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Abstract. Optimal flow allocation in directed networks is often analyzed through two types of
equilibria. The first, called user equilibrium, occurs when the travel times on all utilized routes are
the same and shorter than every unused route. The second, called system optimum, minimizes the
average travel time across all routes. These two concepts represent the optimality for individual
users and for the network as a whole, respectively, and generally do not coincide. Our main
objective in this paper is to introduce and examine the properties of networks where the user
equilibrium and the system optimum are identical, termed Wardrop optimal networks. We achieve
this by providing a set of necessary and sufficient conditions for Wardrop optimal flows and using
this characterization we investigate the main properties of Wardrop optimal networks. Moreover,
we illustrate that these flows remain consistent under several important transformations as well as
under uniform changes in their latency functions.
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1. Introduction

The efficient distribution of flow in directed networks is often examined through two
different key concepts, known as Wardrop’s Principles: user equilibrium and system opti-
mum [30]. Wardrop’s principles are fundamental concepts in transportation and network
theory, providing a basis for understanding traffic flow and congestion management. Ac-
cording to Wardrop’s first principle, user equilibrium is reached when travel times on all
routes in use are the same, and no traveler can reduce their travel time by switching
routes; this state is also referred to as a Wardrop equilibrium [7, 19]. The second principle
asserts that the network flow configuration minimizes the total travel time for all users,
representing an optimal state from the perspective of the network as a whole.

In practice, user equilibrium and system optimum typically differ, leading to inefficien-
cies in network usage. Achieving the system optimum typically requires a form of central
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control or coordination because individual users acting in their self-interest do not natu-
rally lead to system optimal flows. To achieve the system optimum, traffic may need to be
redistributed by encouraging or forcing users to follow less congested routes, even if their
travel time increases. This redistribution reduces the overall congestion and minimizes the
total travel time or cost for all users combined. At user equilibrium, the total travel time
is generally higher than at system optimum because individuals are not incentivized to
consider the overall system performance. In many networks, user equilibrium represents a
”selfish” solution, whereas the system optimum represents a ”cooperative” solution. The
ratio of the total travel time at user equilibrium to that at system optimum is known as
the price of anarchy. A flow that is both system optimum and user equilibrium is called
Wardrop optimal flow and networks that admit such flows are termed Wardrop optimal
networks [4, 13] (see also [2, 3, 5] where Wardrop optimal networks with dynamic flow
assignment are examined and [14] presenting, without proofs, some of the main properties
of Wardrop optimal networks we establish in this paper). By construction, the price of
anarchy of such networks is optimal, i.e., equal to 1, a desirable property in network theory
with applications in fields such as economics [26, 28], transportation [6, 23, 25, 29, 30],
and communications [18, 20, 21, 24], and can be also applied to areas like multiprocessor
task scheduling [8] and media flow with double diffusion [12]. For a comprehensive review
of the literature in approaches bridging user equilibrium and system optimum see [22].

This paper focuses on analyzing these flows and their corresponding networks. A flow
travelling from initial to target node is allocated across multiple links, causing congestion,
which in turn increases travel times, captured by link-specific latency functions that are
strictly increasing. We establish a connection between the user equilibrium and system
optimum through the associated Pigovian network and derive conditions for the existence
and uniqueness of optimal flows in convex networks.

The paper is organized in the following way. In Section 2 we outline the basic defini-
tions we use throughout the paper. Section 3 examines in detail the user equilibrium and
introduces the discrete user equilibrium. Section 4 explores the system optimum, present-
ing necessary and sufficient conditions for its characterization. In Section 5 we introduce
Wardrop optimal networks and provide a characterization for differentiable convex net-
works which demonstrates that these flows are maintained under specific transformations.

2. Preliminaries

The networks we will examine have n links I,, = {1,2,...,n} connecting the origin
with the destination node [1]. Let ¢; > 0 denote the flow via link 4, for every i € I,,. The

total flow is distributed among the links such that

Z ¢ = 1.
i1

The support of a flow ¢ is denoted by supp(¢) = {k € I, | ¢ # 0}. Additionally, we
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set
n
"' ={peR}:) ¢ =1}
=1
and

Int(S"1) = {¢ € S" L : supp(¢) = I,}.

On each link, the flow induces congestion, increasing the traversal delay [30]. This
delay is captured by continuous and strictly increasing latency functions

li(x) :[0,1] = R, iel,.

Such a network of can thus be characterized by the vector of latency functions Ny, =

(li(x),...,l(x)). If all latency functions [;(x) are differentiable, the network is called a
differentiable network; if they are convex, it is termed a conver network.
A wuser equilibrium or Wardrop equilibrium of a network Ny = (I1(z),...,l,(z)) is a

flow ¢ = (¢1,...,¢n) € S"! such that

lk(qf)k) = Hel%n{ll(gbl)}, Vk € I,, with ¢ > 0,

i.e., the delay is equal among all used links and less than that of any unused link [6].
The overall delay of a network Ny, = (I1(2),...,I,(x)) for ¢ = (¢1,...,¢,) € S" 1 is
given by

> oili().
i=1
A system optimum of a network Ny, = (I1(z),...,l,(x)) is a flow (¢1,...,¢,) € S !
that minimizes this average delay [6].

3. User Equilibrium

In what follows, we explore several properties that will be essential throughout. The
next lemma demonstrates that user equilibrium remains unchanged under mappings which
are strictly increasing. This is because the minimum value in a set is preserved when a
strictly increasing function is applied.

Lemma 1. Consider a network Ny = (I1(x),...,l,(z)) and a strictly increasing and
continuous function f(x) : R — R, if a flow (¢1,...,¢n) € S* ! is user equilibrium of Ny,
then it is also user equilibrium of f(Nn) = (f(li(z)), ..., f(l.(x))).

On the other hand, the above property doesn’t hold for system optimums as it is
illustrated in the following example.



A. Kalampakas / Eur. J. Pure Appl. Math, 17 (4) (2024), 2448-2466 2451

li(z) = 2%/3

la(x) =22/3
Figure 1: A network N with two parallel links

Example 1. We examine the network N = {%2, 2%} presented in Fig. 1 which was utilized

in [1] to highlight the inefficiency due to congestion externalities. The system optimum
that minimizes the average delay of the network is ¢°° = (%, %) and the user equilibrium
that equates delay on the two links is ¢V = (0.73,0.27).

The network obtained by taking the image of N via the continuous and strictly increas-

ing function f(z) = x? is

FIN) = {5, 422

It is straightforward to see that the user equilibrium of f(N) is the same but the new
system optimum is $°° ~ {0.69,0.31}.

The example demonstrates that, the system optimum unlike the user equilibrium is not
generally maintained by the type of latency function we consider i.e., continuous, convex
and strictly increasing. This raises the following question: do Wardrop optimal flows
remain consistent under such transformations? We will address this question in Section 5.

The below property will be very useful in our subsequent constructions. It can be easily
proved by a simple geometric inspection of the curves of the strictly increasing latency
functions on the same coordinate system. Below we provide a more detailed algebraic
proof (similar constructions exist in the literature for the user equilibrium, see e.g. [27]).

Proposition 1. There exists a unique user equilibrium for any network Ny,.

Proof. Let Ny = (I1(z), -+ ,ln(z)). For each i € I,,, we set a; = [;(0), b; = [;(1) and
consider the inverse (again continuous, strictly increasing) function ;' : [a;, b;] — [0,1] of
each latency function I; : [0,1] — [a, bs].

We define a continuous and increasing function 17! : R — [0, 1] by

07 1fy<al
L'y =90, ifa<y<b
17 ify>bi

as well as a function L=! : R — [0, n] by

L7 y) = 17 (y).

i€l,
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Then L~! : R — [0, n] is also a continuous and increasing function such that L=!(y) = 0
for any 0 <y < miIn{ai} and L~1(y) = n for any y > m%x{bi}.
icly 1€ln
Since
lj_l : [aj,bj] — [O, 1]

is the strictly increasing function on the interval [a;, b;] where

a; = min{a;},

therefore the function L™ : [a;, b;] — [0,n] is also strictly increasing on the same interval
[aj,bj] where a; = grelin{ai}. It can be easily seen that L™(a;) = 0 and L71(b;) >
1 (by) = 1.

Let L=!(b;) = 1. Then the unique user equilibrium is

¢:(0’0...707 7070)

1
~~
J

with supp(¢) = {j}. Indeed, since
L7 b)) =) 171 (b)) =1,
icl,

it is easy to see that lj_l(bj) = lj_l(bj) = 1 or equivalently /;(1) = b; and meanwhile
I;I(bj) = 0 for every ¢ € I,, with 7 # j or equivalently b; < a; for every i € I,, with i # j.
The last inequality means that [;(0) = a; > b; = [;(1) for every ¢ € I, with i # j.

Let L71(bj) > 1. Since L71([0,a;]) = 0, the function L™ is strictly increasing on the
interval [a;,b;], and L™1(b;) > 1. Then there always exists a unique ¢ € (a;, b;) such that
L~Y(c) = 1.

Let us define the following sets

a:={kel,:ce (ar,by)} and f:={s €I, :c¥ (as, bs)}.

Obviously, due to the construction, we have that j € a # 0, a U8 =1I,, and a N g = 0.
Let us define ¢y, := l,;l(c) for every k € a. It is obvious that

0=1"ar) <=0 (c) < ' (by) =1,  Vkea
We then obtain that

1=L' ) =) 1) =D L)+ > 1, ()

€1, kea seEB
=D )+ 1) > ) 17 o). (1)
kEca sef sEB
——

positive term
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Consequently, we derive that 151 (c) < 1 for any s € 8. Since ¢ & (as, bs) for any s € 3
and 1;1(c) < 1, due to the definition of the function 1;*(y), we must have that 1;1(c) = 0
for any s € 8. Equivalently, this means that

le(dr) =c<as=150), Vkea and Vse€p.

Moreover, since

> 1M e) =0,

sep

it follows from (1) that

Lo => L => L'+> L'o)=> L' ()= ¢x=1

i€l, kea seP kea kea
———

zero terms

Hence, the flow ¢ = (¢1, ¢2,- -+ , @) which is defined as follows ¢y, := l,:l(c) for every
k € a and ¢y, := 0 for every k € f =1, \ « is user equilibrium and it is unique due to the
uniqueness of the point ¢. This completes the proof.

3.1. Discrete User Equilibrium

The definition of user equilibrium, as it was introduced [6, 7, 30] and studied in the
literature since then, assumes that the traffic flow can be represented as a positive real
number. The advantage of this representation is that it can be infinitely divided into
smaller flows and thus we can always obtain the exact value of flow distribution that
creates the user optimum.

On the other hand this is just an approximation of the situation in real life scenarios,
where for transportation networks individual vehicles can not be split and more over
they can have varying sizes. The same can be said for information networks and parallel
processing in relation respectively to the packages and the processes that run in parallel.

To address these situations, in what follows, we will introduce a notion of user equilib-
rium for Discrete Multi-type flow. An additional advantage of this representation is that
the resulting discrete structures could be algebraically recognized in a manner similar to
[10] for crisp graphs and [17], [16] for fuzzy structures. We will consider again a network
with n parallel links, I,, = {1,2,...,n}, where constants cy,...,cy, represent the cost of
using the link ¢, for i = 1,...,n, for a transportation network this can be for example, the
transit time of a unit traffic through the link i.

The flow is given by a flow-vector ¢ = (¢1, ¢2,...,dn), ¢; > 0, N > n, where ¢; is the
size of the packet or vehicle ;. We assume that all flow is distributed among all n links
and denote the total flow size by

N
X =Y ¢
i=1
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The elementary flow of each type is unsplittable in the sense that a vehicle or a packet ¢y,

is routed in whole along one and only one link ¢ = 1,2,...,n. Hence it holds
n N
S5 dwel = &,
k=1 i=1
where

1, if ¢; is routed along the link k
i, = .
0, otherwise.

In order to introduce the user equilibrium from the discrete case we will consider
the particular case of two links, Io = {1,2}. Let X = {¢1,¢2,...,0n} be a flow-set,
¢; € R*. Let P5* be a partition of X into two subsets X’ and X", where X' # (), X" # ),
X' UX"=X, X'NX"=0, and X" = X\ X’. To further simplify, we assume that the
latency functions

k(@) [0,T) =R, ke L, T=>Y ¢

of the two links, are given by
lg(x) =z, k=1,2.

Hence, according to this setup, the user equilibrium can be described as the partition 732X
that minimizes the difference between the time needed for each of the two flow subsets X’
and X" to travel across the two links. In other words, to find the user equilibrium one
must solve the optimization problem

min q ¢y > Gkt —ck Y didi| p, k=1,2

P2 $iEX! BiEX"

with ¢; > 0.

Consequently, the discrete user equilibrium does not equalize the link delays as in the
continuous case, rather than minimize the absolute difference between them. This can be
further generalized for more than two parallel links by minimizing the sum of absolute
differences between all pairs of links delays.

Moreover, the link latency function can be further enhanced by adding a maximum
capacity and a constant toll price. Hence, if we denote by R;, i € 1,,, the capacity of the
link 4, it can be assumed that the flow on the link ¢ cannot exceed R;, that is

N
S ouel” <R, k=12,...,n.
i=1

If we additionally assume that the price of sending the flow through a linki =1,2,...,n
is increased by a constant toll price p;, ¢ = 1,2, ...,n. Then the delay on each link is given
by

N
Ck261k¢z+pkv k=1,2,...,n.
i=1
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4. System Optimum

Our next step is to investigate the properties of the system optimum. The networks
we will examine from now on are assumed to be differentiable. We start with the following
important result.

Proposition 2. Consider a network Ny = (I1(x),...,l,(x)), then for every i,j € I,, we
have

Li(¢i) + dili(0i) = 1i(¢5) + ;15 (¢)).-
provided that ¢ = (¢1,...,¢,) € Int(S™™1) is system optimum of the network.

Proof. Let (¢1,--+ ,¢iy-+ ,¢j, - ¢n) € intS™ 1. The total delay of the network at
this flow is

T = ¢rli(¢1) + -+ dili(di) + -+ + 9515(95) + dnln(dn).
For 0 < € < 1, the total delay of the network at the flow
xzr:_;ge = (¢1a"' 7¢i+€7"' a¢] _67"'¢n) € intsn_l
is
T = ¢1li(dr) + - + (di + Olidi +€) + -+ + (05 — Wi(¢5 — €) + -+ + Puln(n).
The delay T is less than the delay T if the difference

TH =T = (¢i + €)li(di + €) — dili(9i) + (¢5 — €)li(d5 — €) — d5l;(¢5)
= (¢i + )li(Pi + €) — (@i + €)li(¢i) + eli(¢i)
+ (05 — O)li(¢5 —€) — (95 — )lj(d;5) — €l (95)
= (¢i + )lli(di +€) — li(di)] + eli(9i)
— (6 —€) [Li(5) — Li(dj — €)] — €li(¢))

is negative. By dividing with ¢ and taking the limit with ¢ — 0, the above quantity
becomes

Li($i) + ¢ili(di) — 1j(d5) — &515(e).
If this is negative, the marginal difference 7€ —T is negative, and therefore we will obtain
a better total latency by removing flow from ¢; and adding it to ¢;. Hence, at any given

flow as above, if we reduce the flow ¢; by € while at the same time increase the flow ¢; by
the same amount we will obtain a better total delay if

Li(¢0) + il (di) < 1i(¢5) + 5l (¢5)- (2)
Similarly we can consider the total delay of the flow

7= (¢ —¢,pj +¢) €S
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as follows

T7 = (¢i — )li(¢i — €) + (¢ + )ls(d; + ).
In this case for the new delay T7¢ to be less than T, the difference T7¢ — T must be

negative and using the same syllogism it turns out that the new total delay T7° — T is
lower than T if the quantity

—1i(9i) — dili(@) + Li(d5) + ¢51(65)

is negative. Therefore, if we reduce the flow ¢; by € while at the same time increase the
flow ¢; by the same amount we will obtain a better total delay if

Li(¢i) + dili(¢i) > 1i(¢5) + ;15 (¢5)- (3)
By consider both Equations 2 and 3 we deduce that an optimal flow (¢;, ¢;) € IntS?
implies
Li(¢i) + ¢ili(di) = 1j(¢5) + @5l (5), (4)
which completes the proof.
We can generalize the above as follows.

Theorem 1. Consider a network Ny = (I1(x), ..., (x)), then it holds
Li(oi) + ¢ili(di) = 1i(95) + qﬁjl;(qﬁj), for every i,j € I, with ¢;,¢; >0

e 1i(0) > Li(¢5) + ¢l5(d5),  for every i,j € I, with ¢; =0, ¢; >0,
provided that ¢ = (¢1,...,¢,) € S"~1 is system optimum of the network.
Proof. We only have to consider the case of a system optimum
6= (G, 6n) € 871

on Ny, such that there exists an ¢ € I,, with ¢; = 0. Using a similar argument as in the
previous proposition we get that if there exists any j € I, such that

Li(oi) + dili(0i) < 1j(¢5) + @5l ()), (5)

then we will achieve lower total delay by e-reducing ¢; while at the same time e-increasing
¢i. Since x € 8"~ ! is system optimum this is not possible. Thus, taking also into account
that ¢; = 0, it must hold

1;(0) > Li(¢) + qul}(qﬁj)7 for every i, j € I,, with ¢; = 0 and ¢; > 0.
Now, for differentiable latency functions /;(x), we construct the following functions

pi(r) = l;(z) + 2l(x).

In this way, for every network Ny, = (I1(z),...,l,(x)), we construct a corresponding
(Pigovian) network PN, = (p1(x),...,pn(z)). Theorem 1 is then reformulated to describe
the relationship between the two networks.
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Theorem 2. Consider a network Ny = (I1(z),...,l,(z)) and a flow ¢ = (¢1,...,¢n) €
S"~1. then if ¢ is system optimum of Ny it is also user equilibrium of

PN, = (p1(x),...,pn(x)).
Proposition 1 allows us now the achieve the following uniqueness result.
Proposition 3. A convex network Ny, = (I1(x),...,l,(z)) has a unique system optimum.

Proof. All the latency functions are differentiable in [0, 1], hence the total delay

> ili(6)
i=1

has at least one minimum.

Therefore, there is at least one system optimum of N,,. Moreover, we know that the
latency functions are differentiable and convex and so p;(x) will be strictly increasing
and continuous. Thus, according to Proposition 1 there is a unique user equilibrium of
PN,, = (p1(x),...,pn(x)). Ther result follows by applying Theorem 2.

The following characterization of system optimums is achieved by combining the pre-
vious results.

Theorem 3. Given a convex network Ny = (l1(z),...,l,(x)) and a flow ¢ = (P1,...,¢Pn) €
S™~ ! the following conditions are equivalent.

i) The flow ¢ is the system optimum of Ny,.

it) The flow ¢ is the user equilibrium of
PN,, = (p1(x),...,pn(x)).
i11) It holds
Li(oi) + ¢ili(di) = () + gi)jl;((;ﬁj), for every i,j € I, with ¢;,¢; >0
and
1;(0) > 1i(¢5) + ¢5l5(05), for everyi,j € I, with ¢; =0, and ¢; > 0.
iv) It holds

U(on) + ol (on) = ggiln{li(@') + ¢ili(¢i)}, for every ¢ > 0.
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5. Wardrop Optimal Networks

Flows that are at the same time system optimum and user equilibrium are called
Wardrop optimal flows (WOFs). In this section we will investigate networks admitting
such flows i.e., Wardrop optimal networks (WONSs). First we need to identify some nec-
essary conditions for system optimums. By applying Theorem 3 we get the following two
propositions.

Proposition 4. If the flow ¢ = (¢1,...,¢0n) € S ! is WOF of the network N, =
(li(z),...,ln(x)) then it holds

i) dili(di) = ¢;l(#;), for every i, j € Ly, with ¢;,¢; > 0,
i) 1;(0) > 1(¢5) + ¢;l5(¢5), for every i,j € L, with ¢; =0 and ¢; > 0.

Proposition 5. If the flow ¢ = (¢1,...,¢n) € S* ! is user equilibrium of the convex
network Ny = (l1(z),...,l,(x)) and the following conditions hold

i) ¢ill(¢i) = (ﬁjl;(gbj), for every i, j € L,, with ¢;,¢; > 0,
i) 1;(0) > 1(¢5) + ¢;l5(¢5), for every i,j € L, with ¢; =0 and ¢; > 0,
then the flow ¢ is also system optimum.
Combining the above propositions we arrive at the following result.
Theorem 4. If the flow (¢1,...,¢n) € S™ ! is a user equilibrium of a convexr network
Ny = (li(x),...,l(x)),
then the following conditions are equivalent

i) It holds
Gili(di) = ¢5l5(¢5), for every i, j € L, with ¢i, ¢5 > 0,

and
1;(0) > 1;(¢) + gbjl;(qﬁj), for every i, j € I, with ¢; =0, and ¢; > 0.

it) The flow ¢ is a system optimum.

On the other hand, we get the following requirements for a flow that is a system
optimum.

Proposition 6. If the flow ¢ = (¢1,...,¢,) € S ! is system optimum of a network
N, = (li(x),...,l,(x)) and it holds

lz(¢z) = lj(¢j), for every i,j S In with gﬁi, (f)j > O,

then it is also a user equilibrium.
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Hence we can arrive at the next Theorem.
Theorem 5. Given a flow ¢ = (¢1,...,¢,) € S* ! of a convex network
Nn = (Li(x),...,l(x)),
the following conditions are equivalent:
i) The flow ¢ Wardrop optimal.

i1) It holds:
Li(¢i) = Li(¢5), for everyi,j € I, with ¢, ¢; > 0,

dili (i) = qﬁjl;-(qu), for every i, j € I, with ¢;,¢; >0,
1;(0) > li(¢) + gbjl;((;ﬁj), for every i,j € I, with ¢; =0, and ¢; > 0.

If we only consider internal flows, then we get the following corollary as a particular
case of the above result.

Corollary 1. Given a flow ¢ = (¢1,...,¢,) € Int(S"™1) of a convex network
Nn = (Li(x),..., 1l (x)),
the following conditions are equivalent:
i) The flow ¢ Wardrop optimal.

it) It holds:
Li(¢i) = Lj(¢5), for everyi,j € I, with ¢, ¢; > 0,

dili (i) = qﬁjl;-(gbj), for every i, j € I, with ¢;,¢; > 0.

The next result provides some insight on the effect of appropriate transformations on
the latency functions of our networks.

Theorem 6. If the flow ¢ = (¢1,...,¢n) € S* ! is the WOF of a convex network
Nn = (li(x),...,lh(x)),
then it is also WOF of the network

f(Nn) = (f(li(2)), ..., f(Ia(2))),

where f(z): R — R is a a continuous, strictly increasing and convez function.
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Proof. Since ¢ is WOF of Ny, we get
li(¢i) = 1j(¢5), for every i,j € I, with ¢;,¢; > 0, (6)
from where we can derive the first item of Theorem 5 for the set f(INy):

f(li(¢i) = f(l;(¢;)), for every 4, j € I, with ¢;,¢; > 0.

Since ¢ is also optimal flow of L,, we have
(Z)Zl;((ﬁz) = (Z%lé((;%), for every i,j € I, with ¢i, g25j > 0, (7)

and
1;(0) > lj(qu) + gf)]l;(d)]), for every ,7 € I, with ¢; =0, and ¢; > 0. (8)

For ¢;,¢; > 0, it holds

$i(F1s(0)) = o f (o) (05) 7 6 Ui e)(65) = 65 (FUs(67)))- (9

Hence the second condition of Theorem 5 is satisfied by ¢.
Now let ¢; = 0 and ¢; > 0. Since f is increasing, from Equation 8 we obtain

£:(0)) = f(Li(¢5) + 6515(5))-

We need to prove the third condition of Theorem 5 which is

F(L:(0)) > f(Li(@5) + &5 (f(Li(95))), for every 4,5 € I, with ¢; = 0, and ¢; > 0.
Therefore, it suffices to show that
F(e5) + 03l5(¢5)) = FU(85)) + &5 (F(L3(85))) =
Fli(85) + b505(05)) — F(Li(95)) > 65" (13(85)) U (¢5) =
Fi(@5) + 0l5(¢5)) — f(15(94))
¢;l5(¢5)
If we set a =1;(¢;) and b= gbjl;(qu), the last inequality can be rewritten as

fla+b) — f(a)
b
Since b > 0, the left hand side of the above inequality is the average increase of f(x) at the

interval [a, a+b] and the right hand side is the rate of change of f(z) at a. Therefore, from
the convexity of f(z), we deduce that the inequality holds true. The proof is completed.

> f'(1j(¢5))-

> f'(a).

The above Theorem shows that WOFs are preserved by continuous, strictly increasing
and convex functions. Nevertheless, this does not hold for a system optimum which is not
user equilibrium. Indeed, as it shown in Example 1 the system optimum of the network of
Figure 1 does not remain the same after taking the image of N via the continuous, strictly

increasing and convex function f(x) = 2.
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Example 2. Let us examine the linear network W1 = {%,% shown in Fig. 2a. The
system optimum that minimizes the average delay of the network and the user equilibrium
that equates delay on the two links are identical and equal with ¢ = (0.4,0.6).

Similarly for the quadratic network Wo = {422 22} of Fig. 2b, it can easily be
verified that the system optimum and the user equilibrium are identical and equal with

¢ =(1/3,2/3).

li(z) =x/2 Ii(z) = 4a?
lo(x) =2/3 lo(z) = 22
(a) W1y : Linear Wardrop optimal network (b) W2 : Quadratic Wardrop optimal network

Figure 2: Two Wardrop optimal networks

The next corollaries illustrate the effect of some fundamental transformations on WOF's.

Corollary 2. If a flow ¢ € S*~! is WOF of a convex network Ny = (Iy(x),...,1,(z))
then it is also a WOF of the following networks.

i) Nn+b=(li(z) +b,...,l,(x) +b), for every b > 0.
it) alNp = (ali(x), ..., al,(x)), for every a > 0.
For the particular case of internal flows, we can also state the following.

Corollary 3. If the flow ¢ = (¢1,...,¢n) € intS"! is the WOF of a convex network
Nn = (li(x),...,lu(x)), then it is also WOF of

f(Nn) = (f(lu(2)), ..., f(In(2))),
where f(z): R — R is a continuous, strictly increasing function.
Next we examine networks with identical latency functions.

Proposition 7. If the latency functions across all links of a network are identical then
the WOF is uniformly distributed.

Proof. 1t suffices to observe that ¢ = (1,..., %) is the WOF of Ny,.

Similarly we have

Proposition 8. Any internal flow p = (p1,--- ,pn) € intS"! is the WOF of N =

p1’° " pn

This result together with Corollary 3, gives the following proposition.
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Proposition 9. An internal flow p = (p1,-+- ,pn) € intS" ! is the WOF of N,, =
(f(%), . .,f(i—:)), where f(x) is any continuous, strictly increasing function.

By using Theorem 5 we obtain the next proposition.

Proposition 10. If a flow ¢ = (¢1,...,¢n) € S”tl is at the same time, WOF of the
convex networks Np = (l1(z), ..., In(x)) and Ny = (l1(2),...,ln(2)) then it is also WOF
of NonNp = (Li(z)l1(x), ..., ln(x)ln(2)).

Proof. Since ¢ is WOF of the networks N, and Ny, from the first condition of Theorem
5 for the two networks we have

li(¢i) = 1j(¢)), for every i,j € I, with ¢;,¢; > 0, (10)

and
li(¢:) = 1;(¢j), for every i,j € I, with ¢;, ¢; > 0. (11)

By multiplication of the two we get the first condition for the network N,Ny:
ll(gﬁz)iz(x) = lj((ﬁj)ij(l’), for every i,j € I,, with ¢i, ¢j >0, (12)

which establishes the first condition of Theorem 5 for N, N,,. From the second condition
of Theorem 5 for the networks N, and N, we have

Gili(¢i) = ¢;l’(¢;), for every 4,5 € I, with ¢, ¢; > 0, (13)

and
oili(6i) = d;15(;), for every i, € I, with ¢;, ¢; > 0. (14)

To prove the second condition for NyN;, we need to prove that for every ¢;, ¢; > 0 it
holds that

Gi(Li(di)li(¢:)) = &5 (15 (05)15(95))', (15)
or equivalently
$ili(00)1i(0:) + Sili( D) (0i) = S515(05)15(85) + B3l (6)15(05)- (16)
By multiplying Equations 11 and 13 we get
Gili(0i)li(di) = 5l5(5)15(¢5), for every i,j € I, with ¢;, ¢; > 0. (17)

By multiplying Equations 10 and 14 we get
$ili(61);(0:) = 6;;(05)T;(95), for every i, j € L, with ¢y, ¢; > 0. (18)

Equation 16 is now obtained by adding Equations 17 and 18.



A. Kalampakas / Eur. J. Pure Appl. Math, 17 (4) (2024), 2448-2466 2463

Now, for the remaining part of the proof, from the last condition of Theorem 5 for Ny
and Ny, it holds that for every 4,j € I,,, with ¢; =0 and ¢; > 0

1:(0) > 1i(0) + ¢ Ui(dy)  and  1(0) > [j(¢5) + b5 [j(e5)-

By multiplying the above inequalities we get
- - =1 = =1
L(0)(0) > 1i(5)Li(5) + 1i(85)5 1i(d5) + 1i(85); Ui(¢5) + &5 15(d5)0515(¢5)- (19)
From this, we get the third condition of Theorem 5 for the network N,Ny,, which is:
- = - /
1:(0)li(0) = 15(0)15(¢5) + &5 (Li(0)15(85)) (20)
or equivalently

L(0)13(0) > i) (¢5) + b3l ()L () + b5 1 (67) b3l (5). (21)

In a similar way, we will establish the next proposition.

Proposition 11. If the flow ¢ = (¢1,...,¢n) € S* ! is WOF of the conver networks

Ny = (I1(2), ..., ln(7)) and Ny = (I1(z), ..., (x)),
then it is also WOF of Ny, + Ny = (I1(z) + 11(2), . .., ln(7) + 1, (2)).

Proof. Since ¢ is WOF of the networks N, and Ny, from the first condition of Theorem
5, we have that for the two networks it holds

l2(¢l) = lj(¢j), for every i,j € I, with ¢;, ¢; >0, (22)

and
Zz(¢z) = Zj((bj), for every ’i,j € In with qbi, gf)j > 0. (23)
By adding the two we get the first condition for the network Ny 4+ Ny
Li(¢i) + Li(x) = 1j(¢;) + 1 (z), for every i,j € I, with ¢;, ¢; > 0, (24)

which settles the first condition of Theorem 5 for Ny, + Ny. For the next condition of
Theorem 5, assume that for the networks Ny, and N, we have

il (i) = (j)jl;(gbj), for every 7,5 € I, with ¢;, ¢; > 0. (25)

and
dil;(6i) = d;15(), for every i,j € I, with ¢y, ¢; > 0. (26)
By adding Equations 25 and 26 we get

Sill(67) + dily(9i) = D3l (d5) + &515(05), (27)
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or equivalently
¢i(Li(¢) + Li(di))" = 5 (Li(¢5) + 1i(¢5)), (28)

as desired.
Now for the remaining part of the proof, if for N, and Ny, it holds

L(0) > Ui(6) + &5 1i(05)  and  1;(0) > T;(e5) + &5 (o),

for every i,j € I, with ¢; = 0 and ¢; > 0, then by adding the above inequalities we get

1(0) +1:(0) > 1i(5) + Li(e5) + 65 (L (5) + Tj(05)). (29)

From the above, the last condition of Theorem 5 for the network N, + N, follows.

6. Conclusion and Future Work

We have investigated directed, parallel networks with congestion externalities and their
equilibriums. We identified necessary and sufficient conditions for achieving the system
optimum and we introduced Wardrop optimal networks admitting the same user and sys-
tem equilibrium. In addition we establish a characterization of Wardrop optimal networks
which allows us to identify important closure properties of the related class of networks.

Future research directions deriving from the results presented in this paper include the
investigation of Wardrop optimal flows in networks with more general underlying graph
structures by analyzing all potential paths from the origin to the destination, similarly to
the approach introduced in [15]. Additionally, this framework could be utilized for the
algebraic recognition of such networks, thereby enabling the use of graph recognizability
to identify graph properties, such as determining if a graph is Eulerian [9] and k-colorable
[11].
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