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Impact on Traffic of Delayed Information
in Navigation Systems

Tommaso Toso , Student Member, IEEE , Alain Y. Kibangou , Member, IEEE ,
and Paolo Frasca , Senior Member, IEEE

Abstract—Nowadays many car drivers resort to
navigation apps to decide which route to take. To be
efficient, these applications increasingly use real-time data
rather than historical data. However, delay is unavoidable
since data collection, communication, and processing are
necessary before their usage in the App. For this purpose,
we introduce a macroscopic dynamic traffic assignment
model to describe the behaviour of drivers in choosing
which route to follow to reach their destination. We assume
that a part of the drivers follows the directions of a navi-
gation App, whose directions are based on delayed traffic
data. Through the stability analysis of the model, we show
and quantify the excessive level of delay in traffic data that
can be detrimental to the efficiency of the network by being
responsible for the appearance of oscillating trajectories
and unsatisfied demand.

Index Terms—Delay systems, traffic control, transporta-
tion networks.

I. INTRODUCTION

NAVIGATION Apps are extremely popular nowadays
among users of transportation networks, given the ease

of access via smartphone and the propensity to use them
due to the increasing number of congestion events over time.
Considering the importance of the phenomenon and the obvi-
ous power of such Apps to influence drivers’ decisions, thus
traffic patterns, studying their impact is crucial. In this let-
ter, the focus is on how the delay between data collection
and the provision of route recommendations synthesized from
them can bring potential losses in network efficiency and
create unsatisfied traffic demand. Intuitively, excessive delay
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should lead to oscillations and unstable behaviors of the traffic
patterns, as suggested by the theory of time-delay systems [7].

In the literature, almost all relevant works within the macro-
scopic dynamic routing framework present models in which
the route choice is based on the current state of traffic and
no delay is considered [2], [4], [5], [6]. It is worth to men-
tion that in [1] the authors propose a framework that allows
for dynamic routing of drivers based on delayed information,
but they do not elaborate on the effects caused by the latter.
In [9], [12], by using a microscopic traffic model, it was shown
that information based on floating car data, which is intrinsi-
cally affected by delay, can lead to oscillating trajectories of
the system, thus impacting the system efficiency.

In this letter, we present a macroscopic dynamic traf-
fic assignment model aiming to study traffic at an origin-
destination pair connected by two alternative non intersecting
homogeneous routes, where homogeneous means that the two
routes have the same length and free-flow speed but can have
different capacities. We assume that a given fraction of drivers
relies on recommendations of a navigation App. The model
describes traffic evolution on the two routes. The varying
behavior of the app-informed drivers is captured by routing
ratios determining drivers’ choice. Routing ratios take into
account both drivers’ inclination to follow the App recom-
mendations and, differently from previous work in literature,
the delay affecting information, i.e., routing ratios depend on a
retarded state of the system. Through some manipulations, we
trace the system back to a scalar ordinary differential equation
(ODE) in terms of the difference between the travel times on
the two routes, from which, through its stability analysis, we
are able to deduce implications from the traffic point of view.

Briefly, the main results we found imply that delay affecting
information is detrimental in terms of the network efficiency,
i.e., it induces instability (oscillating behavior) and unsatis-
fied demand. In addition, the system becomes more sensitive
to smaller and smaller value of delay, as the demand, the
fraction of app-informed drivers, and drivers’ compliance to
recommendations increase.

This letter is organized as follows. Section II provides the
definition of the model and its main features. In Section III,
the stability analysis of the system is carried out and an
interpretation from a road traffic point of view is provided.
Section IV contains numerical simulations before concluding
this letter in Section V.

2475-1456 c© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: INRIA. Downloaded on May 11,2023 at 08:46:03 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0009-0001-2194-6407
https://orcid.org/0000-0002-8662-2534
https://orcid.org/0000-0003-0962-3119


TOSO et al.: IMPACT ON TRAFFIC OF DELAYED INFORMATION IN NAVIGATION SYSTEMS 1501

Fig. 1. Graph representation of the origin-destination pair considered.

Notation: Let R
d (Rd+) be the space of real-valued

(non-negative-valued) vectors of dimension d. We denote by
C([a, b], D) the set of continuous functions χ : [a, b] → D
with the norm ||χ ||C = maxω∈[a,b] |χ(ω)|. Given a domain
D ⊆ R

d and an autonomous system of delay differential equa-
tion ˙y(t) = g(y(t), y(t − θ)), θ > 0, with g : D2 → R

d,
admitting a unique solution x : R+ → R

d with initial con-
dition x(ω) = χ(ω), ω ∈ [−θ, 0], we say that X ⊆ D is
an invariant region of the system if χ(ω) ∈ X implies that
x(t) ∈ X , ∀t ≥ 0.

II. MODEL DEFINITION

A. Network Geometry

Consider an origin-destination pair connected by two alter-
native non intersecting routes, see Figure 1.

For each route i = 1, 2, the positive values Ci, Bi Fi, Li rep-
resent the critical density (veh/km), the jam density (veh/km),
the maximum capacity (veh/h) and the length (km), respec-
tively. The demand is assumed to be a constant flow φ > 0
that enters the network from the origin node and aims to reach
the destination node through the two routes. We assume that
it does not exceed the network capacity:

φ < F1 + F2. (1)

This assumption ensures that the network is well-dimensioned
and able to withstand the traffic demand. The traffic density xi

on the i-th route evolves according to the following equation:

ẋi(t) = 1

Li
(min{φRi(x(t − θ)), Fi} − vixi(t)), (2)

for i = 1, 2, where Ri(xi(t − θ)) ≥ 0 and vi = Fi/Ci stand
respectively for the routing ratio and the free-flow speed of
the i-th route, while x(t) = (x1(t), x2(t))T represents the state
of the network. We assume routing ratios to be Lipschitz con-
tinuous and to depend on a delayed state of the system, i.e.,
the demand splitting at the origin node at time t is determined
by the state of the system at time t − θ for some nonnegative
delay θ .

The minimum operator in (2) ensures that an inflow higher
than the route capacity cannot enter it. Observe that the right-
hand side of (2) is Lipschitz continuous. Hence, there exists
an unique solution to (2) that continuously depends on the
initial data for every initial condition x(ω), ω ∈ [−θ, 0], where
x(ω) ∈ C([−θ, 0], P) and P := [0, C1]×[0, C2] [7, Sec. 1.3.1].

Proposition 1: P is an invariant region for (2).
Proof: Since vi = Fi/Ci, we can observe that xi(t) = Ci

implies that the second term in (2) is equal to Fi, thus ẋi(t) ≤ 0
for i = 1, 2. Therefore trajectories cannot exit region P.

Remark 1 (Free-Flow Dynamics): Proposition 1 implies
that, starting from a free-flow initial condition, the density
dynamics will remain in free-flow for all times. This repre-
sents a limitation of the model at hand, in that it does not
allow us to describe scenarios in which one of the two route
becomes congested during the dynamics.

B. Modeling the Routing Ratios

To take into account the influence of route recommenda-
tions on the demand splitting, routing ratios should depend on
travel time, which is typically modeled as a strictly increasing
functions of road density [1], [2], [10]. In this letter, we model
travel time as follows:

τi(xi(t)) = ai
xi(t)

Bi
+ Li

vi
, ai > 0, (3)

i = 1, 2. The choice of affine travel time functions is largely
used in the dynamic traffic assignment literature, especially
when considering a free-flow regime [8], [14]. The constant
term in (3) corresponds to the free-flow travel time, while the
coefficient ai is such that aiCi/Bi is the time added to the route
travel time when the route density reaches the critical density
Ci [8]. We model routing ratios assuming that a fraction α ∈
[0, 1] (which we will refer to as penetration rate) of the user
demand is influenced by the App recommendations, whereas
the remaining fraction gets split according to given ratios r0 =
(r0

1, r0
2), where r0

i ≥ 0, r0
1 + r0

2 = 1. Therefore, we define
routing ratios as follows:

R1(d(t − θ)) := (1 − α)r0
1 + α

1

1 + r0
2

r0
1

exp
(
− 1

η
d(t − θ)

) ,

R2(d(t − θ)) = 1 − R1(d(t − θ)), (4)

and

d(t) := τ2(x2(t)) − τ1(x1(t))

denotes the difference between the traveling times. The second
term, describing the behaviour of the app-informed drivers,
takes the form of the logit dynamics [3], [4], [5] and is a
function of the delayed state of the system: 1/η > 0 is the so
called drivers’ compliance, which quantifies the tendency of
drivers to actually follow the App recommendations. Indeed,
when 1/η → 0, i.e., drivers’ compliance is very low, drivers do
not really exploit information and the demand splitting stays
close to r0. On the contrary, when 1/η → +∞, all drivers
tend to take the shortest travel time route. Notice from (4)
that the fraction of user demand directed towards each route
is non negative, i.e., 0 ≤ Ri(d(t − θ)) ≤ 1, ∀x(t − θ) ∈
[0, B1] × [0, B2], i = 1, 2, and route recommendations direct
an higher quantity of demand on the shortest travel time route
(according to delayed data), i.e., they advise to take the route
with the shortest travel time.

C. Unsatisfied Demand

When on route i the fraction of user demand φRi is less than
the capacity Fi, then the first term of (2) is not saturated and
the demand is able to enter the route freely. Instead, when φRi
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is more than Fi, then the first term of (2) is saturated and
part of the demand is unable to enter the route. We refer to
the latter situation as unsatisfied demand. Then, each route is
characterized by two possible modes that can be made explicit
by rewriting (2) as follows:

ẋi(t) =
{

φRi(d(t−θ))−vixi(t)
Li

, if Ri(d(t − θ)) ≤ Fi
φ

,
Fi−vixi(t)

Li
, if Ri(d(t − θ)) > Fi

φ
,

(5)

where the second equation is associated to the unsatisfied
demand regime. Notice that (1) implies that the two routes
cannot present unsatisfied demand simultaneously.

D. Reducing the Model to a 1-Dimensional Dynamics

We make the following assumption of homogeneity of the
two routes.

Assumption 1 (Free-Flow Speeds and Route Lengths):
The free-flow speed and the route length are the same for
both routes:

vi = v, Li = L, i = 1, 2. (6)

From now on, we will work on this special case.
Assumption 1 refers to a scenario in which the two routes
are of similar length and subject to the same speed limit but
can have different capacities, e.g., two different routes in a
urban road network.

Now, let us multiply ẋi(t) by ai/Bi, i = 1, 2 in (2), and then
subtract the first equation from the the second one. Thanks to
Assumption 1, we get the following scalar delay-differential
equation in d(t):

ḋ(t) = − v

L
d(t) + ρ(d(t − θ)), (7)

where

ρ(d(t − θ)) := 1

L

(
a2

B2
min(F2, φ(1 − R1(d(t − θ))))

− a1

B1
min(F1, φR1(d(t − θ)))

)
(8)

is a globally Lipschitz continuous function with Lipschitz con-
stant K = αφ

4ηL ( a2
B2

+ a1
B1

). Recalling Remark 1, the state space
of (7) is given by [−a1C1/B1, a2C2/B2].

Observe that because of the one-to-one correspondence
between R1(d(t)) and d(t), any conclusion about the stabil-
ity of the trajectories of d(t) will be valid for the stability of
the trajectories of R1(d(t)), as well.

III. STABILITY ANALYSIS

This section contains an analysis of the stability of (7). First,
we will show that (7) admits a single equilibrium point. Then,
we provide sufficient conditions for the global asymptotic sta-
bility of (7) ∀θ ≥ 0, using a Lyapunov approach. Finally,
by means of a local analysis, we give sufficient conditions for
the system to become unstable when the delay θ is sufficiently
large. Particular emphasis is placed on the link between the
above conditions and the parameters φ, α and 1/η.

A. Uniqueness of the Equilibrium Point

Proposition 2: The dynamics (7) admits a unique equilib-
rium point.

Proof: Define g(d) := Lρ(d)/v. We see that d∗ is an equi-
librium of (7) if and only if is a fixed point of g(d). Now, g(d)

is a continuous and strictly decreasing function in d. Hence, it
admits a unique fixed point, i.e., (7) has a unique equilibrium
point d∗.

B. Delay-Independent Global Asymptotic Stability

We now provide a condition for the delay-independent
global asymptotic stability (GAS) of (7).

Theorem 1 (Delay-Independent GAS): The unique equilib-
rium point d∗ of the dynamics (7) is globally asymptotically
stable for all θ ≥ 0 if K < v/L.

Proof: For convenience, consider the dynamics obtained by
shifting (7) so that d∗ corresponds to the origin of the system.,
so take u(t) = d(t) − d∗ and

u̇(t) = − v

L
u(t) − σ(u(t − θ)), (9)

where σ(u(t)) := ρ(u(t)+d∗)−ρ(d∗). Clearly, the asymptotic
properties of (7) coincides with those of (9). Define now the
following Lyapunov functional:

V(t) := 1

2
u2(t) + v

2L

∫ t

t−θ

u2(s)ds. (10)

First of all, notice that

1

2
|u(t)|2 ≤ V(u(t)) ≤ 1

2

(
1 + vθ

L

)
max

s∈[t−θ,t]
|u(s)|2.

We find that

V̇(t) = u(t)u̇(t) + v

2L

(
u2(t) − u2(t − θ)

)

≤ − v

2L
u2(t) − v

2L
u2(t − θ) + K|u(t)||u(t − θ)|

= −(|u(t)| |u(t − θ)|)
⎛
⎝

v
2L − K

2

−K
2

v
2L

⎞
⎠
⎛
⎝

|u(t)|

|u(t − θ)|

⎞
⎠.

If the matrix defining the quadratic form above is positive
definite, then there exists γ > 0 such that V̇(t) < −γ |u(t)|2
and global asymptotic stability of (7) comes from [7, Th. 3.1].
The matrix is positive definite if and only if v/L > K.

The inequality K < v/L can be rewritten equivalently as
follows:

φ <
4ηvB1B2

α(a2B1 + a1B2)
=: �. (11)

Then, some considerations can be made about Theorem 1. First
of all, the delay-independent condition (11) for the GAS of (7)
is expressed in terms of an upper bound on the user demand.
This upper bound on the user demand depends on both the
penetration rate α and drivers’ compliance 1/η. Specifically,
the upper bound in (11) is decreasing in α and 1/η. Therefore,
we can say that if enough drivers receive the route recommen-
dations and follow them accurately, then the system becomes
sensitive to delay, in the sense that delays can destabilise it.
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C. Instability and Oscillations for Large Demand
and Delay

When the user demand exceeds the upper bound in (11),
i.e., v/L < K, it might be that stability is lost for sufficiently
large values of delay. In the following, we investigate this
possibility by performing a local stability analysis around the
unique equilibrium point d∗ of the system to deduce sufficient
conditions for d∗ to be unstable.

We will focus on a relevant subset of the parameter set, in
which the following three facts hold.

1) There is no unsatisfied demand when the penetration rate
is zero, which is equivalent to

φr0
i < Fi, i = 1, 2. (12)

2) There is no unsatisfied demand at equilibrium, which is
equivalent to

1 − F2

φ
< R1(d

∗) <
F1

φ
. (13)

3) The user demand φ and the penetration rate α are large
enough to allow unsatisfied demand to emerge on one
of the two routes. This requirement will be satisfied by
the following condition:

φ > Fi, α > αi := Fi − φr0
i

φ(1 − r0
i )

, i = 1, 2. (14)

Assumption 2: Conditions (12), (13) and (14) are satisfied.
Theorem 2 (Local Stability): Suppose Assumption 2 holds.

Then, the following assertions hold true for dynamics (7):
1) if |ρ′(d∗)| < v

L , then d∗ is asymptotically stable for all
θ ≥ 0.

2) if ρ′(d∗) < − v
L , then d∗ is asymptotically stable for

θ < θ∗ and unstable for θ > θ∗, where

θ∗ := 1√
(ρ′(d∗))2 − v2

L2

arccos

(
v

Lρ′(d∗)

)
, (15)

undergoing a Hopf bifurcation at d = d∗ when θ = θ∗.
Proof: Assumption 2 ensures that no terms of (8) are

saturated at equilibrium. Then, (7) can be rewritten as follows:

ḋ(t) = − v

L
d(t) + φ

L

(
a2

B2
−
(

a1

B1
+ a2

B2

)
R1(d(t − θ))

)
. (16)

Since the inequalities in (13) are strict, we are able to find
a neighborhood I ⊂ R of d∗ where (7) takes the form (16),
with a differentiable right-hand side. Therefore, we are able
to perform a local stability analysis within I by analysing
the linearization of (16) in I. The statement follows after
applying [13, Th. 2.3] to (7).

This result provides a necessary and sufficient condition for
instability. However, it involves several conditions that cannot
easily be tested because the equilibrium d∗ is not known in
closed form. In order to obtain more readable and testable
conditions, we begin by deriving a sufficient condition to
replace (13), always assuming to be in a sufficiently small
neighborhood of d∗ where (7) reads as (16), as in the proof
of Theorem 2. To this purpose, one can readily verify that
condition (13) is equivalent to

dFC < d∗ < dCF, (17)

where

dCF := η log

(
r0

2

r0
1

γ1

αφ − γ1

)
, dFC := η log

(
r0

2

r0
1

αφ − γ2

γ2

)
,

with γi := Fi − (1 − α)φr0
i , i = 1, 2. Next, we derive the

sufficient condition.
Lemma 1: Given φ > 0 satisfying (12) and (14). Then, (17)

is satisfied for all α > max{α1, α2} and 1/η > 0, if the
following condition hold:

r0
1 <

a2B1

a1B2 + a2B1
<

F1

φ
or r0

2 <
a1B2

a1B2 + a2B1
<

F2

φ
. (18)

Proof: See Appendix A.
We now make the following assumption, testable on the

system parameters.
Assumption 3: Conditions (12), (14) and (18) are satisfied.
Finally, we combine Theorem 2 with the following lower

and upper bounds on the absolute value of ρ′(d).
Lemma 2: Suppose that Assumption 2 holds. Then, the

following inequalities hold:

Q < |ρ′(d∗)| < K, Q := min(|ρ′(dCF)|, |ρ′(dFC)|) (19)

where

|ρ′(dCF)| = φ

ηL

(
a1

B1
+ a2

B2

)
γ1

(
1 − γ1

α

)
,

|ρ′(dCF)| = φ

ηL

(
a1

B1
+ a2

B2

)
γ2

(
1 − γ2

α

)
. (20)

Proof: See Appendix B.
We thus get the following result only involving testable

conditions.
Corollary 1: Under Assumption 3, the following assertions

hold:
1) if K < v

L , then d∗ is asymptotically stable for any θ ≥ 0.
2) if v

L < Q, then the second assertion of Theorem 2 holds
and the critical delay value satisfies

θ∗ < θ∗
Q := 1√

Q2 − v2

L2

arccos

(
− v

LQ

)
. (21)

Proof: The first assertion follows trivially from the first
assertion of Theorem 1 and the second inequality in (19).
Similarly, the second assertion follows directly from the sec-
ond assertion of Theorem 2, the first inequality in (19) and
the fact that θ∗ is an increasing function of ρ′(d) when
ρ′(d) < −v/L.

The first assertion of Corollary 1 is in fact a special case of
Theorem 1, which stated that K < v/L implies the delay-
independent global asymptotic stability of d∗. Instead, the
second assertion provides a sufficient condition for the unique
equilibrium point d∗ to be unstable and an upper bound for
the critical delay θ∗, which are explicitly written as functions
of the system parameters.

We can easily deduce from (20) that Q is increasing in
α and 1/η and therefore θ∗

Q is decreasing α and 1/η. This
fact provides us with some indications about the qualitative
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Fig. 2. Each column of plots is associated with different values of the pair of parameters α, 1/η, each line with different delay θ . The red dashed
lines delimit the states for which unsatisfied demand is absent (in-between) or present (outside).

behavior of θ∗ with respect to the above mentioned parameters,
suggesting that increases in the penetration rate and in drivers’
compliance reduce the delay threshold after which the system
equilibrium is sure to loose its stability. One can also verify
that θ∗ is decreasing in φ, even though the relevance of this
observation is tempered by the fact that too large demand can
lead outside the set of assumptions under consideration.

Overall, the results provided in this section are consistent
with those presented in Section III-B: increases in φ, α and
1/η negatively affect the system stability.

Remark 2: Assumptions 2 and 3 have two interesting fea-
tures. First, they select a set of parameters large enough to
include realistic traffic scenarios, as will be demonstrated in
the next section. Second, they focus on a very interesting situ-
ation in which, despite not having unsatisfied demand both at
equilibrium and in the absence of informed drivers, the desta-
bilising effect of delays might cause demand dissatisfaction
on one of the two routes, as we are going to show in the next
section.

IV. NUMERICAL EXAMPLE AND DISCUSSION

Consider the network in Figure 1 characterized by the
following parameters:

F1 = 1200 veh/h, F2 = 600 veh/h,

C1 = 24 veh/km, C2 = 12 veh/km,

B1 = 120 veh/km, B2 = 60 veh/km,

a1 = a2 = 0.1 h (6 min), r0
1 = 0.66, r0

2 = 0.34,
and assume that the network is subject to a constant user
demand of φ = 1750 veh/km, the length of the two routes
is L = 1.5 km and the average free-flow speed is 50 km/h.

The parameters of the two routes were chosen to represent
a two-lane urban route and a one-lane urban route. Consider
also two possible values of α, 0.33 and 0.66, and two values
of 1/η, 100 and 200. We observe that these parameters satisfy
Assumption 2, meaning there is no unsatisfied demand both
at equilibrium and in absence of informed drivers.

Finally, consider two realistic [15], [16] values of θ , 1 and
8 minutes. The numerical simulations in Figure 2 show the
system behavior for these values of delay in three different
cases:

• α = 0.33, 1/η = 100: in this case, K ≈ 24.06, which is
less than v/L ≈ 33.33, and φ < � ≈ 2666 veh/h. Hence,
Theorem 1 holds and, as shown in the plots in the first
column of Figure 2, the delay increase does not alter the
stability of the equilibrium point of the system.

• α = 0.66, 1/η = 100: in this case, K ≈ 48.13 and φ >

� ≈ 1333 veh/h. Hence, Theorem 1 is no longer appli-
cable. Moreover, Q ≈ 40.50 and exceeds v/L ≈ 33.33.
Hence, by Corollary 1, sufficiently high delays can desta-
bilise the system. Indeed, since θ∗

Q ≈ 6 min and 24 s,
for θ = 8 min the equilibrium point is unstable and the
trajectory is oscillating.

• α = 0.33, 1/η = 200: similarly to the previous case,
the decrease of noise destabilises the equilibrium point
when the system is affected by a delay of 8 minutes.
Consistently with Corollary 1, in this case K ≈ 48.13
and Q ≈ 37.23, which are both greater than v/L = 33.33,
φ > � ≈ 1333 veh/h and θ∗

Q ≈ 7 min and 42 s.
In the second and third cases, the excessive delay affect-
ing recommendations destabilises the equilibrium point of the
system and causes trajectories to oscillate, i.e., the incoming
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informed drivers split between the two routes in an unsteady
and periodic way. Moreover, this oscillating behavior causes
periodic demand dissatisfaction, thus negatively affecting the
network performance.

Remark 3 (Effects of Unsatisfied Demand on Oscillations):
The saturation of the supply functions, i.e., the occurrence of
unsatisfied demand, is not the cause of oscillations, consider-
ing that, as shown in Figure 2, oscillations can arise starting
from initial conditions with no supply saturation. Instead, the
only cause of oscillations is information delay.

Remark 4 (Comparison With [2]): Another macroscopic
traffic model exhibiting oscillating trajectories was proposed
in [2]. Their model does not account for information delays
and oscillations are due to different reasons: in fact, the
model [2] does not enjoy a key monotonicity property [11],
which prevents oscillations and is satisfied by our model (2)
when θ = 0.

V. CONCLUSION

In this letter, we have mathematically described how delays,
which affect routing recommendations by navigation Apps,
influence the traffic flow between an origin-destination pair
that is connected by two alternative non-intersecting paths
with the same length and free-flow speed. The proposed model
shows that an excessive delay can destabilise the equilibrium
of the system and give rise to oscillating trajectories, provided
the penetration rate and the user demand are large enough.
We emphasized how the system becomes more susceptible to
delay when the user demand, the penetration rate of the App
and the drivers’ compliance increase. Depending on their mag-
nitude, oscillations can generate unsatisfied demand and thus
seriously deteriorate the functioning of the traffic network.

Future work is mainly headed towards two kinds of exten-
sions of the model. On the one hand, we want to study more
complex network topologies, e.g., featuring more than two
alternative paths, paths with different lengths and free-flow
speeds, and richer traffic dynamics to describe non free-flow
conditions. On the other hand, we want to extend the results to
more general classes of routing ratios. Such extensions would
underline the generality of delay as a key cause of instability
and oscillations in traffic flows.

APPENDIX A
PROOF OF LEMMA 1

First, observe that (14) ensures that dCF and dFC are well-
defined. Then, the first condition of Assumption 2 is equivalent
to dFC < 0 < dCF . For φ fixed, one can define a family of
functions {ραj,ηk }, αj > max{α1, α2}, ηk > 0, observing that
all of them attain the same value γ at d = 0:

γ := φ

L

(
a2

B2
−
(

a1

B1
+ a2

B2

)
r0

1

)
.

It holds that γ > 0 when the first inequality in (18) holds,
whereas γ < 0 when the second does. As pointed out in the
proof of Proposition 2, the equilibrium point of (7) satisfies
to d∗ = Lρ(d∗)/v, i.e., it is the value of d at which Lρ(d∗)/v
and the identity line intersect. Define d∗

αj,ηk
as the equilibrium

point associated to the function ραj,ηk . Suppose that (18) holds,

so that γ > 0 and βCF := ρ(dCF) < 0. Since neither βCF

nor γ depend on α and η, then 0 < d∗
αj,ηk

< dCF , for all
αj ∈ (max{αi, i = 1, 2}, 1], ηk > 0. The proof is complete
after observing that we can apply the same process when (18)
holds, so that γ < 0 and βFC := ρ(dCF) > 0.

APPENDIX B
PROOF OF LEMMA 2

The second inequality is trivial, since K is the Lipschitz
constant of ρ(d). For the first inequality, if we define U1(d) :=
R1(d) − (1 − α)r0

1, then

ρ′(d) = αφ

ηL

(
a1

B1
+ a2

B2

)
U1(U1 − 1), ρ′′(d) = ρ′(1 − 2U1)

η
.

We see that |ρ′(d)| increases for U1(d) ∈ (0, 1/2) and
decreases for U1(d) ∈ (1/2, 1), i.e., |ρ′(d)| increases for d <

U−1
1 (1/2) = η log(r0

2/r0
1) and decreases for d > U−1

1 (1/2),
where U−1

1 is the inverse of U1(d). From (17), |ρ′(d∗)| is
greater than at least one between |ρ′(dCF)| and |ρ′(dFC)|.

REFERENCES

[1] A. M. Bayen, A. Keimer, E. Porter, and M. Spinola, “Time-continuous
instantaneous and past memory routing on traffic networks: A mathe-
matical analysis on the basis of the link-delay model,” SIAM J. Appl.
Dyn. Syst., vol. 18, no. 4, pp. 2143–2180, 2019.

[2] G. Bianchin and F. Pasqualetti, “Routing apps may cause oscillatory
congestions in traffic networks,” in Proc. IEEE 59th Conf. Decis. Control
(CDC), Jeju Island, South Korea, 2020, pp. 253–260.

[3] L. Cianfanelli, G. Como, and T. Toso, “Stability and bifurcations in
transportation networks with heterogeneous users,” in Proc. IEEE 61st
Conf. Decis. Control (CDC), Cancun, Mexico, 2022, pp. 6371–6376.

[4] G. Como, K. Savla, D. Acemoglu, M. A. Dahleh, and E. Frazzoli,
“Stability analysis of transportation networks with multiscale driver
decisions,” SIAM J. Control Optim., vol. 51, no. 1, pp. 230–252, 2013.

[5] G. Como, K. Savla, D. Acemoglu, M. A. Dahleh, and E. Frazzoli,
“Robust distributed routing in dynamical networks—Part I: Locally
responsive policies and weak resilience,” IEEE Trans. Autom. Control,
vol. 58, no. 2, pp. 317–332, Feb. 2013.

[6] A. Festa and P. Goatin, “Modeling the impact of on-line navigation
devices in traffic flows,” in Proc. IEEE 58th Conf. Decis. Control (CDC),
Nice, France, 2019, pp. 323–328.

[7] E. Fridman, Introduction to Time-Delay Systems: Analysis and Control.
Basel, Switzerland: Birkhäuser, 2014.

[8] T. L. Friesz, D. Bernstein, T. E. Smith, R. L. Tobin, and B. W. Wie,
“A variational inequality formulation of the dynamic network user
equilibrium problem,” Oper. Res., vol. 41, no. 1, pp. 179–191, 1993.

[9] Y. Hino and T. Nagatani, “Effect of bottleneck on route choice in two-
route traffic system with real-time information,” Physica A, Stat. Mech.
Appl., vol. 395, pp. 425–433, Feb. 2014.

[10] P. Kachroo and S. Sastry, “Traffic assignment using a density-based
travel-time function for intelligent transportation systems,” IEEE Trans.
Intell. Transp. Syst., vol. 17, no. 5, pp. 1438–1447, May 2016.

[11] H. L. Smith, Monotone Dynamical Systems: An Introduction to the
Theory of Competitive and Cooperative Systems (Mathematical Surveys
and Monographs), vol. 41. Providence, RI, USA: Amer. Math. Syst.,
1995.

[12] J. Wahle, A. L. C. Bazzan, F. Klügl, and M. Schreckenberg, “Decision
dynamics in a traffic scenario,” Physica A, Stat. Mech. Appl., vol. 287,
nos. 3–4, pp. 669–681, 2000.

[13] J. Wei, “Bifurcation analysis in a scalar delay differential equation,”
Nonlinearity, vol. 20, no. 11, pp. 2483–2498, 2007.

[14] S. Wollenstein-Betech, A. Houshmand, M. Salazar, M. Pavone,
C. G. Cassandras, and I. C. Paschalidis, “Congestion-aware routing and
rebalancing of autonomous mobility-on-demand systems in mixed traf-
fic,” in Proc. IEEE 23rd Int. Conf. Intell. Transp. Syst. (ITSC), Rhodes,
Greece, 2020, pp. 1–7.

[15] “Traffic data | Mapbox.” mapbox.com. 2023. [Online]. Available: https://
www.mapbox.com/traffic-data

[16] “Get traffic data with the Waze data feed.” support.google.com. 2023.
[Online]. Available: https://support.google.com/waze/partners/answer/
10618035?hl=en

Authorized licensed use limited to: INRIA. Downloaded on May 11,2023 at 08:46:03 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


