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Abstract

In this paper, we introduce the multiclass traffic equilibrium problem
which includes the traffic equilibrium problem as a special case, and
extend Beckmann’s formula to the case of multiclass traffic equilibrium
problems. By an example, we illustrate the calculation process of the
multiclass traffic equilibrium flow using multiclass Beckmann’s formula
and show that multiclass Beckmann’s formula is a sufficient condition
only for the multiclass traffic equilibrium flow.
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1 Introduction

Wardrop (1952) introduced a traffic equilibrium problem with a scalar cost
function. Beckmann et al.(1956) constructed a mathematical programming
problem which is equivalent to Wardrop’s traffic equilibrium problem. In real
world, there often are multiclass vehicle on road, such as car, truck, bus, mo-
torcycle and so on, so in recent years, the multiclass traffic equilibrium problem
has attracted much attention. In this paper, we introduce the multiclass traf-
fic equilibrium problem (briefly, MTEP) which includes the traffic equilibrium
problem (briefly, TEP) as a special case, and extend Beckmann’s formula to
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the case of the multiclass traffic equilibrium problem. By an example, we il-
lustrate the calculation process of the multiclass traffic equilibrium flow using
multiclass Beckmann’s formula and show that multiclass Beckmann’s formula
is a sufficient condition only for the multiclass traffic equilibrium flow. For
other results with respect to multiclass traffic equilibrium problems, we refer
to Dafermos (1972,1973), Nagurney (2000), Nagurney and Dong (2002), Yang
and Huang (2004), Li and Chen (2006), Zhang et. al. (2008), Zhu et. al.
(2012), Xu et al. (2014) and the references therein.

2 Preliminaries

For a traffic network, assume that there are ¢ classes of vehicles, for ex-
ample, truck, bus, car and so on and denote by @ = {1,2,---,¢q}. Let V
denote the set of nodes and F the set of directed arcs, and W the set of origin-
destination (O-D) pairs. For each w € W, let P, denote the set of available
paths joining O-D pair w and m = Y cw | P, |- Let D = (dw.s))scouwew
denote the demand vector, where d, (> 0) denotes the traffic demand of
class s of vehicles on O-D pair w. For each a« € FE, the arc flow f, =
(fla)s fla2)s s flap)” € RY, where fia4)(s € Q) denotes the flow of class s
of vehicles on arc a. For each s € Q,w € W,k € P, let fu (> 0) denote
the traffic flow of class s of vehicles on path k. f = (fs))icowewrer, =
(s fony fazy s famay s fags 5 fomg) " € RY? s said to be a
path flow (briefly, flow). Clearly, fora € E, s € Q, fia.s) = Zwew 2rer, Oakfik,s):
where . = 1 if arc a belongs to path k, otherwise §ox = 0, thus f, = fo(f).
A traffic network is usually denoted by X = {V| E, W, D}. For each s € Q,w €
W, the flow f needs to satisfy the demand constraint: 3 ycp fiks) = d(w,s)- A
flow f satisfying the demand constraints is called a feasible path flow (briefly,
feasible flow). Let A = {f € R : Vs € Q,w € W, X cp, fiks) = dw,s)}-
Clearly, A is convex, compact and A # ). For each o € E,s € Q, let t(q,5 =
t(a,s)(fa) be a cost of class s of vehicles on arc a and for each w € W, k € P,,
the cost t( ) of class s of vehicles along path £ is assumed to be the sum of
all the arc cost along k, i.e., t(45)(f) = Xaer Oart(as)(f). Denote that for each

s €Q, ts(f) = (tas)(f), t@s(f), + tms)(f)) and

t(l,l)(f) t(mJ)(f) 0 o 0 o 0 o 0
wp=|2 0 el e e () 0 O
0 o 0 0 o 0 t(l,q)(f) t(m,q)(f)

Definition 1. (Multiclass equilibrium principle). A flow f € A is
said to be in equilibrium if:

Vs e QweW,Vk,j€ P, tus(f) —tys(f) >0
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= f(k,s) =0.

f is said to be a multiclass equilibrium flow (briefly, equilibrium flow)
or multiclass equilibrium.

A MTEP is usually denoted by I' = {X A, t}. x is said to be a solution
of I" if x is a multiclass equilibrium flow of I'.

3 The multiclass Beckmann’s formula

For the MTEP T' = {R, A, t}, construct the following mathematical program-
ming problem M P:

Minz(f) = £1_ Sacp J§) tia(x)de

s.t ZkGPw fk,s) - d(w,s)v Vs € va eWw
o fik,s) =0, Vwe W,k € P,

Above formula is a generalization of Beckmann’s formula, which is called
the multiclass Beckmann’s formula. Next theorem shows that each solution of
the multiclass Beckmann’s formula is an equilibrium flow for I.

Theorem 1. Consider a MTEP I' = {X, A t}. Assume that for each s €
Q,a € E, tos(f) is continuous on R7’, then the flow f € A is in equilibrium
if f solves the mathematical programming problem M P.

proof. Denote that hy ) = Ypep, fiks) — dw,s)- The problem MP’s
Kuhn-Tucker conditions are:

dz[f] Ol

Dry — EQueW Aw,s) Bf(: 6)) Brs =0 VseQ,weWkeP,
Bk,s) fik,s) = 0, VseQ,weW,keP,
A(w,s) = 0, Br,s) 2 0, VseQuweW,aeE keP,

where A\, 5 and S, ) are Lagrange multipliers.
Since for each s € Q,a € E, t(o5(f) is continuous on R, we have

0z[f] 0 o) 0 o) 0 f(a,s)
= Ya / tias(x)dr) = 2, 7/ tios (x)de :
Dy~ Oy P Jy Lo (0)AT) = Baergp o e () G
ahws
= YacEt(a,s) (f)ak = tik,s), YeWw Aw,s) (o) _ Aw,s)-
O f(k,s)

Thus, we have fi o) ({ks) — Aw,s) = 0,Vs € Qw € W,k € P, ie.,

iff(k75)>0, t(ks :)\ 5) Vs e Q,we W,k e P,
if fies) =0, tus 2)\ s VseQ,weWkeP,
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In other words, for each path %, we have £ ) > A, 5). Hence, for Vs € Q,w €
WNk,j € P,,, if t(k,s)(f) — t(jﬁ)(f) > 0, then fq. ) = 0, otherwise f(; ) > 0,
which implies that £ s = Aw,s) < t(js), a contradiction. By Definition 1, the
proof is finished.

By Theorem 1, it is easy to construct algorithms to calculate the equilib-
rium flow for MTEP.

Example 1. Consider the MTEP (see Figure 1), where V' = {1,2, 3,4},

E = {61,62,63,64}, 7Q - {172}7 W = {w} = {(1a4)}a D = (d(w,l)vd(w,Q)) -
(3,4), and

ter,))(fer) = 3f(er,1) + 2f(er,2) + 40, Les 1) (fes) = 4f(es1) + 5 f(ea2) + 10,
ties1)(Fes) = D f(esn) + 2f(es2) + 30, tes1)(fes) = Tfteat) + 6 f(en2) + 40,
tier2)(fer) = 10f(er 1) + 5f(er2) + 35, tien2)(fen) = 6F(er1) + 3f1en2) + 47,
t(e372)(f63) =5 f(es,1) T 4f(es,2) + 42, t(€472)(fe4) =4 f(es1) + 6 f(eg2) + 38.

(3.4)= =(3,4)

€2 €4

Figure 1: A traffic network

For O-D pairs w = (1,4): P, contains paths l; = (eje3), lo = (ezeq).
Denote by fu,s = fis(i = 1,2;5 = 1,2), where f, ) denotes the flow of class
s of vehicles on path ;.

Let f = (flh fgl, f12, fQQ)T € R4 Then we have

f(el,l) :f631 f117f612):f632) f127f621 :fe41 f?l;f(e22 =

flea2) = foo.
Note that

fla,s) fi1 f11
EgleaeE/o t(a’s)<l’>d£€ = /0 (3.T+2f12)+40)d$+/0 (5$+2f(12)+30)d1'
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f [ f

+/0 21(4x+5f(22)+10)dx+/0 21(7x+6f(22)+40)dx+/0 “(10f 1) + 53 +35)dx
fi2 fo2 S22

+ /0 (5f11) + 4+ 42)d + /O (6f1) + 32 +47)dx + /O (4f 1) + 62 + 38)dx

11 9 9
- 4f121+19f11f12+70f11+?f221+21f21f22+50f21+§f122+77f12+§f222+85f22.

By Theorem 1, we obtain the following mathematical programming problem
MPli

Minz(f) = Af3 +19f11 frz + 70f11 + L f3) + 21 for fao + 50fo1 + 55 + TTf12 + 5 /3, + 85 f20

fii+f1=3
s.t. fiz+ fa2 =4
fis >0 =1,2;5=1,2))

It is easy to verify that f = (fi1, fo1, fi2, fo2)T = (0,3,4,0)7 is the solution
of the multiclass Beckmann’s formula M P, (Minz(f) = 579.5). Clearly, f is
a multiclass equilibrium flow.

Note that g = (3,0,0,4)” (2(g) = 658) is also a multiclass equilibrium
flow of MTEP , but it is not a solution of above mathematical programming
problem M Py, i.e., Theorem 1 is a sufficient condition only, not a necessary
condition.
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