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In practice, speed limits on road networks are often determined pragmatically, which can give suboptimal so-
lutions for traffic performance and unfair results for the underlying user classes. This study presents an elegant
approach to determine optimal speed limits on a traffic network with asymmetric user classes under congested
conditions, that minimizes individual user travel time and does justice to differences in economic importance.
Existing prescriptive approaches typically lack one or more of these features, cannot guarantee optimality or are
difficult to solve. We formulate a new prescriptive method using mixed-integer quadratic programming. The
model can be solved with well-established operation research approaches and commercial solvers such as Cplex
or Gurobi. To demonstrate the approach, we apply it to a regional network in the Netherlands. The result shows a
reduction of travel time of passenger cars by 6% and of trucks by 13%, with mild changes in speed limits
compared to the base situation, of between —20% and +10%. The speed limit changes and impacts are in line
with the relatively high economic importance of freight traffic. Also we find in this case that the speed limit
changes are ordered by major routes through the network, which makes implementation relatively

straightforward.

1. Introduction

Traffic management is an efficient tool that can steer traffic in a way
so that the road infrastructures are used more efficiently (Wismans,
2012) in an urban area or with motorways (Hegyi, 2004; Papageorgiou
et al., 2007). Research provides theoretical approaches that assess the
network performances of newly proposed traffic management measures
before implementing. Different measures are applied in different sce-
narios such as in a city or in free way traffic management. These include
policy-based measures (e.g., perimeter control by Ingole et al. (2020),
tolling by Gonzales and Daganzo (2012)), and infrastructure-based
measures (e.g., ramp metering (Bellemans et al., 2006), signal control
(Zhang et al, 2013), speed limit (Popov et al, 2008)), and
participant-based measures (e.g., connectivity of autonomous vehicles
(Guériau et al., 2016)). These measures can be used to achieve different
objectives: investigating minimizing total travel time (Bahrami and
Roorda, 2020), reducing environmental impact (Osorio and Nanduri,
2015), designing best road pricing strategies (Hassan et al., 2013), and
reducing congestion (Chen and Yang, 2012).

Setting speed limits for freeways and urban roads is an important tool
for regional and network level traffic management. It is also a complex
matter as it can be viewed from different perspectives and has impacts
on various aspects. Elvik (2002) summarizes the involved perspectives
as societal, road user, taxpayer, residential. Van Benthem (2015) dis-
cusses the effects of speed limits on different aspects, namely travel time,
pollution, the likelihood and severity of accidents. The authors point out
that determining speed limits on motorways involves considering as-
pects such as transportation network performance, road deterioration,
and societal/environmental impacts.

We do not exhaust all the above mentioned aspects but aim to
providing an effective analytical framework and formulation for opti-
mizing speed limits considering the network performance. To achieve
this, traffic models or simulations under the so-called user equilibrium
(UE) condition are often used to consider these traffic management
measures and their effect on road networks (Yang et al., 2015), which
provide a baseline for evaluation of traffic management policies. How-
ever, descriptive approaches often do not guarantee optimality, while
analytical models are usually formulated in a (non-linear & non-convex)
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bi-level programming fashion and difficult to solve (we elaborate these
points in Section 2). Based on our recent research (Lin et al., 2022), this
study proposes an approach for optimal design of speed limit in traffic
networks under multi-class UE. The problem is formulated as
mixed-integer quadratic programming with a quadratic objective func-
tion and linear constraints. The proposed approach uses a formulation of
optimization and can be easily solved using existing operations research
tools (such as solvers developed by Gurobi).

The remainder of this paper is organized as follows. Section 2 re-
views literature and identifies the research gap and the contribution of
this study. Section 3 explains the mathematical formulation of our
proposed approach. Section 4 implements the traffic management
optimization in a real-world network with numerical experiments and
discusses the results. Section 5 concludes the study and points out future
research.

2. Literature review

There are in general two approaches to design traffic management
strategies. One is to pre-define the scheme/policies (which usually
involve combinations of traffic management measures and KPIs to select
the best combination) and use models or simulations to evaluate their
effectiveness (Fig. 1), usually under equilibrium given certain network
and travel demand. The performances of these pre-defined combinations
are then compared and the best is selected for implementation. These
approaches are descriptive tools that computes system performance
given certain inputs but do not give any suggestions on improving de-
cisions. Another approach for traffic management is prescriptive tools
that involve analytical modeling and optimization (Fig. 2). Different
from descriptive methods, they give suggestions to assist decision-
making towards desired performance.

Abundant research addresses both descriptive and prescriptive
methods in traffic management scheme design and optimization. On the
descriptive side, Guériau et al. (2016) design different scenarios in
traffic management to assess the benefit of connected vehicles. Monteil
et al. (2013) use simulations to evaluate the stability of traffic flow with
communication and control methods. Descriptive methods are also
widely used by practitioners (in de Vegte et al., 2005), where several
options for local freight traffic management schemes are proposed and
simulations are used to determine the best option for implementation.
Wismans (2012) points out that the enumeration of strategies relies only
on experts’ experiences rather than thoroughly searching for all alter-
natives, as a result, optimality of the solutions is not guaranteed.

Another apporach for traffic management is prescriptive tools that
involve analytical modeling and/or optimizaiton. Different from
descriptive methods, they give suggestions to assist decision-making
towards the desired system performance. The best/optimal policy is
not obtained by selecting from several pre-defined scenarios. Instead,
the prescriptive model internalizes the selection process to a pure
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Fig. 2. Prescriptive approach for traffic management measure optimization.

mathematical form, often by formulating an optimization problem that
explores possible measure combinations as decision variables (Fig. 2).
Designers or traffic managers could benefit largely from this prescriptive
approach since they only need to define the KPIs (i.e., objective func-
tion) and let computer find the optimal policy. Literature with pre-
scriptive approaches usually makes use of mathematical programming
with equilibrium constraint (MPEC), leading to a bi-level programming
method. In such bi-level formulation, the upper-level is an objective
function to maximize or minimize one or more network performance
indicators, and the lower-level is traffic assignment under UE conditions.
To solve such bi-level programming problems, different algorithm are
developed: artificial bee colony (Szeto et al., 2015), particle swarm
optimization (Wang et al., 2015), genetic algorithm (Liu and Luo, 2012;
Mathew and Sharma, 2009), descent based algorithm (Patriksson and
Rockafellar, 2002), etc. Dempe (2020) points out that bi-level pro-
gramming problems are non-convex and non-differentiable, even if their
defining functions are convex and smooth. This makes bi-level pro-
gramming problems difficult to solve and in many cases only
sub-optimal solutions can be obtained.

In all the traffic management measures, we focus on speed limit in
this paper. Speed limit design can improve both local and network level
traffic. Csikos et al. (2018) design a model predictive controller for
variable speed limits (VSLs) to suppress moving jamwaves and reduce
pollution locally. For the network level speed limit design or optimiza-
tion, complex formulations are often involved. Yang et al. (2013)
develop a bi-level programming approach to optimize speed limit in a
road network under UE flows. Wang (2013) transfers a bi-level
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Fig. 1. Descriptive approach for traffic management measure design.
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programming problem to a conic quadratic mixed-integer programming
problem, which can be solved by off-the-shelf solvers. However, the
proof for the convexity of this formulation is not given, and non-convex
formulations can lead to local optimal solutions. Yang et al. (2012) give
explicit formulation for UE traffic assignment with speed limit and
analyze the impacts of altering link speed limits on the network equi-
librium and conclude that it is possible to design appropriate
link-specific speed limits that can improve network performance (in this
case, reducing both emissions and travel time for the whole network).
Both Yang et al. (2012, 2015) admit that the optimal design of speed
limit scheme using single or multi-objective optimization remain an
interesting research direction.

Since traffic usually consists of more than passenger cars, it is
necessary for traffic managers to consider multiple vehicle classes in
traffic modeling and management. Ezaki et al. (2022) show that by
considering logistics operations, researchers and practitioners (e.g.,
traffic managers) may acquire more complete insights on traffic network
dynamics. Freight traffic takes up an important part in the traffic
composition. According to Statistics Netherlands (CBS) (2020), road
transport within the Netherlands carried 766 million of goods in the year
of 2019, which was 41% of the total freight being transported. Freight
traffic has very different characteristics from passenger traffic. This in-
cludes different origin/destinations and vehicle characteristics such as
length and speed (Schreiter, 2013). In particular, the value of time
(VOT) is different for different vehicle (user) classes. According to SP
surveys (De Jong et al., 2014; Kouwenhoven et al., 2014), the VOT for
freight is 38 EUR/h in the Netherlands, and the VOT for passenger car is
9 EUR/h. Despite the differences, freight and passenger are both active
participants taking a share in the public traffic infrastructures.

The calculation of UE with multiple vehicle class capabilities are
rarely performed in forms of mathematical programming (MP), despite
MP is seen as one of the most practical approach for traffic assignment
because of the widely available solving methods (Bliemer and Bovy,
2003). This is mainly because the previous approaches (e.g., Beckmann
transformation) require an symmetric assumption that makes the pro-
cedure non-realistic.

Lin et al. (2022) recently propose an approach for multi-class UE
assignment with mixed-integer linear programming (MILP). This
approach does not require the symmetry assumption mentioned above.
It provides new opportunities to formulate traffic management problems
differently. In this study, we build upon this and propose a mixed-integer
quadratic programming approach to optimize speed limit design with
UE conditions. Solving the MIQP gives the traffic management measures
that optimize the network performances (e.g., the total travel time,
emission, or value loss by congestion) under the multi-class UE
condition.

To sum up the literature review: Speed limit optimization under UE
condition is usually formulated in bi-level programming. This formula-
tion is non-convex and non-differentiable and therefore, difficult to
solve. Despite facing such issues, researchers keep searching for new
prescriptive approaches that benefit from mathematical programming
formulations. On the other hand, calculating multi-class UE with MP
usually comes with an unrealistic assumption of symmetry. For these
reasons, to our best knowledge, few approaches optimize speed limit
under multi-class UE condition with easy-to-solve formulations.

3. Methodology

This section starts from the recent research of analytical multi-class
UE assignment (Lin et al., 2022) with MILP and builds up to the traffic
management optimization approach. In this study, we briefly recap the
MILP approach for UE assignment. Subsequently, we formulate the
traffic management problem in an MIQP formulation with a quadratic
objective function and (mixed-integer) linear constraints, in which
techniques are applied to linearize some of them.

Communications in Transportation Research 5 (2025) 100221

3.1. MILP formulation to solve UE

Let G = {P, £} be a graph with a collection of nodes (P) and directed
links (£). Between some of the nodes are OD pairs w € V. Between each
OD pair, vehicles of classes m € M can travel via several paths p € P,,.
Let Xpyp be the number of vehicles of class m that travel between OD pair
w via path p; and ¢y the travel time experienced by vehicles with class
m travelling via path p between OD pair w; let c;,,, be the lowest cost for
class m to travel between OD pair w. For the traffic network defined
above, a UE condition is described as Egs. (1)—(3):

Xongp > 0 1)
Coep = Co @)
Xip (Cowp = €py) = 0 (3

The above conditions represent UE as a variational inequality prin-
ciple (Van Vliet, 1987). In the these conditions, Eq. (1) specifies that for
each vehicle type m, between each OD pair w, on each path p, the flow
volume is non-negative. Equation (2) ensures that all traversed and
untraversed paths between the OD pair w has a travel cost no less than a
minimal travel cost between this OD pair. Equation (3) indicates that if
vehicle type m has flow on path p between OD pair w, the travel cost for
the vehicle type on this path should be the lowest. The general formu-
lation of multi-class UE assignment in MP is listed below:

min ‘] Ximwp = Zzzamw} (mep - C;m') (4)
mowopy
s.t.
1 Xy >0

Amwp = {07 if Xy =0 ®
mew,, = dpw (6)

P
Xy > 0 2
mep - C;l,tr Z 0 (8)

link __ § §
Xne — 5pexmwp (9)
wop

Cmp = Y _BpeCint (10)

_ link T B
c};‘;k = Cipen (1 + 11(72”’1('"” ) 11

e

Note that Lin et al. (2022) provide approaches to linearize the above
MP model so that it can be solved in MILP form. The objective function
(4) is non-negative and when it reaches 0, the solution x gives the UE
state. Condition (5) uses amyy to flag whether path p between OD pair w
is used by vehicle class m. Equation (6) specifies that the total volume of
vehicle class m between OD pair w should be equal to the demand dy,-
Equation (7) ensures that path flow volumes are non-negative. Equation
(8) introduces C;W which takes the lowest value of travel time in all paths
for vehicle class m between OD pair w. The relationships between link
flow/cost and path flow cost are specified using Egs. (9) and (10). The
link travel time (i) is associated to the link vehicle flows (x!ink). A
volume-delay function such as BPR can be used Eq. (11), with 7, the
passenger car equivalent (PCE) value for class m (we use zcar = 1; Zyruck
= 2.5). Parameters « and f usually take value of 0.15 and 4, respectively.
Readers are referred to Lin et al. (2022) for the details on the complete
MILP formulation of the UE assignment.

Traditionally, to consider the modeling of traffic management
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measures, the above formulation is included in a bi-level programming
with equilibrium constraints. In this study, we formulate the same
problem in a different way so that it can be easily solved using mature
operation research techniques.

3.2. Formulating traffic management policy optimization

This section extends the MILP UE formulation to include traffic
management policy optimization. Firstly we rewrite the previous
objective function Eq. (4) as a constraint, ensuring the UE condition in
the solution of flows:

) =0 Ym,w,p (12)

amwp (mep -

Similar to Eq. (4), in Eq. (12), amwyp is a binary (decision) variable
denoting whether path p is used by class m between OD pair w and
follows Eq. (5). If amup = 0, the path is not used, and the path travel cost
Cmwp can be larger than the minimum travel cost c,,,, among the available
paths; otherwise ¢y, should be the minimal, i.e., coup — Cryy = 0. This
constraint is equivalent to the equilibrium constraint (Eq. (3)) in MPEC
(reviewed in Section 2) formulations. The advantage of using Eq. (12) is
that it can be easily linearized. As a result, the MP formulation is convex
since it only contains linear constraints and can be easily solved with
global optimality.

We now involve optimal speed limit design by extending the MILP
formulation. In this study, we consider the possibility of varying speed
limit of passenger vehicles on all road links. Consider link e, vehicles’
free flow time through this link is related to (class-specific) free flow
speed Vi 0 and length of the link L,, i.e., ¢me,0Vme,0 = L. Now we include
the free flow speed limit on each link as a decision variable, and Vo €
[Vine.0» Vine 0)- Note that in this paper we assume that the speed limit de-
termines the free flow speed vy 0. In some other research (Yang et al.,
2012), imposing a speed limit constraint changes the shape of the BPR
function with an extra non-monotonic segment, leading to an additional
source for non-uniqueness solutions. We argue that since piecewise
linearization is employed in this study, applying the approach of Yang
et al. (2012) does not impose extra challenge to our model. However, in
order to observe the effectiveness of our approach, we keep the BPR
function monotonic. As a result, the volume-delay function Eq. (11) can
be re-written as Eq. (13):

link 4
0 = L, (1 + a(w) > as)

In this study, we design the optimizing problem to minimize the
monetary value of the total travel time (&, is the VOT of class m). Having
in mind that the value of time for different vehicle classes according to
De Jong et al. (2014) and Kouwenhoven et al. (2014) (£car = 9 and Eyyek
= 38), we have

min J‘Xyo = mewpcmwpfm (14)
mw.p
The objective function (14) is quadratic, leading to the formulation
an MIQP. Solving this problem we have the UE distribution of traffic
flow (x) as well as the combination of vy that minimizes the total cost for
travel time. Next we linearize the constraints so that the MIQP is in a
convex formulation.

3.3. Linearizing and formulating MIQP

The above formulation for searching for the optimal speed limit
combination is, nevertheless, non-linear and non-convex. To simplify
the calculation, this section explains how the MP can be reformulated
into a MIQP, which can be solved more effectively.

Communications in Transportation Research 5 (2025) 100221

3.3.1. Linearizing UE condition
The UE condition Eq. (12) is included in the model as a constraint
and can be easily linearized and re-written as the following condition:

= Cos if Apmyp =

> if apy =0
c,,,w,,{c’"" £ G VmeMweW,peP (15)

We can then formulate the above constraint in linear form with a
sufficiently large number M:

Conp — c < M(1

mw —

7amwp) me Ma we er € P (16)

In addition, the linearization of Eq. (5) is performed using the similar
technique:

My 2> Gy Y mE M;w € W,p € P, a17)
Xomip < My Y m e M,w €W, p € P, (18)

3.3.2. Linearizing BPR function

Involving Eq. (13) as a constraint in the MP makes the model non-
linear and non-convex, since clni{ék is related to Xpp and Ve, is consid-
ered as decision variable. This section linearizes the BPR function and
include decisions on speed limits. We take an approach to inexplicitly
include vy, as decisions, by re-writing Eq. (13) using the following
conditions:

Imk
e Vneo < Le <1 - ) (19

e

(,lr:;k ;60 > (1 + a(zm“\lﬁ(me ﬂm) ) (20)

e

Inequalities (19) and (20) specify that the actual travel time falls be-
tween a range regulated by v, , and v}, c0- Let fe(x) represent the right-

hand-side of Inequalities (19) and (20), and let xi"™ = 3~ xlinkz we
have

ot Ve < Jel(xe) (21)
Coe Ve = folxe) (22)

The decision variable vy o is excluded from the formulation and can
be calculated from the following (after optimization):

(1 b o Ze ) L) 23)

Ve = clink

i K.
Inequalities (19) and (20) can be linearized using piecewise approxi-
mation. In this study, we make use of a special order set (SOS) feature for
piecewise approximation. This feature is found in many off-the-shelf MP
solvers such as Cplex and Gurobi. For each link e € &, the aggregated
flow ximk = 37 37,5 SpeXmupmm monotonically determines the travel
time of each vehicle class via this link according to the BPR function. The
piecewise BPR function is represented by type 2 SOS constraints. Denote
cost function with linearized BPR as ¢:"¥ (x), the number of segments L =
pleft 4 prisht 5 type 2 SOS constraint specifies that a set of continuous
variables [by, by, ..., by, ..., br], b € [0, 11, only 2 (consecutively) of them
can take values other than 0. We then have the following constraints:

K, K, K.
0101 b ) s % (1= D) G <) e 24)
L+1
> bpes=1m,e (25)
=1
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L+1

mee lLlefl (I—1) = x"™ V¥m,e (26)
L+1

mee fo(=s Lleﬂ —1)) >aciky o Vm,e (27)
L+1

Z buedfe (i Lleﬂ = 1) SV Ymoe (28)

Condition (24) declares the SOSs for the solver. Each of the sets has L
+ 1 pairs of continuous decision variables b; and their weights L% x (I —
1). Equations (25) and (26) specify that the weights by, are used to
select terminal points and represent the values of xi"*. Inequalities (27)
and (28) denote that the actual travel time falls between the boundaries
specified by v, , and v,,

3.4. Final MIQP formulation

So far, all constraints are linear and the final MIQP formulation is
presented in conditions (29)-(43):

min J‘X,vg = Exmwpcmwpfm (29)
mw.p

s.t.

Xop = 0Vm e MweW,peP, (30)

mewp =dy, Ym € M,W ew (31)
P

M-xmwp > Ainwp Vme M,w € W,p € P, (32)

Xop < Mayy, Yme M,w e W,p € P, (33)

Conp = Cpy 20 VM EMw EW,p € P, (34)
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Fig. 4. Link segments considered in the experiments.
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L+1
> bps=1YmeMecé 37
=1
L+1 .
mee:Lleﬂ (I-1)=x"Vme M,ec€ (38)
L+1
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Fig. 3. Speed limits on (two-way) links, adapted from Openstreetmap.



X. Lin et al.

UE car flow

Fig. 5. Passenger car flow distribution without speed limit optimization (Sce-
nario 1).

L+1

Kf —lin]
> buedfe (G x (1=1)) < eyt Yme Me € € (40)
=1

XM= "N Spempn Ve €E (41)

meMweWpeP,,

Cop = 3 _Com Yw €W, p € P (42)

eef

In addition, the MIQP includes a type 2 SOS constraint:

K. o K.
(b1,0), (bz7ﬁ), e (bhﬁ x(1=1)),..., (bL+17m xL)| Vee &  (43)

4. Numerical experiments

This section applies the method in a real-world motorway network
and reports the results. We consider road links around the city Tilburg,
the Netherlands (Figs. 3 and 4). We did two rounds of experiments. The

UE truck flow

100 100 100

Fig. 6. Truck flow distribution without speed limit optimization (Scenario 1).

Communications in Transportation Research 5 (2025) 100221

UE car flow (STM)

Fig. 7. Passenger car flow distribution with speed limit optimization (Sce-
nario 2).

first round presents the current situation in the network without the
optimization of speed limit; while the second round includes the opti-
mization of speed limit measurement. The results of these two rounds
experiments are compared. The motorway network, the hourly demand
of passenger vehicles and freight vehicles information is adapted from
the Dutch National Model System (Landelijke Model Systeem, LMS) in
Rijkswaterstaat (2012). The Network has 18 nodes and 44 directed links.
We selected 12 OD pairs for computing the distribution of traffic. To
evaluate the effectiveness of the proposed approach, we designed 3
scenarios in the same network/traffic demand, but with different speed
limit design parameters. In Scenario 1, we do not allow any adjustments
in speed limits. Scenario 1 is therefore UE traffic assignment presenting
the UE distribution of passenger cars and trucks with the current speed
limits. In Scenario 2, we involve the possibility of adjusting speed limits
of passenger cars within the range of [-20%, +10%] of the original
speed limit for each link. In Scenario 3, we only allow a reduction in the
speed limits for passenger cars, hence the range for adjustment is [-20%,
0%].

The model is coded and run using MATLAB on Windows 10 (Parallels

UE truck flow (STM)

100 100 100

Fig. 8. Truck flow distribution with speed limit optimization (Scenario 2).
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Optimal Speed Limit Change in %

Fig. 9. Speed adjustment (Scenario 2).

virtual machine) with allocated Intel Core i5-8279 2.4 GHz CPU and 3
GB RAM. The MILP is solved by Cplex v12.10, using 14.91 s; the MIQP is
solved by Gurobi v9.5.2, using 17.86 s.

Figs. 5-12 show the resulting traffic distribution of the three sce-
narios. Figs. 5 and 6 show the passenger car flows and truck flows in
Scenario 1. Figs. 7 and 8 show the passenger car flows and truck flows in
Scenario 2. Figs. 10 and 11 show the passenger car and truck flows in
Scenario 3. Figs. 9 and 12 show the optimal combination of speed limit
changes in percentage for each link under Scenarios 2 and 3. Increasing
and decreasing of speed limits are represented by blue and red numbers,
respectively. Table 1 shows the improvement brought to the traffic
network by vehicle hours and monetary values for both vehicle types
and total values.

Observing the results in Table 1, with Scenario 2, both passenger cars
and trucks can benefit from the speed limit strategy with a class-specific
total travel time reduction of 6.41% and 12.77%, respectively. Weighed
by VOT, this reduction means a monetary saving of 9.61% for the whole

UE car flow (STM)

Fig. 10. Passenger car flow distribution with optimal speed reduction (Sce-
nario 3).

Communications in Transportation Research 5 (2025) 100221

UE truck flow (STM)

100 100 100

Fig. 11. Truck flow distribution with optimal speed reduction (Scenario 3).

transportation system. In Scenario 3, since passenger cars are more
restricted, they have an increase of 20.34% in total travel time, which
creates benefit for trucks with a reduction of 24.66% in total travel time.
This results in a reduction of 2.64% in the monetary value of total travel
time considering both classes. In this scenario, although we only allow
reduction of speed limits, the system still performs better. By adjusting
the VOT value of passenger cars and trucks, the utility of the two classes
can be balanced and justified according to their economic importance.

5. Conclusions

Traffic management, including speed limit design with equilibrium
conditions is often approached in descriptive or prescriptive ways. Most
of the methods proposed in literature do not guarantee optimality or can
be very difficult to solve (especially for bi-level programming problems).
This study proposes an MIQP approach that optimizes traffic manage-
ment measures under the multi-class UE condition. The method is built
on a recent developed approach and does not require the symmetry

Optimal Speed Limit Change in %

-20 0

Fig. 12. Speed adjustment (Scenario 3).
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Table 1
Total travel time and monetary value reduction per hour.

Communications in Transportation Research 5 (2025) 100221

Car

Vehicle (h) Car value (EUR)

Truck Total value (EUR)

Vehicle (h) Truck value (EUR)

Scenario 1 5.3777 x 10° 4.8400 x 107
benchmark

Scenario 2 optimal policy 5.0354 x 10° 4.5319 x 107

Scenario 2 savings 6.41%

Scenario 3 optimal policy 6.4713 x 10° 5.8241 x 107

Scenario 3 savings —20.34%

1.3284 x 10° 5.0479 x 107 9.8879 x 107
1.1594 x 10° 4.4058 x 107 8.9377 x 107
12.77% 9.61%
1.0008 x 10° 3.8031 x 107 9.6272 x 107
24.66% 2.64%

assumption for the calculation of multi-class equilibrium. Numerical
experiments are conducted in a regional network in the Netherlands.
Commercial solvers can solve the problems of this size quite efficiently
within 20 s. Optimizing the speed limit of the network can give a 9.61%
reduction of total travel time measured in monetary value. Meanwhile,
the method considers multi-class values and does justice to the differ-
ences of user classes in terms of economic importance.

Our formulation is based on a static traffic model with deterministic
UE. The traffic management measure considered is only speed limit.
Future research can extend this approach to capture temporal dynamics
with stochastic equilibrium settings. It is also interesting to include other
traffic management strategies such as lane control and signal control
measures.
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