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Abstract. In this paper, we tackle the problem of a sequential routing
game where multiple users coexist and competitively send their traffic
to a destination over a line. The users arrive at time epoch with a given
capacity. Then, they ship their demands over time on a shared resource.
The state of players evolve according to whether they decide to transmit
or not. The decision of each user is thus spatio-temporal control. We
provide an explicit expression of the equilibrium of such systems and
compare it to the global optimum case. In particular, we determine the
expression of price of anarchy of such scheme and identify a Braess-type
paradox in the context of sequential routing game.

Keywords: Sequential routing game - Nash equilibrium - Price of
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1 Introduction

We consider in this paper a spatio-temporal competitive routing game where
the network is shared by several users in which each one having a non negligible
cost while routes are chosen by the players so as to minimize the delay. Routing
game is characterized by source-destination pair and demand function. It can
be analyzed using the non-cooperative game theory. An appropriate solution
concept in non-cooperative game theory is Nash equilibrium.

This concept has been long studied in the framework telecommunication
networks. Such framework is used to model the flow configuration that results
in networks where the routing decisions are made in a non-cooperative and
distributed manner between the users.

The number of users can be infinite or finite. In the case of an infinite play-
ers each player is assumed to be atomless. Atomless means that the impact of
routing choices of a single player on the utilities of other players is negligible.
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The resulting flow configuration corresponds to the Wardrop equilibrium [1].
This concept, has long been studied in the context of road traffic where there is
an infinite of players (drivers) [2]. In the telecommunication community, Orda
et al. [3] consider that the number of players is finite, where a player (typically
corresponding to a service provider) takes the routing decisions for the whole
class of users that it controls. It then decides on how to split the demand it con-
trols between different possible routes. They establish existence and uniqueness
of Nash equilibrium over large class of general cost functions. This approach also
appeared in the road traffic literature (e.g. [4]), but was not much used there.
Such a routing game may be handled by models similar to [5] in the special
case of a topology of parallel links. An alternative class of routing games is the
one in which a player has to route all the demand it controls through the same
path. A special case of such framework is the “congestion games” introduced by
Rosenthal in [6]. In [10], a load balancing network and Kameda type paradox
has been studied, where losses occur on links in a way that may depend on the
congestion, which by adding capacity, all players suffer larger loss rates. All the
above works have been well studied in time-invariant networks in the last few
years.

Our focus here is a spatio-temporal competitive routing where the network
is shared by several users in which each one having a non negligible cost. The
demand has to be split not only over space but also over time (see Fig.1). As
an example, assume that M players have each its own demand which should be
shipped within a T days from a given source to a destination. Thus each player
has to split its demand into that corresponding to each of the days of the week.
At each day, the route corresponding to the daily demand of each player should
be determined. Examples of such games in road traffic appear in [12].

An important property for an equilibrium is efficiency, (social optimality). It
is well known that Nash equilibria in routing games are not efficient. Which can
lead to the well known phenomena of Braess paradox where adding a link to the
network, the cost to all users increases. For specific examples see [8,11].

Our starting point here is the work [7] in which the authors have already
studied a routing game on a line where the decision of a user is spatio-temporal
control. They addressed the case where only a single user arrives at time epoch.
The game considered in [7] assumes that a single user ships its own traffic over
a line. However, this assumption may be not always true. Indeed, several users
can coexist and competitively need to ship their own resource over a line.

Without loss of generality, we extend their game problem into a general prob-
lem, where multiple users arrives on line. In particular, we consider an extreme
scenario in which all traffic that arrives at a node could be shipped at the next
node over a line. We show that even with this simple demand matrix, which
is clearly biased in favor of choosing the direct path, we establish the counter-
intuitive fact: “It is possible that not all players send their traffic through the
direct path at equilibrium”. Examples of such games in road traffic can be found
in [8-11].
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In the rest of the paper, we assume that M players have their own demands
which should be shipped within a week from a given source to a destination.
Thus each player has to split competitively its demand into that corresponding
to each of the days of the week. At each day, the route corresponding to the
daily demand of each player should be determined.

The paper is structured as follow: We present the system model with the
assumptions considered in the next Section. Next we give the explicit expres-
sions of the Nash equilibrium and the global optimum, respectively in Sects. 3
and 4. Section b presents some performance results including price of anarchy
and Braess-type paradox. Finally we conclude the paper in Sect. 6.

2 The Model

Let G = (N, L,Z,P) be a network routing game with N the set of nodes and
L the set of links, 7 is the set of classes (e.g. players), and P = (s;,d’, ¢;) is a
set that characterizes class i: s° is the source, d* is the destination and ¢; is the
demand related to player i.

We describe the system with respect to the variables ! which are restricted
by the non-negativity constraints for each link [ and player i: f > 0 and by the
conservation constraints for each player ¢ and each node v:

rf,—l— Z xj-: Z x; (1)

j€In(v) JjEOut(v)

where r! = ¢, if v is the source node for player i,7! = ¢; if v is its destination
node, and r! = 0 otherwise; In(v) and Out(v) are respectively all ingoing and
outgoing links of node v.

A player i determines the routing decisions for all the traffic that corresponds
to the corresponding class i. The cost of player i is assumed to be additive over

links _ _
TH(x) = Ji(x) (2)
l

We shall assume that

(i) Kj:= ag(f) exist and are continuous in z} (for all i and 1),
Z

(ii) J; are convex in z¢ (for all i and [),

We shall also make the following assumptions for each link [ and player i:

A1: J} depends on x; only through the total flow z; and the flow of x! of player
i over the link.

A2: J} is increasing in both arguments.

A3: Whenever Jli is finite, Kli(;vl, xf) is strictly increasing in both arguments.
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We further restrict the cost to satisfy the following:
B1: For each link [ there is a nonnegative cost density T;(x;). T is a function of
the total flow through the link and J;j = 2T} ().
B2: T, is positive, strictly increasing and convex, and is continuously differen-
tiable.

The Lagrangian with respect to the constraints on the conservation of flow is

Li(x,)\):ZJf(azl,x)—l—Z)\i r 4 Z x?— Z x; , (3)

leL veN j€In(v) JEOut(v)

for each player . Thus a vector x with nonnegative components satisfying (1)
for all ¢ and v is an equilibrium if and only if the following Karush-Kuhn-Tucker
(KKT) condition holds. Below we shall use uv to denote the link defined by node
pair u,v. There exist Lagrange multipliers \!, for all nodes u and all players, i,
such that for each pair of nodes u,v connected by a directed link (u,v),

K;v(mimxuv) > AZ - )‘im (4)

with equality if x,, > 0.
Assume cost structure B. Then, the Lagrangian is given by

LilxN) = S [Tl + o 750

C A . (5)
+ZUEN )\21 Ty + Zjeln(v) l’; - ZjeOut(v) .’b;) ’
for each player i. Equation (4) can be written as
L a1—‘11/'[) uv . 3
Lo (Tuw) + %v% > AL — A (6)
:ru'U

Fig. 1. Competitive routing on the line.

3 The Transient Equilibrium for Multi-user Sequential
Game

Consider a sequential game: Assume at each day i, there are M new play-
ers that arrive. Player i comes with a demand of ¢; each competing for the
link. This demand has to be shipped within 2 days. The decision of each player
influences the cost of the others. This is a scheduling game: how much should
player 4 send upon arrival and how much should it delay to the next day? If the
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game is already on for a long time, we can expect to have a symmetric solution
(this will be made exact below). This means that at each day, the same amount
will be sent. And since each day an amount of ¢; arrives, then the amount that
will have to leave each day is also ¢;. An optimal solution will therefore be to
send immediately all the arriving demand. We shall see however that at equilib-
rium, each player sends some of its traffic in the next day. We solve this problem
by viewing it as an equivalent routing problem. The cost per unit of packet sent
each day is f(z). The cost for waiting another day is d.

Formally, let the demand of each player k = 1,2,--- , M arriving at day ¢ be
@i 1 > 0 that has to be shipped to destination within a period of 2 days. Let xl’k
denotes the amount of flow sent by user k£ on day j knowm%/’that user k arrlved
at day i. The total flow on day i is then denoted as x; = >, _; ;" +« i=LF et

bk = (xzj k Ty fl) denote the amount of ﬂow sent by user k arriving

the vector x i
i,k

at day i. The vector x"* is said to be feasible if mi Py $z‘+1 = ¢; 1. For a given

flow configuration of users (x*!,x%2, ...  x*M) user k pays a congestion cost of
f(x;) and delay cost of d per unit of its flow on day . The objective of user [

arriving at day ¢ is to minimize his cost given by
; J i\l
T =2 f(20) + 2y (f (i) + d) (7)

By differentiating the cost function with respect to :rzl and setting the deriv-
ative equal to zero, we get:

gt 4 f(@iv1) = f(z:) + ¢iag(@it1)

(®)

P g(x:) + g(wig1)
so that
_ s il _ —d — f(xip1) + f(25) + biag(x;) (9)
T = b= 9(wi) + g(wis1)
and also

i1 A+ f(@ig2) — f(@ig1) + dia9(wito)
Tl = 9(wiy1) + g(wiy2) (10)

Taking the sum, we obtain

M d+ f(@ige) = f(@is1) + Gikg(Tig2)
Ti+1 = Zk:l 9(Tit1) + 9(it2)
—d — fxit1) + flx;) + ¢i,k9($i)
+ g(xi) + g(2is1) -

3.1 The Steady State

In the steady state, we have x; = 22/121 ®i &, Vi. Hence, for every user [ we have
from Eq. (8)
il i d
2l —

T2 292N i)

(12)
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3.2 The Case of Linear Cost

Similarly to the previous sections, let f(x) = ax. Then, Eq. (8) gives

M
2 2
— Tiyo + (M + 2)331’+1 —x; = (M) kz_l Ok (13)
The solution of this difference equation has the form
zi=c1(r) +eara) + > ou (14)
k=1

where 1 and 79 are the solution of the characteristic equation

—r2+(%+2)r—1=0 (15)

They are thus given by

1
T1,2:1+M(1:|:\/1+2M) (16)

Similarly, using the condition ¢y = 0 we conclude that

M
vi= Y Gull— (14 37 (1 — VI 2M))] (1)
k=1

4 The Global Optimum for a Semi Infinite Line

Let us now compute the global cost for the multi-user case at day 1.

M

Tix) =30 T ) (18)

i=1
Deriving the sum with respect to J:E’l, we have

dJ! ; ;
;x(le) = f(z:) +2i'g(@:) = (bin — 20)g(@i1) — f(wia) —d

i—1,1 i+1,1
+ (i1 — 27 )g(@) — 21 (i) (19)
Equating the above equation to zero gives

in A+ flmiv1) — @) + ¢ig(zip1)  Pi—1,09(xi) + Iéﬁ’lg(fﬂiﬂ) + 2l Phg(a)
et = - (20)
9(wi) + g(wit1) 9(@i) + g(wit1)

so that

—d— f(mig1) + F(@) + bing(z:)  Sim109(@) — 2 g(wigr) — 2l 1 g(i)
9(zi) + g(miy1) 9(zi) + g(®it1)
(21)

T
b~y =
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and also

il _ d+ f(zig2) — f@it1) + dit1,9(@iv2) $i19(®it1) + ﬂﬁiig’lg(xwz) + »’Ci’lg(xurl)
s g(zit1) + g(wiv2) g(@it1) + g(Tit2)

(22)
Taking the sum, we obtain

Mo —d— f(wig1) + f@) + diagla) | bim119(:) — 2l g(wigr) — 27 g(w:)
Titl = Z +

= 9(zi) + 9(ziv1) 9(@i) + 9(wit1)

d+ f(xir2) = f(xit1) + Piv1,19(xit2)
+ Z 9(@iy1) + g(@iy2)

$i1g(wip1) + 25 g(wira) + 20 g(wig)
- (23)
9(@it1) + g(wit2)

4.1 The Case of Linear Cost

Let f(x) = ax and assume that ¢; , = ¢x, Vi, k does not depend on 4. Then

M

5 Tit2 (M + D = Zm +0 (24)
where § = LSV pRE gt LR 4 gt h w7 Noting a; = a2, we

have u
Tit1 = Z Gk — a; + Qi1 (25)

k=1
Tit2 = Z Pk — Qi1 + Giyo (26)

k=1

From (25) and (26), we obtain

9: %[aprg — Qi1 + —Q; — ai+1] (27)
%[$i+2 — Tiy1]

We then have the following recursive function

M
— (M + Do + (M + 3)zi4 — Mz, =2 ¢, (28)
k=1
The solution of this difference equation has the form
‘ M
x; =c1(r1) +ea(ra)' + Z o) (29)

k=1
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where 71 and 7y are the solution of the characteristic equation —(M + 1)r? +
(2M + 3)r — M = 0. They are thus given by

1+V9+8M

=1
71,2 + 2(M +1) (30)
Using the condition xg = 0, we conclude that, for every user [, we have
M
1—-v94+8M
i = 1-1+——) 1

k=1

5 Performance Analysis

5.1 Price of Anarchy
At the steady state, the cost for player i is
T d) = i f (SRl din) + 2 (F(SRL di) + ) (32)
= (a} + 2f) F(ThL dig) + daiyy
= $iuf(Caly din) + (%5 — 5T o)

Since z!,; > 0, we have d < ¢i7lg(ZiM:1 bik). J(d) is concave in d

. M )
with a maximum at d = % Interestingly, we observe that at

d = sbz-,zg(Zﬁil bix), the cost function J%!(d) is minimized and equal to

¢i,lf(ZkM:1 @) which is equal to the cost at d = 0.
The price of anarchy (PoA) is then given by

el (O
i f(Chey Pik)

Pin d
d( 2 29(30L, ¢71,k))

¢¢,lf(2iwz1 Di k)

For the numerical results we set the value of ¢;; to 1 and a =1.

Notice that the PoA is equal to 1 for d = 0 and d = ¢i,l9(z;]€v[:1 bi k). We
depict in Fig.2 the price of anarchy as function of delay for different number
of users. As already said, we notice that the PoA is equal to 1 for d = 0, and
d = 1. We also remark that the PoA increases as the number of users increases
which leads to the interaction of users and hence induces more cost to ship their
demand over the line.
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Fig. 3. The Braess-type paradox for the sequential game.

5.2 Braess-Type Paradox
At the steady state, the cost for player [ at day i is:
THd) = 2 f (TRl Gik) + b (F(T0 Gik) + )
= (a} + $§+1)f(ZkM:1 Gik) +dl i,
= $iuf (Sl di) +d(%* — ST )

It is clear that the cost for player ¢ is non-negative for

Je [w,%m@ i)
k=1
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Fig. 4. Dynamics of the total flow sent over the horizon where ¢ = 1Vk =1,..., M.

In this region, J%! decreases as d increases, which is a Braess type paradox
(see Fig. 3). This paradox was obtained in the context of a load balancing network
n [11]. We depict in Fig. 4 the variation of the Nash equilibrium in Eq. (17) and
the global optimum in Eq. (31) over the horizon for ¢ = 1;Vk =1,..., M. It is
clearly illustrated that the Nash equilibrium over a semi infinite line converges
to the global optimum from day i = 4.

6 Conclusion

We have considered a sequential routing game networks where several users
coexist and competitively send their traffic to a destination on a line over a
period of two days. Under some assumptions, we have obtained the explicit
solutions for the Nash equilibrium and the global optimum and derive the price
of anarchy. Finally, we have showed that under a semi infinite line, the Nash
equilibrium converges to the global optimum and, have identified a Braess-type
paradox behavior in the context of sequential games.
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