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Abstract In this note we introduce the concept of vector network equilibrium flows when
the ordering cone is the union of finitely many closed and convex cones. We show that the set
of vector network equilibrium flows is equal to the intersection of finitely many sets, where
each set is a collection of vector equilibrium flows with respect to a closed and convex cone.
Sufficient and necessary conditions for a vector equilibrium flow are presented in terms of
scalar equilibrium flows.

Keywords Vector network equilibrium flow - Nonconvex ordering - Solution set - Vector
variational inequality

1 Introduction

Following the introduction of Wardrop’s principle [8] for equilibrium flows in traffic net-
works that considers only the minimum delay criterion, there have been generalizations of
the principle that consider multiple criteria. Indeed, in the real world, people in choosing a
path to travel consider not only minimum delay but also other factors such as cost, safety and
convenience. Such generalizations have been considered by [1] and [3]. Under the symmetry
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assumption for vector-valued cost functions, vector variational inequalities have been derived
as a necessary optimality condition for a vector equilibrium flow. In those discussions, the
ordering cone was assumed to be convex. The model of vector variational inequalities was
introduced by [2].

Recently, [7] (See also [4]) considered a nonconvex ordering for vector optimization prob-
lems, which seeks to generalize existing results from a theoretical perspective. Following this
trend, we introduce in this paper the concept of vector equilibrium flows when the ordering
cone is the union of finitely many closed and convex cones. We show that this set of vector
equilibrium flows is equal to the intersection of finitely many sets, where each set is a collec-
tion of vector equilibrium flows with respect to a closed and convex cone. We note that [4]
have recently obtained such a relation between a vector variational inequality and a vector
optimization problem. In this note we obtain sufficient and necessary conditions for vector
equilibrium flows in terms of a scalar equilibrium flow.

2 A model for vector equilibria with nonconvex orderings

Consider a transportation network G = (N, A), where NV denotes the set of nodes and A the
set of arcs. Let 7 be the set of origin-destination (O-D) pairs and P; (i € Z) denote the set of
available paths joining the O-D pair i. For a given path p € P;, let 1, denote the traffic flow
on this pathand 2 = [h,] € RM M= > ic7 | Pil. A path flow vector & induces a flow v,
on each arc a € A given by:

Vg = Z Z saphp;

i€Z peP;

where 8,, = 1 if arc a belongs to path p and 0 otherwise. A = [§,,] € RMIXM g the arc
path incidence matrix. Let v = [v,] € R be the vector of arc flows. We assume that the
demand d; > 0 of traffic flow is fixed for each O-D pairi € 7. Let

H=1h|hzgu0. D> hy=diViel
PEP;

be the feasible set.

Let t,(v) € R" be the vector cost for arc a (including such cost elements as time delay,
monetary cost and others) and be in general a function of all the arc flows. The (vector) cost
7, € IR” along a path is assumed to be the sum of all the arc costs along this path; thus

Tp(h) = D Sapta(v).

acA

Vector equilibrium principles have been considered in the literature when the ordering
cone is convex. In this note we discuss these principles when the ordering cone is not neces-
sarily convex. In particular, we assume that the ordering cone is the union of finitely many
closed and convex cones, with a nonempty interior. That is, K = Ul]= 1 KjandintK # 0,
where each K; (j = 1,...,1) is a nonempty, closed, pointed and convex cone of IR".

For simplicity, we adapt the following notation for the orderings. Given a closed cone
S C R” with intS # ¢, the pre-orderings <g\(0}, <insS, £s\{0}> and Z;,;s are defined as:
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for&,n e R”,

& <s\joy 1 < n—§& € S\{0};
§ Simsn <= n—§€ints;
& Zs\joy n <= n—§ & S\{O};
§ Zimsn <> n—§& gintS.

The pre-orderings >g\(0}, >ints, Zs\{0} and Z#;,ss are defined similarly.
Definition 2.1 Given a flow & € H, we say that

(i) apath p € P; for an O-D pair i is efficient if there does not exist another path p’ such
that 7, (h) <g\(0) Tp(h);

(i) apath p € P; for an O-D pair i is weakly efficient if there does not exist another path
p’ such that 7,y (h) <inix Tp(h).

Let I';(h) = {t,(h), p € P;} denote the (discrete) set of vector costs for all the paths
of O-D pair i. Let IZ.K (hy =1k € P | w(h) #k\o tp(h), Yp € P} € P; and
WZZ.K (h)y ={k e P | w(h) Zink Tp(h), Yp € P;} € P; denote the index sets of all the
efficient paths and weakly efficient paths for O-D pair i, respectively.

We define respectively the efficient frontier and weak efficient frontier for O-D pair i and
K to be sets of efficient points and weak efficient points in the cost-space of O-D pair i as
follows:

Ming (Ti(h)) = {§ € R" | § = 7,(h) where p € I} (b)),
Miniwg (Ti(h) = {§ € R" | § = 7, (h) where p € WI[ (h)).
The sets IIK’ (h), Ming; (T (h)), WII-K/ (h)and Minink; (Ti(h)), j =1,..., 1 aredefined
similarly.
In [1], a vector Wardrop’s principle was proposed, where the ordering cone K is closed

and convex. The following definition for vector Wardrop’s principle doesn’t assume the
convexity of the ordering cone K.

Definition 2.2
(1) A path flow vector & € H is said to be in vector equilibrium for K if

Vi €Z,Vp,p € P, hy =0 whenever t,(h) — 75(h) >g\(0) 0. (1)
(i) A path flow vector i € H is said to be in weak vector equilibrium for K if
Vi€ Z,Vp,p e P;, hy, =0 whenever t,(h) — t5(h) =ik O.

By S and WS, we denote the sets of all the vector equilibrium flows and all the weak
vector equilibrium flows for K, respectively. By §; and WS, we denote the sets of all
the vector equilibrium flows and all the weak vector equilibrium flows for K ;, respectively.
When K = IR/, the above definitions reduce to the ones in [3].

Theorem 2.1 We have the following results:

@O S=Nj S
i) ws =N, ws;.
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Proof

(i) Suppose that i € S is a vector equilibrium flow for K. For each fixed j (j =1, ...,1),
we wanttoprove h € S;.Leti € Zand p, p € P;. Suppose that 7,,(h) —7;(h) > K;\{0}-
From the definition of K, it is also true that 7, (h) — t5(h) >k\(o; 0. It follows from
Eq. (1) that 2, = 0. Thus £ is a vector equilibrium flow with respectto K ;,i.e.,h € S;.
Thus h € (), S;. Soh e N2, S;.

Conversely, suppose that £ is a vector equilibrium flow with respect to each K;, j =
I,...,l.Leti € Zand Vp, p € P;. Suppose that 7,(h) — t5(h) >k\(0} 0. From the
definition of K, there exists a jo such that 7,,(h) — t;5(h) > K\ (0} 0. By the definition
of h € Kj,, h, = 0. So h is also a vector equilibrium flow with respect to K, i.e.,
h € 8. Thus N,_; S; € S. Thus, (i) holds.

(ii) The proof is similar to that of (i), but replacing K\{0} and K ;\{0} by int K and int K ;,
respectively. O

Remark 2.1 As a consequence of Theorem 2.1, the existence of a (weak) vector equilibrium
flow when the ordering cone is a union of some convex cones is equivalent to that all sub-
problems (each with a convex cone) have a common one, while the existence of such a flow
for each subproblem can be obtained using the existence result of a scalar equilibrium flow
(see [5]) and the relation between a vector equilibrium flow and a scalar one (see [3]).

Now we give an example to illustrate the result of Theorem 2.1.

Example 2.1 Consider a network flow problem that consists of two nodes x and y, two arcs
a and b, and a single O-D pair w = (x, y). Assume the travel demand for w is d,, = 4. The
path cost functions from IR? to IR? are, respectively,

Tpi(h) = (hpys hpys hp) and Ty () = (s By, 20py),

where p; and p, denote two paths, which consist of arcs a and b, respectively. Suppose that
K = Ui’:l K ;, where K1, K> and K3 are given by

Ki={(x.y. 0 e R | 2x— 152>+ Q2y—2)* <%, x>0,y >0,z >0},

Ky={(x.y.20) e R* | 2x —2)* + @y — (1 ++3/2)2)* <2*.x >0,y > 0,2 > 0},
and

Kz ={(x,y,2) € R3 | (2x —21)2 + 2y -1 +\/§/2)z)2 <% x> 0,y >0,z >0}

Naturally, K is a nonconvex cone. From Definition2.2 (i), we have that the sets of all the
vector equilibrium flows for K1, K, and K3 are, respectively,

St ={(hp, hpy) €RE [ hy +hp, =4andhy, < hp )|
{(hpy hp) €RY | hyy +hpy =4 hy, > hy and 0.25h% + 5hp,hy, > 3h7 ),
Sy =1{(hp, hpy) €RE [ hy +hp, =4andhy, < hp )|
{(hpy hpy) € RE | hpy +hpy =4, hp, > by,
and (1 — ~/3/2)’h3 + (23 + Dhphy, > 121,
Sy ={(hp; hpy) € RE | hyy +hpy, =4and hy, <20} |
{(hpy hpy) €RE [ hpy +hpy =4, 1y > 20,
and (3/4 = V3)h3 + (V3 + Dhp,hp, + 313, > 0}
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Thus, we get

3
s={s,
j=1

= {(hpy. hp) €RY [ hp, +hpy =4and hp, < hp < 2hp,) |
{(hpl’hpz) € ]R2+ | hPl +hp2 =4, hPl = 2hp2
and (3/4 — V33 + V3 + Dhy hy, + 305, > 0}

[y 1) € RE gy + gy = 4By = Iy 0.25K3, + Sy > 302,

P1

and (1 — v/3/2)*h5 + V3 + Dhy hy, > hf,z} )

3 Sufficient and necessary conditions for vector equilibrium flows

Foreach K;, j =1, ..., [, we define its dual cone as
Kf={=0,....0)" eR | 2Tx >0,Vx € K;}.

Let a parametric A € K ;‘.‘\{0} be given. In [3], a path flow vector % is in A-equilibrium for
K; if, '

VieZI, Vpe P, hy=0whenever 3e; € Ming; (I'i(h)), such that thp(h) > ATei.
Theorem 3.1

() Ifthere exists M) € intK;‘, j=1,...,1suchthat h is in A -equilibrium for each K;,
then h is in vector equilibrium for K.

(ii) If there exists AJ € K;\{O}, j=1,...,1, such that h is in M -equilibrium for each
K, then h is in weak vector equilibrium for K.

Proof

(i) Since M € intK j‘, it follows from Theorem 4 in [9] that /4 is in vector equilibrium
flow for K ;. By Theorem2.1 (i), & is in vector equilibrium flow for K.

(i) Similarly from Theorem 4 in [9], we can conclude that 4 is in weak vector equilibrium
for K ;. By Theorem2.1 (ii), & is in weak vector equilibrium flow for K. m}

For A € K;‘\{O}, we define the minimum scalarized cost for O-D pair i as:
u;i(A) = min A" 7, (h).
PEP;
Let A/ € int K*. Following the proof of Lemma 2.1 in [3], we have, for some ¢; €
Ming; (I'i (h)),
ui(A) =1"e;.

Thus, for A € int K;’f, h is in A-equilibrium for K; if and only if the following condition
holds:

VieZ,Vpe P, h, =0 whenever )\.TTp(h) > u;(L).
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Let a parameter A € Kj’f\{O} be given. Since an A-equilibrium flow is based on a scalar
cost, it follows from [5] that % is in A-equilibrium for K; if and only if & satisfies, for all
iel,pe b,

AT p(h) —ui W)hy =0, ()
ATty (h) —ui(h) =0, 3)
> hy—di =0, 4

PEP;
h=0,u;(x) 0. Q)

Thus, from Theorem 3.1, we have the following result.

Theorem 3.2

(i) If there exist some M€ intK;.‘, j =1,...,1, such that h satisfies Egs.(2-5) where

A=A, foralli e I,p€ P, then h is in vector equilibrium for K.
(i) If there exist some A € K;\{O}, j = 1,...,1, such that h satisfies Egs.(2-5) with
A=A, foralli € I, p € P, then h is in weak vector equilibrium for K.

Corollary 3.1 Ifthere exists some X € (le: 1| K;)*\{0} such that h satisfies Eqs. (2-5), for
alli € Z, p € P;, then h is in weak vector equilibrium for K.

Proof Since K1, ..., K; are nonempty and convex cones, it follows from Corollary 16.4.2
in [6] that
l *
i N *

D K| =Mk

j=1
By Theorem 3.2 (ii), the result holds. O
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