove. For the complex discreet model we found a criterion similar to the

criterion of the simple discrete model. This can be rewritten as:

Ky < 2sin(m)(zpj +3 Y @)t

Jjer JET S:JEs

in order to choose a k, for which the equilibrium solution is stable. Note
that we made the assumption that the round trip delay is constant over all
possible routes, so D, = D for all »r € R. If we make the even stronger
assumption that all combinations of forward and backward delays are con-

stant such that Blm + 3173 =D foralll € J and r,s € R, we find that the
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equilibrium solution of the complex continuous model is always stable. For
further research it is interesting to look for stability criteria of the complex
continuous model using Lyapunov functionals for which weaker assumptions
are necessary.
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A Appendix: Basics of stability

For simple differential equations we can determine stability as follows.
Let us take the following linear differential equation:

2"(t) = ax'(t) + fx(t), z(tg) = o and 2’ (to) = yo (42)

Make sure that z(¢) = 0 is a solution for this equation. We will start with
finding a characteristic equation by using the solution z(t) = e** with p € C.
Inserting the solution into (42) and dividing by e* we get:

p = ap+ 8. (43)

Now we can solve (43) for p so that we have two solutions for z(t). Let p
and g be the solutions of (43) then the general solution of (42) will be like:
z(t) = Aeft 4 Bel?t,

Notice that for the solution z(¢) = 0 holds that A = B = 0. This solution
is stable if A or B, or both, are non-zero and we still have lim; ., z(t) =
0. Make sure that this holds when |e/*| < 1 for every pu solution of the
characteristic equation.

Now the question is for which p we have |e*| < 1. We know that p € C so
we can write 4 = a + bi and we know that e?’ = cos(¢) +isin(¢). So we get:

lett| = |e(cos(b) +isin(b))| = |e?| = ™ < 1

From this follows that the solution x(t) = 0 is stable if () < 0 for each p
solution of the characteristic equation of the differential equation (42).
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