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Abstract 10 

Purpose 11 

Tunnel congestion is an important problem often dealt with disruptive traffic management 12 
strategies, such as closures. The paper examines the underlying causes of tunnel congestion 13 
and their impact on the most appropriate strategy to be implemented. It tests empirically the 14 
hypothesis that the cause of congestion may be different from day to day, even for the same 15 
tunnel. Furthermore, the effectiveness of tunnel management strategies may differ, depending 16 
on the cause.  17 

Method 18 

A methodology is proposed to test those hypotheses using empirical data and simulation, 19 
consisting of: (i) Cluster analysis of historical traffic data to identify distinct congestion 20 
patterns; (ii) in-depth analysis of the underlying demand patterns and associated bottlenecks; 21 
(iii) simulation analysis to identify effective strategies for each demand pattern; (iv) 22 
classification analysis which assigns a particular day to one of the patterns based on the 23 
available data. 24 

Results 25 

The methodology is demonstrated for a congested tunnel in Stockholm, Sweden, which is 26 
subject to frequent temporary closures for safety reasons. The cluster analysis indicates two 27 
different congestion patterns, with different spatiotemporal characteristics. Multiple strategies 28 
based on tunnel closures and metering are implemented and evaluated for both traffic 29 
patterns. Appropriate closure timings can improve the traffic conditions in the tunnel, while 30 
metering is found to be the most promising strategy overall. Further, classification of a new 31 
day is shown to help predict tunnel congestion early and may inform the strategy 32 
recommendation. 33 

Conclusions 34 

The analysis emphasizes the identification of distinct traffic patterns leading to tunnel 35 
congestion and recognizes that the recommendation of the most effective tunnel management 36 
strategies on a given day depends on the underlying causes of congestion.  37 
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1. Introduction 43 

Freeway traffic management is becoming increasingly important as travel demand grows in 44 
many urban areas. Tunnel traffic management, in particular, is a challenging problem due to 45 
the need for safe conditions (e.g. smooth evacuation in case of incidents) in addition to high 46 
throughput. Hence, the criteria for efficient tunnel traffic management strategies may be more 47 
rigorous compared to freeway traffic management in general [1].  48 

There are several causes of tunnel traffic congestion, related to demand or supply factors or a 49 
combination of both. For example, an increase in demand during peak hours exceeding the 50 
tunnel capacity will eventually result in congestion. Moreover, the existence of weaving areas 51 
inside the tunnel may generate bottlenecks. In more complex networks, traffic conditions 52 
affecting the tunnel may develop downstream or upstream the tunnel. Tunnel traffic 53 
conditions are also particularly sensitive to drivers’ behavior [2]. Consequently, adequate 54 
tunnel traffic management policies should be developed, which are robust with respect to the 55 
multiple traffic patterns that may develop into congestion.  56 

A strategy often deployed in practice to deal with recurrent tunnel traffic congestion, for 57 
example by the State Road Traffic Authority (VLB) in Berlin [3], is entrance closure. The 58 
TOB (Tunnel Ortskern Ortsteil Britz) tunnel is part of the Berlin urban freeway ring and it is 59 
often congested during morning peak hours due to high demand that exceeds the tunnel 60 
capacity. According to the German guidelines for tunnel operations [4] the tunnel should be 61 
protected from periodic congestion by closing the upstream entrance, hence controlling the 62 
inflow. The closure times and durations are based on empirical analysis of flow and speed 63 
data from typical congested days. Another example is the 5 km long Södra Länken tunnel in 64 
Stockholm, Sweden. Due to high demand exceeding its capacity, congestion often occurs in 65 
the tunnel. Furthermore, queues that occur at a highly congested section of the freeway 66 
downstream the tunnel tend to spill back into the tunnel. In order to prevent traffic jams from 67 
forming inside the tunnel and ensure safety, the local traffic authorities have adopted a 68 
preventive strategy of temporarily closing some of the tunnel entrances in order to allow 69 
queues to dissipate.  70 

There are a number of studies in the literature focusing on tunnel traffic management. In [5] 71 
an operational study of traffic flow in the Holland Tunnel between New York and New Jersey 72 
is presented. A bottleneck inside the tunnel caused congestion and capacity drops with 73 
shockwaves propagating backwards to the tunnel entrance. In order to maintain flow at high 74 
levels, a vehicle platooning approach was used. Specifically, shockwave speeds caused by the 75 
bottleneck were estimated from flow and density measurements and the average vehicle 76 
speeds at the bottleneck during peak and off-peak hours were determined. The information 77 
was then used to inform traffic operators about the optimum flow level that should be 78 
reached. Consequently, the target of the control strategy was to limit the number of entering 79 
vehicles such that the speed at the bottleneck was maintained above the critical threshold 80 
below which shockwaves developed. In order to achieve that, gaps were periodically 81 
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introduced into the traffic stream at the tunnel entrance; hence the headway of vehicles at the 82 
bottleneck was controlled.  83 

In [6] an experimental control system was deployed for the Lincoln tunnel to limit the inflow 84 
and prevent congestion by metering the traffic entering the tunnel. It was shown that density 85 
is an essential measure for the operator in order to increase throughput and maintain high 86 
speeds. 87 

An integrated dynamic traffic management system is evaluated in [7] for the Central 88 
Artery/Tunnel network in Boston. The main performance measures considered for the control 89 
system were the level of service, and the exposure to Carbon Monoxide (CO). Different 90 
control strategies were evaluated in the context of an incident scenario that caused congestion. 91 
The control system strategies included lane control signals, variable speed limit signs, ramp-92 
metering and route guidance. One of the main findings was the usefulness of microscopic 93 
simulation in order to explicitly capture the interactions between drivers’ responses and traffic 94 
control. The study concluded that the integration of different strategies has to be optimized 95 
and that route guidance should be based on predicted, not instantaneous, traffic conditions. 96 

In [8] the authors used a simulation approach to evaluate different traffic management 97 
strategies for the congested Hsueh-Shan Tunnel in Taiwan. An incident was simulated and the 98 
traffic management aimed at preventing queue formation at the tunnel entrance. The strategies 99 
included combinations of ramp closure, ramp metering, route guidance, and lane control. 100 
Mesoscopic simulation was used for the evaluation. The results showed that ramp metering 101 
provided the best performance compared to the other strategies. 102 

In summary, a number of existing studies evaluate different strategies (e.g. ramp closure, 103 
metering, route guidance, etc.) to deal with tunnel congestion. Some of the studies focus on 104 
the selection of the most appropriate measurement variables and threshold values in order to 105 
achieve the best performance. However, very little work has been reported that looks at the 106 
causes of congestion inside the tunnel and how they may impact the strategy to be 107 
implemented on a given day. Depending on the cause of congestion, which may vary between 108 
days, different traffic management strategies may be most adequate. For this purpose, 109 
sufficient information including traffic patterns, geometry factors, etc., should be collected in 110 
order to observe variations in the demand patterns and potential bottleneck locations.  111 

The aim of this paper is to test the hypothesis that recurrent tunnel congestion may be 112 
generated by different sources and that tunnel management strategies deployed to mitigate the 113 
impacts depend on the underlying cause.  114 

Advances in sensor technologies enable the collection of data that can be used for the analysis 115 
of complex network dynamics and also the deployment of advanced tunnel management 116 
strategies. The proposed approach involves empirical analysis of the network dynamics and 117 
congestion patterns that lead to the need for intervention, and subsequent development and 118 
evaluation of adequate tunnel management strategies under recurrent traffic conditions that 119 
are responsive to the traffic conditions on a given day. 120 

A data-driven cluster analysis, utilizing extensive historical information of the network traffic 121 
states, is used to identify different congestion patterns and the underlying demand patterns 122 
that cause them. Subsequently, simulation analysis is deployed to evaluate alternative traffic 123 
management strategies for each of the different demand patterns identified in the first phase. 124 
The main advantage of simulation is that a range of factors related to the recommended 125 
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strategies can be incorporated and tested thoroughly. Finally, on-line traffic measurements are 126 
used to classify a new day into one of the identified congestion patterns early, which allows 127 
the corresponding recommended traffic management strategy to be deployed in a timely 128 
manner. 129 

Two main hypotheses are examined: a) different congestion patterns exist that generate the 130 
need for intervention; and, b) depending on the causes of congestion, different types of 131 
strategies are required. 132 

Two main causes of tunnel congestion are investigated: a) congestion originates at bottlenecks 133 
downstream the tunnel and propagates upstream; and, b) congestion is triggered inside the 134 
tunnel due to weaving sections. Depending on the causes of congestion, the implications in 135 
the tunnel traffic conditions are expected to vary. Consequently, adequate tunnel management 136 
strategies are required that are adjusted to the different responses to deal with congestion, e.g. 137 
location and time of intervention. Hence, the recognition of the congestion patterns is 138 
considered important to increase the effectiveness of the different tunnel management 139 
strategies. This relationship has previously not been explicitly recognized in the literature. 140 

The main questions addressed in the paper are thus: 141 

• Are there multiple causes of tunnel congestion and how to identify them? 142 
• To what degree do the underlying causes of congestion impact the strategy to be 143 

implemented in order to mitigate or even avoid congestion inside tunnels? 144 
• Is it possible to identify early the congestion pattern and be more proactive in terms of the 145 

strategy to be implemented? 146 

The paper is organized as follows. Section 2 introduces the proposed methodology 147 
identifying distinct tunnel traffic evolution patterns, the evaluation of different traffic 148 
management strategies through traffic simulation. An approach is also suggested that can 149 
be used on-line to classify the emerging traffic to one of the identified patterns. Section 3 150 
presents a case study involving a congested tunnel in Stockholm, Sweden and discusses 151 
the scope of the application and the data available for the analysis. Section 4 presents the 152 
results and discusses the recommended tunnel traffic management strategies. Section 5 153 
concludes the paper. 154 

2. Methodology  155 

Assuming adequate data on traffic conditions the approach to address the main research 156 
hypotheses includes the following steps: 157 

1. Clustering of historical traffic data to identify distinct congestion evolution patterns.  158 
2. Characterization of the underlying demand patterns and bottlenecks related to each 159 

observed congestion pattern. 160 
3. Simulation-based evaluation to identify effective traffic management strategies for 161 

each identified congestion pattern scenario. 162 
4. On-line classification using data as they become available to assign the evolving 163 

traffic conditions to one of the identified congestion patterns for timely 164 
recommendation of the appropriate traffic management strategy to be implemented. 165 
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Fig. 1 summarizes the main components of the approach. Each step is described in more detail 166 
in the following sections. 167 

 168 

Fig. 1 Analysis of tunnel congestion causes and evaluation of tunnel management strategies.  169 

2.1 Data-driven congestion characterization 170 

Variations in traffic congestion patterns may reveal different conditions that trigger tunnel 171 
congestion, and different control actions may be appropriate depending on the cause. The 172 
proposed data-driven analysis uses cluster analysis to categorize distinct congestion patterns 173 
from archived data based on their spatiotemporal characteristics. A more in-depth analysis 174 
then follows in order to distinguish the conditions that generate the congestion patterns (e.g. 175 
different locations and times of bottlenecks) based on two different hypotheses. The first is 176 
that congestion originates downstream the tunnel and propagates upstream and, the second is 177 
that the traffic conditions inside the tunnel generate congestion. 178 
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Cluster analysis 179 

With the proliferation of large data sets, clustering is increasingly used in transportation 180 
studies [9]. Clustering requires a number of features that are characteristic of the traffic 181 
patterns. Possible traffic characteristics to use as features include speed, density, speed 182 
propagation measurements, etc. 183 

Clustering methods belong in mainly two groups: hierarchical and partitional clustering. In 184 
hierarchical clustering, successive agglomerative or divisive procedures are followed, i.e. by 185 
merging smaller clusters or splitting larger ones. Appropriate clusters can be determined by 186 
visually analyzing a dendrogram that shows the clustering stages and the variation within the 187 
clusters. In partitional clustering (e.g. the k-means algorithm), the number of clusters is 188 
specified in advance, hence the clustering results in a unique partitioning for a given data set. 189 
The selection of the number of clusters is then based on the contribution of each additional 190 
cluster to some measure of performance (e.g. variability). For the purpose of this paper, 191 
Ward’s hierarchical clustering method ([9], [10]) is chosen for the categorization of the 192 
examined days. However, partitioning methods may also be applied, especially for very large 193 
data sets.  194 

Each day of measurements is initially assigned to its own cluster and pairs of clusters are 195 
combined step by step until one cluster remains. The merging of clusters is done in such a 196 
way that the within-cluster variability is reduced. The adequate number of clusters can be 197 
decided using a dendrogram, which visualizes the variation within the clusters for different 198 
steps of the clustering procedure. In the first step of the clustering procedure, two days are 199 
combined into one cluster.  200 

Let 𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑 be the traffic measurement at location 𝑙𝑙 in time interval 𝑡𝑡 on day 𝑑𝑑, 𝐿𝐿 the total 201 
number of locations and 𝑇𝑇 the total number of time intervals used in the analysis. The cluster 202 
membership is assessed by calculating the within-cluster variability for all potential clusters: 203 

∑ ∑ ∑ (𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑦𝑦�𝑘𝑘𝑑𝑑𝑑𝑑)2𝑇𝑇
𝑑𝑑=1

𝐿𝐿
𝑑𝑑=1𝑑𝑑∈𝐶𝐶𝑘𝑘 , (1) 204 

where 𝐶𝐶𝑘𝑘 is the set of days in cluster 𝑘𝑘, and  𝑦𝑦�𝑘𝑘𝑑𝑑𝑑𝑑 is the mean value across all days in cluster 𝑘𝑘. 205 
The criterion for merging different clusters is the minimization of the increase in the total 206 
within-cluster variability after two clusters are joined, i.e. the sum of squared distances.  207 

Given the hypotheses regarding the causes of tunnel congestion, the features for the cluster 208 
analysis should provide information about the traffic conditions downstream the tunnel and 209 
the tunnel itself. Hence, the features that are considered in this analysis consist of traffic 210 
measurements at critical locations downstream the tunnel at potential bottlenecks and inside 211 
the tunnel between merging and diverging segments.  212 

Characterization of congestion patterns and bottleneck analysis 213 

Following the cluster analysis, the distinct characteristics of the congestion patterns in each 214 
cluster are analyzed and explained in terms of traffic flow characteristics. The causes of 215 
tunnel congestion may be related to e.g. variations in the demand, the onset and the duration 216 
of congestion, different bottlenecks, etc.. The detailed analysis considers the spatiotemporal 217 
traffic patterns based on representative historical traffic information for each distinct 218 
congestion pattern identified by the cluster analysis. Kerner’s three-phase traffic theory [11] 219 
provides means to support this analysis. According to this theory, traffic patterns are 220 
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categorized in three phases: (a) free flow (F), (b) synchronized flow (S) and, (c) wide moving 221 
jam (J). The criteria to distinguish between the synchronized flow and wide moving jam are 222 
based on qualitative empirical spatiotemporal features. In particular, wide moving jams 223 
propagate through any bottleneck and other traffic states keeping the mean downstream front 224 
velocity. On the other hand, the synchronized flow phase is usually fixed at the bottleneck. 225 
Transitions 𝐹𝐹 → 𝑆𝑆 are expected to occur at the bottlenecks, while 𝑆𝑆 → 𝐽𝐽 may occur later and 226 
further upstream the bottleneck location. In [12] the common features of Kerner’s three-phase 227 
theory are identified for traffic congestion patterns on freeways in USA, UK, and Germany. 228 
The theory is used to examine the two causes of tunnel congestion that are investigated as 229 
mentioned in Section 1.2. In particular, if the cause of congestion originates downstream the 230 
tunnel and propagates upstream, wide moving jams are expected to be observed. On the other 231 
hand, if congestion is triggered inside the tunnel due to weaving sections, the spatiotemporal 232 
features should indicate synchronized flow.  233 

2.2 Simulation-based evaluation of tunnel traffic management strategies 234 

The aim of the simulation analysis is to replicate the different traffic patterns leading to tunnel 235 
congestion, and to evaluate the effectiveness of various tunnel traffic management strategies 236 
under each demand pattern.  237 

The main control strategies used in tunnel traffic management include entrance closure, 238 
metering, and combinations of metering and closure. The temporary closure of some tunnel 239 
entrances is a drastic traffic management strategy often used when congestion occurs inside a 240 
tunnel in order to reduce the inflow. The main criterion for the timing of the closure is the 241 
evolution of congestion based on traffic measurements (e.g. speeds and densities) at critical 242 
locations (e.g. heads of bottlenecks) along the tunnel. Different combinations of entrances to 243 
be closed may be investigated, based on the inflow. An obvious disadvantage associated with 244 
this strategy is the impact on the network due to the forced detouring of vehicles.  245 

Metering has been used extensively for freeway traffic control ([13], [14]). Metering is 246 
typically applied on ramps, depending on the location of the bottlenecks and ramps’ storage 247 
capacity. Moreover, metering strategies can use either real-time traffic measurements or 248 
historical traffic information. This paper explores the possibility of using ramp metering as an 249 
alternative to the drastic action of temporal tunnel entrance closures, as preliminary evidence 250 
from prior studies suggests that it can be effective.  251 

Metering can be implemented at different tunnel entrances that are expected to have an effect 252 
on the traffic conditions inside the tunnel, while the time and duration of the metering may be 253 
chosen such that the evolution of congestion inside the tunnel is avoided. 254 

The following design aspects are considered important for the effectiveness of the different 255 
strategies, and adequate values or parameters associated may be obtained from the data-driven 256 
analysis: 257 

• Timing (closure, metering) 258 
• Duration (closure, metering) 259 
• Location (i.e. tunnel entrances) 260 
• Metering rate 261 
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2.3 On-line pattern classification for strategy recommendation  262 

Proactive recommendation of the strategy to be implemented on a given day, before tunnel 263 
congestion has fully developed, can benefit from on the findings from the cluster analysis. 264 
The similarity of a new day with the identified types of days can be measured using a 265 
classification method. Early identification of the type of congestion pattern is critical so as to 266 
be proactive and able to recommend the most adequate strategy. 267 

The classification starts from the same time interval as the historical cluster analysis, but only 268 
uses available measurements up to the most recent time interval 𝑇𝑇0 ≤ 𝑇𝑇, where 𝑇𝑇 is the last 269 
time interval used in the cluster analysis. Therefore, classification has to be based on partial 270 
information early on, and updated as more information is available. The same features are 271 
used as in the cluster analysis, i.e. same traffic metrics and measurement locations. A variant 272 
of the minimum-distance classifier (MDC) is used. The MDC method uses the distances 273 
between the features of the new day and the mean values of the features across all days in 274 
each cluster as the classification criterion. The cluster with the shortest distance is chosen for 275 
the classification. A more detailed description of MDC can be found in [15]. The Euclidean 276 
distance is chosen as the distance metric. Specifically, for each cluster, the average distance 277 
between the features of the new day and each day 𝑑𝑑 in the cluster is calculated as: 278 

𝐷𝐷�𝑘𝑘 = 1
𝑁𝑁𝑘𝑘
∑ �∑ ∑ (𝑦𝑦𝑑𝑑𝑑𝑑0 − 𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑)2

𝑇𝑇0
𝑑𝑑=1

𝐿𝐿
𝑑𝑑=1𝑑𝑑∈𝐶𝐶𝑘𝑘 , (2) 279 

where 𝑦𝑦𝑑𝑑𝑑𝑑0  is the measurement from the current day, at location 𝑙𝑙 in time interval 𝑡𝑡 on day 𝑑𝑑, 𝐿𝐿 280 
is the total number of locations and 𝑁𝑁𝑘𝑘 is the number of days in cluster 𝑘𝑘. The new day is 281 
assigned to the cluster that corresponds to the lowest average distance. 282 

The classification is updated, for example every 15 minutes, as new traffic measurements 283 
become available. Once the congestion pattern is reliably classified into a specific cluster, the 284 
most adequate strategy can be recommended. However, critical in this approach is the 285 
stability of the classification, i.e. the ability to make the current classification detection early 286 
on in the day. 287 

3. Case study 288 

The analyses steps presented in section 2 are applied to a tunnel on the Södra Länken (“The 289 
southern link”) freeway section in Stockholm, Sweden (see Fig. 2). The Södra Länken 290 
freeway is 6 km long, of which 4.7 km is in tunnels. It connects Essingeleden in Stockholm 291 
with Värmdöleden (county road 222) in the Nacka municipality (see Fig. 2). In the westbound 292 
direction, Södra Länken merges with flow coming from the south (E4). The tunnel has in 293 
general two lanes in each direction and a speed limit of 70 km/h. There are six entry points 294 
and six exit points (including the mainline entrance and exit). Södra Länken was designed to 295 
serve 60,000-70,000 vehicles per day when it opened in 2004. Today, however, the daily 296 
traffic demand is 90,000-100,000 vehicles per day. The network of interest is equipped with 297 
radar detectors every 500 meters as part of the Motorway Control System (MCS), which 298 
report counts and speeds per minute and per lane (indicated by dots in Fig. 2). 299 
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 300 

Fig. 2 Södra Länken freeway, Stockholm, Sweden (shaded area). Dots indicate locations of 301 
traffic sensors. 302 

Due to the high demand, in the tunnel and the downstream freeway, entrance closures are 303 
often used as the main traffic control strategy. Fig. 3a depicts the number of tunnel closures 304 
per year between 2005 and 2015, due to recurrent congestion only; other causes of closures, 305 
e.g. incidents, are excluded. As can be seen, there is an increasing trend in the number of 306 
closures over time. As Fig. 3b illustrates, the average closure time between 2005 and 2015 is 307 
about 45 minutes. The closures occur most commonly during the morning peak between 6 am 308 
and 8 am, and occasionally in the evening peak. 309 

 310 

Fig. 3 (a) Tunnel closures per year and (b) Duration of tunnel closures. 311 
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In order to prevent traffic jams from forming inside the tunnel and ensure safety, the local 312 
traffic authorities have adopted a preventive strategy of temporarily closing some of the 313 
tunnel entrances to allow the queues to dissipate. Before any tunnel closure takes place, 314 
warning messages are broadcast via radio, displayed on variable message signs (VMS) (Fig. 315 
4) and posted on Stockholm’s traffic information website. The messages inform drivers about 316 
the congestion in the tunnel, but provide no indication about which alternative routes drivers 317 
should take. 318 

 319 

Fig. 4 Variable message sign (VMS) locations.  320 

The tunnel closure decision-making process is based on a combination of traffic 321 
measurements at predetermined locations. Real-time average speed measurements per minute 322 
are observed at the sensor locations, depicted as red rectangles on Fig. 5. The on- and off-323 
ramps are depicted with arrows and the circles represent roundabouts. The most critical tunnel 324 
entrances and exits are also indicated. Based on certain conditions, including speed thresholds 325 
and a time window of observing low speed values, a warning for queues inside the tunnel is 326 
first given; if low speeds persist, a closure is triggered. The speed thresholds are 25 km/h for 327 
locations 1 and 4, and 20 km/h for locations 2 and 3 (see Fig. 5). A necessary condition for 328 
the tunnel to be closed is that speeds at location 4 drop below the corresponding threshold for 329 
a predefined time window (5 minutes). 330 

VMS 
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 331 

Fig. 5 Measurement locations for tunnel closure decisions. 332 

The tunnel warnings and closures have significant impacts for travelers. During closures 333 
travelers experience long delays, either due to congestion or their attempts to find alternative 334 
routes through the surrounding urban network, which is not designed to handle large volumes 335 
of rerouted traffic. Thus, it is important to identify and analyze the reasons leading to tunnel 336 
congestion to be able to implement more effective and proactive tunnel traffic management. 337 

4. Results and Analysis 338 

The approach proposed in Section 2 is used to investigate the traffic patterns leading to tunnel 339 
congestion, evaluate the current tunnel closure policy and recommend alternative strategies to 340 
mitigate the negative impacts of the closures, and assess the possibility of early strategy 341 
recommendation on-line.  342 

Historical traffic measurements from the MCS sensors at different locations inside and 343 
downstream the tunnel are used for the empirical analysis. More specifically, the westbound 344 
direction and the morning period are selected for the analysis. A set of 25 weekdays in April 345 
and October 2014, including days with and without tunnel closures, is selected. Days with 346 
incidents or sensor failure are excluded.  347 

4.1 Data-driven congestion characterization 348 

Cluster analysis 349 

Clustering is used to distinguish the temporal and spatial variations among days in the data set 350 
and to potentially identify different causes of tunnel congestion. Speed measurements at the 351 
MCS sensor locations by time of day are used as features in the analysis. In particular, during 352 
the morning period measurements from 𝐿𝐿 = 25 MCS sensor locations inside and downstream 353 
the tunnel are aggregated over 5-minute intervals for a time period starting at 6 am up to the 354 
earliest tunnel closure (7:15 am) that is observed among the days in the data set, in total 355 
𝑇𝑇 = 15 time intervals. This is done in order to avoid misclassification of days due to the 356 
traffic pattern changes caused by the tunnel closure. 357 

3 4 1 2
 

Entrance 7 
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Fig. 6 shows the dendrogram from the application of the hierarchical clustering method. The 358 
different days in the data set are presented as leaf nodes and are assigned to specific clusters 359 
indicated by clades. Three clusters are identified based on the similarity of the different days 360 
indicated by the distance between clusters reported on the y-axis. The selected clusters are 361 
numbered and marked by red rectangles in Fig. 6. Cluster 1 includes days without congestion 362 
inside the tunnel that require no intervention, while clusters 2 and 3 include days with 363 
congestion. On several occasions the congestion triggers warnings and/or closures. The main 364 
difference between clusters 2 and 3 is with respect to the time and space evolution of 365 
congestion. The differences are highlighted by the speed contour diagrams along the tunnel 366 
for select days from clusters 2 and 3 shown in Fig. 7. The boundaries of the space-time plots 367 
are the tunnel entrance from the east (entrance 1) and the end of the Södra Länken before the 368 
merging with E4 northbound (see Fig. 5). 369 

 370 

Fig. 6 Clustering results based on tunnel conditions. 371 
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 372 

Fig. 7 Speed contour plots for selected days in clusters 2 and 3. 373 

Days in cluster 2 are characterized by congestion that is generated downstream the tunnel exit 374 
and spills back inside the tunnel.  Multiple bottleneck locations can be identified inside the 375 
tunnel (see Fig. 7), probably generated by several weaving segments with consecutive off- 376 
and on-ramps. Between the weaving segments, vehicles may find space to accelerate; hence 377 
there are some regions with higher speeds inside the tunnel. The blank areas on the contour 378 
plots represent periods during which the tunnel was closed.  379 
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The contour plots for days in cluster 3 reveal more severe congestion, which originates 380 
downstream the tunnel and spills back faster inside the tunnel compared to the patterns 381 
observed in cluster 2. Another difference is that congestion starts earlier compared to the days 382 
in cluster 2.  383 

Characterization of congestion patterns and bottleneck analysis 384 

In the case of Södra Länken, the traffic phases of Kerner’s theory can be identified in each of 385 
the two clusters. More specifically, in the speed contour plots in cluster 2, patterns with 386 
mainly the synchronized flow phase and some wide moving jams are identified, while wide 387 
moving jams are mainly observed in cluster 3. The synchronized flow phase is fixed at the 388 
different bottlenecks along the section, while moving jams are generated mainly downstream 389 
the tunnel exit and propagate upstream through other bottlenecks.  390 

One day from each cluster is selected for further analysis. Fig. 8 shows the contour plots for 391 
the 9th of April 2014 (cluster 3) and 1st of April 2014 (cluster 2) based on speed observations 392 
in one minute intervals. It can be observed that on the 9th of April congestion starts at some 393 
location downstream the tunnel and propagates rapidly inside the tunnel. Moving jams are 394 
formed (marked on Fig. 8b) inside the tunnel at approximately the same mean speed as the 395 
downstream front. On April 1st some moving jams can be identified; however they are not as 396 
extended in space and time as on April 9th. Congestion inside the tunnel seems to be triggered 397 
by the downstream bottleneck, but develops mainly due to the several on- and off-ramps and 398 
associated weaving sections along the tunnel. 399 

 400 

Fig. 8 Speed contours per minute interval for: (a) 9th and (b) 1st of April 2014. 401 

Fig. 9 depicts three fixed bottlenecks generated inside and downstream the tunnel, based on 402 
the speed contours analysis. In particular, “Bottleneck 1” is triggered by the downstream 403 
conditions, on Essingeleden (E4 NB), in conjunction with the merging of vehicles coming 404 
from E4 northbound. The second cause of congestion inside the tunnel is associated with 405 
“Bottleneck 2” and “Bottleneck 3”. The heads of those two bottlenecks are generated at 406 
critical segments where weaving phenomena caused by on- and off-ramps are observed. 407 

(a) (b)  
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Congestion at those weaving segments may occur independently of the conditions 408 
downstream the tunnel exit. The most critical measurement locations that belong to these 409 
bottlenecks and are used by the current tunnel traffic management strategy are numbered in 410 
Fig. 9. 411 

The results are consistent with the hypothesis that for days when congestion is mainly 412 
triggered by a downstream bottleneck (days in cluster 3) congestion inside the tunnel 413 
propagates rapidly across the multiple bottlenecks, while for other days (cluster 2) congestion 414 
is the result of the weaving segments along the tunnel and evolves independently of the 415 
downstream conditions. 416 

 417 

Fig. 9 Main bottlenecks on Södra Länken freeway and the locations of important sensors. 418 

4.2 Simulation-based evaluation of alternative strategies 419 

Based on the results of the cluster analysis, typical days for each cluster are simulated under 420 
alternative control strategies. The microscopic traffic simulation model TransModeler 4.0 [17] 421 
is used. The network consists of the main freeway section, including the tunnel, the 422 
downstream E4 freeway and all tunnel on-/off-ramps (Fig. 5); in total 57 links and 77 O-D 423 
pairs. The initial demand matrix was extracted from the Swedish national travel demand 424 
model SAMPERS [18] and adjusted to fit counts on certain locations for the typical days that 425 
are analyzed. The simulation period is 06:00 - 09:00 am.  426 

During a tunnel closure, redistribution of demand is expected at the entrances that are closed. 427 
In the current tunnel traffic management approach, mostly entrances 1 and 3 are closed. The 428 
average number of vehicles that are diverted during the morning peak (see Fig. 5) is about 429 
2000 veh/h for entrance 1 and 600 veh/h for entrance 3. In a parallel study [16] a detailed 430 
analysis of demand redistribution related to tunnel closures was conducted. The key findings 431 

24 42 28 4
3 

34 
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are that during closures vehicles take alternative paths to enter the tunnel from other entrances 432 
or take other routes to reach their destination. Part of the flow reduction at entrance 1 appears 433 
at entrance 2, where the average flow during closures increases by 40%. These redistribution 434 
patterns are used to develop the demand flows during closures. 435 

The performance measure used for the evaluation of the different tunnel traffic management 436 
strategies is travel times for critical O-D pairs. For the purpose of this study the O-D pair 437 
originating from entrance 2 and ending downstream of entrance 6 (Fig. 5) is of interest since it 438 
captures the main conditions inside the tunnel. The distance of the O-D pair is 5.5 km. 439 

Two closure days (1st and 9th of April 2014), representing the two identified types of 440 
congestion patterns, are simulated. The corresponding O-D matrices are generated based on 441 
observed vehicle counts from the two days. The two demand pattern scenarios are considered 442 
as the base scenarios used for the evaluation of the different tunnel management strategies. In 443 
the base scenarios no tunnel closure or any other strategy is utilized. Fig. 10 displays the 444 
simulated speed profiles for each demand scenario at the key locations (see Fig. 9) that are 445 
used by the existing logic to trigger warnings and closures.  446 
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 447 

Fig. 10 Simulated speeds inside the tunnel for April 1st (top) and April 9th (bottom).  448 

For each day, the warning and closure times according to the current practice are identified. 449 
One of the conditions for closure is that congestion has reached section 4 (Fig. 5), where 450 
sensor 24 is located. As marked in Fig. 10, the warning period for April 1st is triggered 451 
between 7:03 - 7:09 am, while the conditions for closure are first triggered around 7:35 - 7:40 452 
am. For April 9th the warning period is triggered between 6:54 - 6:59 am, and the closure 453 
between 7:07 – 7:15 am. Based on the speed conditions of the base scenarios, different 454 
simulation scenarios are created representing alternative implementations of control strategies 455 
with respect to the main design factors identified in Section 2.2. 456 

Closure strategies 457 

Three main entrances are included in the experimental design as candidates for closure. 458 
Specifically, closures of tunnel entrances 1, 3 (also used in the current closure logic), and 4 459 

Closure indication 

Warning indication 

Closure indication 

Warning indication 
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are considered. Closing either entrance 1 or entrance 4 is expected to significantly reduce the 460 
mainstream tunnel flow due to their high inflow. Different scenarios with respect to time and 461 
duration of closure are examined and the best performing ones are discussed in more detail. 462 

Different closure start times are evaluated based on the simulated traffic conditions inside the 463 
tunnel, including the start time according to the current practice. According to current 464 
practice, tunnel closure should be triggered around 7:30 am for April 1st and around 7:00 am 465 
for April 9th (see Fig. 10). The selection of other closure times is based on the conditions 466 
downstream and inside the tunnel, specifically the times at which congestion reaches sensors 467 
28 and 34 inside the tunnel, and sensors 42 and 43 downstream the tunnel. Different closure 468 
durations are also investigated; the results here focus on the scenarios with 30 minutes 469 
duration as they indicate the best performance. Table 1 summarizes the design of the 470 
evaluated closure strategies. The closure times that correspond to current practice are 471 
presented as the ‘current tool’ scenario.  472 

Table 1 Simulated closure strategies. 473 

Closure strategy April 1st April 9th 

Time (hh:mm) 06:30 07:00 07:15 07:30 
(current tool) 06:30 06:45 07:00 

(current tool) 07:15 

Entrances 1&3 x x x x x x x x 

Entrances 1&4  x     x  

 474 

For each closure strategy, the O-D matrix is adjusted according to the observations discussed 475 
in Section 3.3.  476 

• When entrance 1 is closed, most vehicles upstream the entrance follow the alternative 477 
path to the city (Fig. 9). However, some vehicles use entrance 2 to enter the tunnel, 478 
increasing its inflow by 40%.  479 

• When entrance 4 is closed, 40% of the affected flow is redistributed to entrances 6 480 
and 7.  481 

Fig. 11 illustrates the performance in terms of travel times of the different closure strategies, 482 
including the base case of no action. 483 
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 484 

Fig. 11 Travel times for the closure strategies for: (a) April 1st and, (b) April 9th. 485 

The closure strategies show significant reduction in travel times during and after the tunnel 486 
closure compared to the base scenario without closure. In particular, significant improvements 487 
are achieved if one of the two main entrances (1 or 4) is closed. For April 1st, the best 488 
performance is observed when the closure begins at the onset of congestion inside the tunnel, 489 
i.e. at 6:30 am. Notable reductions in travel times are observed which are maintained during 490 
the whole simulation period, in contrast to strategies involving later closures such as the 491 
current practice. 492 

For the second demand pattern (April 9th), early closures at the onset of congestion 493 
downstream do not provide the same improvement for the whole simulation period. As 494 
observed in Fig. 11b, for the strategies with closures at 6:30 am and 6:45 am, travel times start 495 
increasing again after a while. The optimum closure time is 7:00 am, which coincides with the 496 
time that the warning is triggered in the current practice. 497 
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The observed differences between the best tunnel closure strategies for the two demand 498 
scenarios may be explained by the distinct traffic patterns they represent. In particular, for 499 
April 1st, a tunnel closure before the weaving bottlenecks are generated alleviates or even 500 
prevents the evolution of congestion locally. For April 9th, where the main sources of 501 
congestion inside the tunnel are the downstream bottlenecks, the temporary tunnel closure at 502 
the onset of downstream bottlenecks does not give the expected improvement. One may 503 
expect that the propagation of the downstream bottleneck is slower as less flow is 504 
approaching the bottleneck, but the strategy does not control the congestion at the head of the 505 
downstream bottleneck. Hence, after the tunnel re-opens congestion starts propagating 506 
backwards. Therefore, a closure at the time when congestion has reached the tunnel provides 507 
overall better performance. Nevertheless, in all cases, early closures at the onset of congestion 508 
lead to faster congestion recovery, sustained and for longer periods, compared to 509 
implementing later control actions. 510 

Metering strategies 511 

The entrances to implement metering were selected based on their inflow and location. One 512 
strategy involves the metering at the main tunnel entrance (entrance 1) in combination with 513 
metering at an on-ramp after the tunnel exit (entrance 6), which belongs to bottleneck 1 (see 514 
Fig. 9) and has on average 1200 veh/h inflow during peak hours. The metering of entrance 4 515 
that belongs to bottleneck 3 is also examined in combination with two on-ramps (2 and 6) that 516 
have the lowest inflow compared to the main entrance. Another scenario involves metering of 517 
only those on-ramps.  518 

The selection of metering timing is based on the time when congestion occurs on each day. It 519 
is expected that if metering is implemented early in the morning, right before the onset of 520 
congestion downstream or inside the tunnel, the propagation of congestion farther inside the 521 
tunnel is prevented. At most of the entrances that are controlled, metering starts at 6:30. 522 
Different metering durations are also investigated. Metering on entrance 1 is implemented for 523 
30 or 45 minutes. Secondary entrances (2, 4 and 6) are metered for longer periods, between 75 524 
and 120 minutes. Investigation of the optimal design of the metering strategy is out of the 525 
scope of this paper. Hence, simple metering implementations using fixed rates are used. The 526 
maximum allowable flow during metering is 1200 veh/h for entrance 1 and 900 veh/h for 527 
entrances 2, 4 and 6. Table 2 summarizes the different metering scenarios indicating the 528 
regulated entrances and the corresponding time period when metering is active.  529 

Table 2 Simulated metering strategies. 530 
April 1st 

Strategy Entrance 1 Entrance 2 Entrance 4 Entrance 6 
1  07:00 - 08:15 06:30 - 08:00 06:30 - 08:30 
2 06:30 - 07:00   06:30 - 08:15 
3  06:30 - 08:15  06:30 - 08:15 

April 9th 
1 06:30 - 07:15   06:30 - 08:15 
2  07:00 - 08:15 06:30 - 08:00 06:30 - 08:30 
3  07:00 - 08:15  06:30 - 08:15 

 531 

The OD travel times for both days and metering strategies are shown in Fig. 12. Traffic 532 
conditions are improved for the strategies with metering at the main entrances 1 or 4, 533 
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combined with metering at downstream entrances, for both simulated days. The hypothesis 534 
that early metering will prevent congestion inside the tunnel is confirmed by the results. 535 
Regarding the metering strategy for the two secondary entrances (2 and 6), the OD travel 536 
times for both days show some improvement compared to the base scenario, although not 537 
very significant. Controlling the on-ramps with the highest inflow provides greater benefits 538 
than metering secondary entrances.  539 

Compared to the results for the closure strategies, the obvious benefit of the metering is that 540 
vehicles are allowed inside the tunnel; the flow is smoother and the propagation of congestion 541 
is avoided for the whole simulation period. Metering seems to successfully decrease or 542 
prevent congestion, independently of the congestion patterns, i.e. whether originating from a 543 
downstream bottleneck or weaving segments inside the tunnel. However, slightly better 544 
performance is observed for April 9th since metering of the downstream entrance (entrance 6) 545 
contributes to the improvement of the traffic conditions near the downstream bottleneck. In 546 
combination with metering of the upstream entrances, congestion is prevented inside the 547 
tunnel. 548 

 549 

Fig. 12 Travel times for best metering strategies for: (a) April 1st and (b) April 9th.  550 
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Combined closure and metering strategies 551 

The experiments with combined closure and metering strategies involve the closure and 552 
metering of secondary entrances only. It is investigated whether closure of the main entrances 553 
can be avoided by closing only one entrance with low inflow and metering another. Hence, 554 
closure is examined at entrance 3 at the head of bottleneck 3 and metering is applied to 555 
entrance 6. Different closure times are examined; however, the best time for each simulated 556 
day corresponds to the time when congestion starts propagating at bottleneck 3. If the closure 557 
occurs earlier the effects of the closure will only be temporary and congestion will form 558 
again. The closure duration is varied between 15 and 30 minutes. On-ramp metering starts at 559 
6:30 am for April 9th and at 6:45 am for April 1st. The duration of metering is varied between 560 
90 and 120 minutes. Table 3 summarizes the combined closure and metering strategies.  561 

Table 3 Simulated combined strategies. 562 

April 1st 
Strategy Entrance 3 Entrance 6 

1      07:30 - 07:45 (Closed)  06:30 -8:15 (Metering) 
2 07:30 - 08:00 (Closed) 06:30-8:15 (Metering) 

April 9th 
1 07:00 - 07:15 (Closed) 06:30 -8:15 (Metering) 
2 07:00 - 07:30 (Closed) 06:30 -8:15 (Metering) 

 563 

Fig. 13 shows the OD travel times for the two demand scenarios. For both days, travel times 564 
are reduced compared to the base scenario, independently of the closure duration. Slightly 565 
larger impacts are observed for April 9th where metering of entrance 6 provides significant 566 
improvement. The combined closure and metering strategy shows promising performance as 567 
significant travel time reductions can be achieved without closing entrances with high inflow 568 
(e.g. entrance 1), but rather secondary entrances with relatively low flow. 569 
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 570 

Fig. 13 Travel times for best metering and closure scenarios (a) April 1st, and (b) April 9th. 571 

Discussion 572 

Among the three types of strategies investigated, the most promising category overall, for 573 
both demand patterns, is metering. First, the tunnel throughput capacity can be more 574 
effectively controlled compared to the temporary closure policy. Most importantly, the 575 
impacts of the drastic closure policy on the network (e.g. detouring of vehicles) can be 576 
mitigated or even avoided. Moreover, the flexible metering scheme can be deployed for 577 
different traffic conditions and needs (e.g. based time-of-day, demand levels, duration, etc.).  578 

The closure strategy can improve traffic conditions inside the tunnel; however, the 579 
effectiveness of the strategy depends on the selection of appropriate time and duration of the 580 
closure, as well as on the congestion pattern. The impact of tunnel closures is found higher for 581 
the demand pattern where congestion is generated due to bottlenecks inside the tunnel (April 582 
1st) compared to the pattern where congestion is caused by downstream bottlenecks (April 583 
9th). 584 

In the combined closure and metering strategy, overall better traffic conditions are achieved 585 
for April 9th, since the entrances to which metering and closure were implemented were 586 
closer to the downstream bottlenecks. The combined strategy can be an alternative to the 587 
closure of two entrances where fewer vehicles are affected by the closure.  588 
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The measures of effectiveness (MOE) of the best design for each of the strategies are 589 
summarized in Table 4. The OD travel times are presented for the base scenario and the 590 
percentage travel time reduction resulting from each strategy is reported for comparison.  591 

Table 4 MOE comparison of the best strategies. 592 

MOE 
Base 

Travel times (min) 
Best closure 
% reduction 

Best metering 
% reduction 

Best combined 
% reduction 

April 1st April 9th April 1st April 9th April 1st April 9th April 1st April 9th 
07:00 12 13 50 46 42 46 25 23 
07:15 13 15 46 53 38 53 31 40 
07:30 17 20 59 50 53 70 47 50 
07:45 17 22 53 45 59 73 47 55 
08:00 19 19 63 47 68 68 63 58 
08:15 16 18 63 44 63 67 63 67 
08:30 13 16 54 44 54 63 54 63 

 593 

It is noticeable that for both days the highest overall improvement is obtained by the metering 594 
strategy. The closure strategy provides the second highest improvement for April 1st; 595 
however, for April 9th the combined strategy is overall more effective.  596 

The effectiveness of the different strategies can also be observed in the speed contours along 597 
the tunnel. Fig. 14 presents the plots for the two days and for the base, best closure and best 598 
metering scenarios. Compared to the base case, the benefits of the metering strategy 599 
distinguish compared to the closure strategy. In particular, for both days, the traffic 600 
congestion inside the tunnel is alleviated with metering.  601 
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 602 

Fig. 14 Speed contour plots for the best strategies. 603 

4.3 On-line classification for strategy recommendation 604 

The identification of different traffic congestion patterns from historical data using cluster 605 
analysis enables the on-line classification of the emerging congestion patterns. For the 606 
classification, the same traffic data (variables, locations and time interval lengths) as in the 607 
cluster analysis are used. The classification uses data starting at 6 am and ending at 𝑡𝑡0, where 608 
𝑡𝑡0 is the current time, increased in 15-minute increments from 6:15 up to 7:15.  609 

April 1st 2014 April 9th 2014 

Tunnel exit 

Tunnel exit 

Tunnel exit 

Tunnel entrance 

Tunnel entrance 

Tunnel entrance 
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The minimum distance based classifier discussed in Section 2.3 is used to identify the 610 
emerging traffic patterns on-line and hence, be more proactive in terms of the tunnel traffic 611 
management strategies to be used. In order to identify how early the unknown traffic pattern 612 
can be predicted, classification was applied using data as they would arrive at the traffic 613 
control center. The classification was assumed to take place every 15 minutes, each time 614 
using only the data available up to that point. The results are summarized in Table 5. 615 

Table 5 Classification results.  616 

Observation intervals April 4th  April 8th 
(closure) 

April 29th 
(closure) 

May 8th 
(closure) 

6:00 – 6:15 Cluster 1 Cluster 1 Cluster 3 Cluster 1 
6:00 – 6:30 Cluster 1 Cluster 1 Cluster 3 Cluster 1 
6:00 – 6:45 Cluster 1 Cluster 2 Cluster 3 Cluster 2 
6:00 – 7:00 Cluster 1 Cluster 2 Cluster 3 Cluster 2 
6:00 – 7:15 Cluster 1 Cluster 2   Cluster 2 

 617 

On April 4th no congestion developed inside the tunnel. The day is correctly classified as an 618 
uncongested type of day (cluster 1) from the earliest up to the latest measurement periods. 619 
April 29th is classified early as the type of day where congestion originates at downstream 620 
bottlenecks (cluster 3). This classification remains consistent at all subsequent times. Three 621 
tunnel entrances, instead of two were closed on that day, between 7:00 – 7:50 am, indicating 622 
more severe congestion compared to other days.  623 

April 8th and May 8th are two days with closures starting at 7:50 and 8:20, respectively. 624 
Initially, both days are assigned to cluster 1, indicating very low or no congestion. However, 625 
when more observations become available (e.g. after 45 minutes) the days are assigned to 626 
cluster 2 representing days with congestion mainly triggered by bottlenecks inside the tunnel. 627 

For days with tunnel congestion caused by traffic bottlenecks starting downstream the tunnel, 628 
the classification is able to predict early the congestion pattern that develops, before 629 
congestion has propagated far upstream inside the tunnel. For the distinction between days 630 
with mainly upstream congestion (cluster 2) and other days with lower or no congestion 631 
(cluster 1), larger periods of observation are needed (i.e. 45 min) to accurately predict how the 632 
day will behave. Finally, in some cases the classification results may indicate that the new day 633 
is similar to more than one traffic patterns.  634 

5. Conclusion 635 

The paper presented an empirical analysis to observe and explain the causes of tunnel traffic 636 
congestion using a data-driven approach and implications for tunnel management. Simulation-637 
based analysis is used to evaluate different tunnel management strategies under different 638 
congestion patterns. Cluster analysis is used to identify distinct traffic evolution patterns 639 
leading to tunnel congestion. Subsequently, simulation analysis is deployed to design 640 
effective traffic management strategies for the identified traffic patterns. On-line early 641 
classification, of a new day into one of the identified traffic patterns, which allows the 642 
corresponding recommended traffic management strategy to be proactively deployed, is very 643 
important. An important contribution of the paper is the recognition that the most effective 644 
control strategy depends on the underlying causes of congestion inside the tunnel. This 645 
relationship has previously not been explicitly recognized in the literature.  646 
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The approach was used for the study of the Södra Länken tunnel in Stockholm, Sweden. The 647 
clustering analysis indicates at least two distinct traffic congestion patterns, which differ with 648 
respect to the onset and the propagation of congestion. On some days, congestion is triggered 649 
by downstream bottlenecks and propagates rapidly inside the tunnel generating wide moving 650 
jams. On other days, the downstream congestion spills back slower, while congestion inside 651 
the tunnel mainly develops due to the weaving segments inside the tunnel. The simulation 652 
results indicate that closures should start at the onset of congestion, not later, in order to have 653 
the greatest effect. Moreover, in order to prevent congestion in the tunnel, it is necessary to 654 
give higher importance to the measurement locations at the head of identified bottlenecks 655 
inside the tunnel compared to waiting for congestion to reach the far upstream locations, as 656 
the current logic does. Among the strategies that were assessed, metering was found to be the 657 
most promising strategy. The main advantage of metering is that impacts on the surrounding 658 
network due to vehicles detouring can be avoided.  659 

The case study further examined how early the evolution of congestion on a new day can be 660 
predicted on-line, so as to be more proactive in terms of the intervention that is needed. The 661 
classification method used for this purpose proved to be quite robust for the days examined. 662 
The results indicate that days with congestion originating downstream the tunnel can be 663 
predicted early at the onset of congestion, whereas the identification of days with congestion 664 
mainly triggered by bottlenecks inside the tunnel requires observations over a longer period.  665 

The proposed methodology is generally applicable to freeway tunnels or networks, assuming 666 
that sufficient traffic information is available. In particular, in order to understand the traffic 667 
dynamics in the network and identify the traffic congestion patterns through data-driven 668 
analysis, historical traffic information should be available at critical locations and for a 669 
representative set of days. Of course, the need for intervention is network specific. Moreover, 670 
the requirements for the implementation of the investigated traffic management strategies 671 
vary depending on the strategy. For the entrance closure strategy it is necessary that 672 
alternative routes exist to divert the traffic. With respect to the metering strategy, the storage 673 
capacity of the on- or off-ramps that are metered should be sufficient in order to avoid queue 674 
spill back on the freeway mainline or on other roads. Further, more advanced metering 675 
methods may be used that take into account and adapt to on-line information of the traffic 676 
conditions (e.g. densities). 677 
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