
Advanced OR and AI Methods in Transportation 

THEORETICAL ANALYSIS OF THE EFFICENCY OF RAMP 
METERING, SPEED MANAGEMENT BASED ON BRAESS-LIKE 

PARADOXES 

Habib HAJ SALEM1, Jean Patrick LEBACQUE2, Salim MAMMAR3 

Abstract. The paper investigates the origin of the gains resulting from ramp 
metering and speed management. Similar to Braess's paradox, both traffic control 
methods reduce the nominal capacity in order to achieve gains. Ramp metering 
and speed control are shown to prevent capacity drops from which the system is 
unable to recover, due to hysteresis.  

1. Introduction 
Among the several traffic control strategies that can be used for alleviating traffic 
congestion on freeway networks, the ramp metering technique and speed limit control take 
more and more places in the implemented operating systems. The potential of ramp 
metering for alleviating freeway congestion is widely recognized and documented [3]. Most 
existing ramp metering studies are based on local traffic-responsive control strategies, such 
as the percent occupancy strategy, the demand-capacity strategy (similar to the traditional 
occupancy-based strategy) and the linear feedback strategy ALINEA[3]. Speed management aims at homogenizing the practical speed along motorway sections and at minimising the number and the severity of accidents and thus increasing safety and delaying the onset of the congestion. Although the potential of speed management has been 
recognized by some authors [11], a large majority of implemented and operating systems of 
speed limit control is based on the simple retro-propagation of the measured speed at the 
congested location, with no further aim than to increase safety. No real theoretical investigations have been carried out [15 ].  

The paper investigates the origin of the gains resulting from ramp metering and speed 
management. Similar to Braess's paradox [1], both traffic control methods reduce the 
nominal capacity in order to achieve gains. Ramp metering and speed control are shown to 
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prevent capacity drops from which the system is unable to recover, due to hysteresis. This 
is the main origin of the gains. By combining both control strategies, greater gains can be 
achieved. Further, gains increase with the distance to the onramp or the area subject to 
speed control. Thus earlier findings in [7] are confirmed. 

2. Braess paradox principle 
The classical Braess Paradox is described in [1]. Although it is usually described on the 
original Braess network, it is believed to be largely prevalent in traffic networks. Its 
concern is the negative effects of static traffic equilibrium. From the point of view of static 
assignment on networks, the network supply can be identified with path (and origin-
destination) travel costs. A paradox situation occurs when, by using a specific path, users 
increase their own travel costs as well as those of all other users. Any measure discouraging 
the use of this specific path will benefit all users. In the original Braess's example, this is 
achieved by suppressing an arc specific to that path. The fundamental point can be 
summarized thus: the reduction of the nominal capacity leads to the improvement of both 
total cost and individual costs.  

3. The appropriate dynamic model 
In this study, the improved Lighthill-Whitham-Richards (LWR) model [12] ,[13] is used. It 
is a first order macroscopic traffic flow model including the bounded acceleration of 
vehicle. The basic variables are flow Q, density K, speed V, assumed to be a function of 
position x and time t. Qe corresponds to the fundamental diagram. The LWR model 
equation reads: 

For numerical solution we refer to [8]. The numerical solution is incorporated into 
METACOR, [2], [4] and [5]. The effect of the vehicle acceleration can be illustrated by the 
figure 1. They depict, on a fundamental diagram, two traffic states (u) and (d) representing 
an upstream congested traffic state and a downstream fluid state. The LWR model predicts 
that traffic accelerates from (u) to (d) with an intermediate state (c) for which flow is 
maximum. It has been observed in the literature that this property of the LWR is 
incompatible with ramp metering benefit [4] which is why on-ramp metering scheme are 
generally applied with second order models only. If we consider the prediction of the 
Bounded Acceleration LWR model, the transition between (u) and (d) will follow the (u) 
� (r) line with the intermediate (recovery) state (r) at a much lower outflow level. The 
ratio Qr/Qmax is of the order 5/7 in accordance with Kerner’s observations. The above model 
implies that the appearance of congestion leads to capacity reduction.  
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Figure 1. Effect of the bounded acceleration on traffic flow 

The same concept is applied to intersection modelling. For merge, we define upstream 
flow demands δ1, δ2, downstream suply σ , and capacity Qmax. Traffic supply and demand in 
the context of intersections are introduced in [16]. If δ1+ δ2 > Qmax, the node is congested, and the capacity drop to the recovery flow (Qr). This outflow is maintained at the till lower 
Qr level as long as the demand δ1+ δ2 exceed this value. 

Figure 2. Intersection hysteresis modelling 

4. Brief descriptions of Ramp metering and speed limit 
Speed limits: One way to model this effect is to assume it induces changes on the 
parameters of the fundamental diagram. This approach has been proposed in [14] or [15] 
based on the evidence that speed limitation can induce some increase in capacity. In this 
paper we shall explain this increase in capacity in a totally different way. In this study, the 
following assumption: that speed limitations do not affect parameters of user behaviour, 
thus do not affect the fundamental diagram itself, but result in a truncation of the 
fundamental diagram.  

Ramp metering : the used strategy is ALINEA which aims at keeping the merge in a 
fluid traffic state by limiting the on-ramp outflow. It is designed to prevent node congestion 
and consequently the node capacity drop is avoided. A limiting factor for the application of 
ALINEA is the minimum guaranteed outflow Qmin of the on-ramp. 

5. Results 
Speed control: In order to evaluate the impact of the speed control the following motorway 
stretch is considered which is bounded at the end by an urban zone: 



Theoretical analysis of the efficency of ramp metering… 453 

  
The interface between motorway and urban zone is modelled as a node with capacity 

qmax and recuperation flow qr. The motorway has a capacity Qmax. It is assumed that 
q0<qr <q1<qmax<Q<Qmax. The aim of the control is to keep flow on the downstream part of 
the motorway below the maximum inflow (qmax) of the urban zone, in order to prevent a 
capacity drop to qr. In this example control is applied on the downstream half of the 
motorway only. The results are the following (plots of density vs. location and time), 
showing a general reduction of congestion and no queuing at the entrance of the urban 
zone. The cumulative inflow and outflow show a gain for all users. 

 
Figure 3. with and without speed control Results 

Ramp metering: ALINEA is applied on on-ramp IN2. Demand is constituted of two 
simultaneous traffic peaks, on IN1 and IN2, of duration 15 minutes, resulting in a node 
inflow exceeding the node capacity. The motorway merge stretch is depicted in figure 3. 

 

 

Figure 4. Considered motorway stretch for Ramp metering 

The figure 5 shows the input cumulative flow and difference between cumulative flows 
with and without ramp metering at locations OUT_0, OUT_1, OUT_10, OUT_20 
respectively. Outstanding features are: 

Out0 Out1 Out10 Out20 
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• Gains (but not all users at all times), except inside the intersection (location 
OUT_0) 

• The gains of cumulative flows and speed increases with distance (confirming 
findings in [7].  

Figure 5. Cumulative flow time evolutions for each detector locations 

Screening the input cumulative flow time evolutions in case of with and without both 
strategies (ramp metering on IN2, speed control on IN1), we can observe that on the main 
lane (IN1) the input cumulative flow is increased whereas for IN2 the contrary is observed. 
This means that ramp metering and speed control reduce the interaction of the platoons, 
reducing the capacity drop in the node and the resulting velocity decrease. This dynamic 
traffic behaviour is the same as in the Braess paradox principle. Any gain in velocity has a 
cumulative effect over distance. 

6. Conclusion  
The resulting analysis shows that excessive demand leads to capacity reduction with strong 
hysteresis effects. This is a dynamic analogue of the classical (static) Braess paradox in 
which increase of a certain flow increases all costs. Thus traffic management schemes 
should aim at keeping the demand below the level beyond which capacity drops. This idea 
is not completely new, but the present paper attempts to quantify this effect and to found it 
on a verifiable traffic flow model. Increased average speeds, greater traffic fluidity, gains in 
total travel time spent, for the majority of users but also in many cases for all users, these 
should be the expected gains of speed control, ramp metering, and better a combination of 
both. More remarkable: gains can be expected under (near) stationary traffic flow 
conditions. Finally, a very important idea: the gain can only be evaluated properly by setting appropriate limits of the system. 
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