Use hard-shoulder running and ramp metering to get the most out of trunk road capacity A range of effective, active traffic demand management measures, such as hard-shoulder running, ramp metering, and speed harmonisation, have been used in many place with proven results. These measures provide better value for money than network expansion, at least in the medium-term.

Use congestion pricing for active traffic management as part of integrated urban policies Charging for the use of roads with prices differentiated by route, location, time of day and day of the week has proven to be effective in changing behaviour and limiting congestion, notably in Singapore. Demand-responsive road pricing is the most efficient way of balancing supply and demand for road use in the long-term. In cities it works best as part of a comprehensive set of measures to manage car ownership and use and integrate land-use and transport planning. Without road pricing and/or instruments that price the impact of consuming road and parking space into the cost of owning a car, it is congestion itself that regulates demand.

Adopt barrier-free electronic tolling to remove bottlenecks Even simple forms of congestion pricing, without time and distance-based differentiated pricing, can be effective in managing demand, as London's Congestion Charge demonstrates. A range of technologies can be used for barrier-free toll collection and enforcement and experience in Chinese Taipei and Singapore shows how simple systems can evolve over time to incorporate technological innovation for more effective traffic management. Replacing manual fee collection with barrier-free systems should be a priority for removing congestion bottlenecks. Whatever system is selected, the focus should first and foremost be on ensuring the basic toll collection and enforcement function is operational before incorporating other functions.

INSTRUMENTS FOR OPTIMISING USE OF ROAD CAPACITY

© OECD/ITF 2019 9 manage them with short-to medium-term measures at local levels and to influence traffic behaviours with a combination of long-term measures at the network level. This report compliments the Social Impacts of Road Pricing Roundtable Summary and Conclusions Report (Number 170) but with a focus on road pricing technologies and uses road pricing as part of the integrated solutions to traffic demand management. It also looks at how technological developments have improved the efficiency and effectiveness of road pricing schemes; what and how information can be collected during scheme operation and how big data and information collected during scheme operation could be utilised to inform pricing and non-pricing strategies to better manage traffic. This report is organised as follows. The first section discusses the types of data and technologies that can be used to identify bottlenecks. It is then followed by a discussion on localised short-to medium-term measures. The third section will discuss the long-term measures, including the use of demand-responsive road pricing.

Executive summary

What we did

This report examines strategies and technologies applied to better utilise existing road networks. It has long been recognised that capacity expansion through the construction of new roads alone is not an efficient approach to meeting peak demand, especially in cities with a well-developed road network. This approach to congestion is often unsustainable because pent up demand quickly fills up new road space and congestion will return.

The report summarises the findings of a workshop on alternative responses to congestion organised by the ITF's Working Group on the Smart Use of Roads. The Workshop brought together 39 experts and practitioners from 11 countries in Tokyo in October 2018. Participants discussed the use of real-time data to identify congestion bottlenecks and to provide dynamic route guidance to travellers and reviewed localised infrastructure measures to relieve congestion in the short to medium term. The Workshop also examined the way in which road tolls have been modified to relieve congestion on the expressway networks of Tokyo and Chinese Taipei and the evolution of Singapore's road pricing system to maintain its effectiveness in managing demand.

What we found

Making smarter use of roads is increasingly the focus of investment in trunk road networks and their management. This involves investment in information and communications technology, and the use of a mixture of localised and network measures, to optimise use of the network and maximise flow on existing roads rather than simply adding capacity. The strategy is a response to the unsustainable costs of unlimited expansion and the difficulties of expansion in densely built up areas. More fundamentally it responds to the failure of strategies based on expansion of capacity to manage congestion in cities with a well-developed network, with expansion generating additional demand and driving mobility to be more and more car-dependent.

There are three broad categories of real-time traffic information. Those collected from Intelligent Transport Systems (ITS) such as systems with roadside sensors, Electronic Toll Collection (ETC) systems and mobile communications networks. Data from ETC systems combined with traffic counts can be a useful substitute for ITS data, particularly when the on-board units (OBUs) record probe data on driving behaviour (such as braking and acceleration) and trip patterns (origin, destination, parked time). Combined, this can provide information on trip purpose. Mobile phone network data can provide similar if less complete data to that obtained from ITS systems, but with a wider geographical coverage and can contribute to assessment of traffic volumes to make projections of network performance.

Past experience shows that investment in ITS smart motorway technologies can achieve better value for money than network expansion. But such investment can be costly and therefore ITS infrastructure is likely to be installed mainly on selected strategic corridors. Mobile network data can be a valuable supplement to ITS and ETC data, but its use is still at an early stage and business-to-government data sharing is not common.

A number of investments that cost less than adding lanes to motorways can relieve congestion, with much higher benefit-cost ratios (BCRs) than network expansion. These include adapting hard-shoulders © OECD/ITF 2019 (safety lanes) to take peak hour traffic, controlling access to express ways through ramp metering and variable speed limits and speed calming devices to smooth and increase traffic flow. The latter include pulsing banks of LED strips providing a visual signal that acts to synchronise and adjust vehicle speeds. The safety implications of hard-shoulder running are addressed by lowering variable speed limits when in use and Variable Message Sign (VMS) posting to evacuate lanes in case of emergency. In practice hardshoulder running is found to reduce both safety risk and travel time and improve journey time reliability.

Tolls on tolled roads can be adjusted to steer traffic away from congested sections of the network. This has been done very successfully in Tokyo, following completion of its trunk ring roads. What were largely distance-based tolls were modified in 2016 to equalise charges for crossing the city through the centre or via the ring roads. This resulted in a large shift of traffic to the ring roads, cutting congestion sharply. Tolls on the national expressway network in Chinese Taipei have been rationalised and modified to begin to steer demand away from congested locations and periods.

The biggest reduction in congestion with the modification of Chinese Taipei's motorway tolls has been achieved by removing toll plazas. Manual fee collection has been replaced entirely with drive-through ETC technology after a phase-in period to allow for reassignment of labour. Other tolled motorway systems should replicate this experience.

Congestion is most successfully addressed by a complete set of tools for managing traffic demand and integrating transport and land use planning. Singapore has developed the most comprehensive policies. These include joint planning of transport -infrastructure investment and public transport services -with land-use change and property development, together with a full suite of measures to manage car ownership and use. The tools include auctioning of permits to buy cars that limits car ownership as well charges on the use of cars -fuel taxes, parking charges and road pricing. Tokyo uses a similarly broad set of demand management instruments to cut congestion to current low levels. For example, car ownership is limited by the requirement to own or lease off-street parking space before purchase and urban expressways are tolled, with congestion-based tolling being considered for the future. At the same time, the expressway network is being expanded, including development of ring routes around urban area, to complete Tokyo's basic road network.

What we recommend

Make use of smart technologies part of the response to congestion Intelligent Transport Systems (ITS) use information and communication technologies to enable users to be better informed and make more coordinated and smarter use of transport networks. Investment in ITS provides better value for money than network capacity expansion in some circumstances and should be considered as part of strategies to address congestion. For cities with existing tolling systems, upgrading tolling technologies can reduce congestion at charging points by eliminating the need for motorists to stop for payment. Modifying existing tolling systems to manage congestion at specific locations and time of day is a particularly cost-effective option.

Invest in improving junctions where these create bottlenecks In general, one of the major causes of congestions on motorways is reduced traffic flow around interchanges and ramps where lanes merge and diverge. Experience in Tokyo demonstrates that localised investment to improve road geometry and expand capacity at these points can be very successful in eliminating congestion on the network, at least where overall traffic demand is constrained by tolls.
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Instruments for optimising use of road capacity

It has long been recognised that building the way out is not always an efficient or desirable solution for meeting growing road transport demand [START_REF] Goodwin | Transformation of transport policy in Great Britain[END_REF]. In congested cities with a well-developed road network, adding road capacity induces further demand. Without demand management measures to either price the use of scarce space or restrict car ownership, congestion will always clog the road network. Congestion as a result of excessive transport demand results both in delays and unreliable journey times. A Working Group on Improving Reliability on Surface Transport Networks held by the International Transport Forum (ITF, 2009) identified four instruments to optimise congestion on transport networks:

• better the management of existing capacity using proactive network oversight and better incident management

• charge directly for road use to improve efficiency and the level of reliability where feasible

• provide information to users that enable them to mitigate the adverse effects of poor reliability by altering their travel plans and schedules

• increase the physical capacity of infrastructure, either through supplying extra capacity or improving the quality of existing capacity, based on appropriate network standards and the level of use.

The first three instruments are the topics of interest in this report. These instruments focus on finding ways to utilise existing capacity, where possible and appropriate. To do so effectively, it is necessary to obtain a clear picture of what the capacity constraints are so that targeted measures can be applied at the right time and location. In this digital era with an ever-growing source of information about users and their travel patterns, technologies have been and are being developed to provide the information infrastructure providers, operators and users need to make informed decisions.

The application of strategies and policies to reduce travel demand is commonly used to reduce such travel demand, or to redistribute this demand in time or location. In addition to the interventions to increase walking and cycling, ride-sharing and public transport use, it is also necessary to improve space utilisation in areas with capacity constraints. Active traffic management measures are then called for to dynamically manage traffic flow based on prevailing traffic conditions observed through the use of realtime data. Examples of measures that have been automated with technologies include hard-shoulder running, speed harmonisation, ramp metering, queue warning, and a combination of these.

The objectives of the Workshop were to review:

• methods to identify locations of bottleneck using data collected from electronic devices (such as smartphones, in-vehicle navigation systems and data collected from integrated tolling systems)

• the relative effectiveness of localised capacity measures (such as hard-shoulder running) to relieve bottleneck congestion

• the relative effectiveness and efficiency of long-term measures (such as road pricing) to redistribute traffic over time and/or space.

In brief, the Workshop sought to discuss how best to identify bottleneck locations using data collected from Intelligent Transport Systems (ITS), Electronic Toll Collection (ETC) systems and mobile networks; to

Intelligent Transport Systems and traffic management

Advancement in Intelligent Transport Systems (ITS) technologies has made it possible to collect, analyse and disseminate a large amount of traffic information more quickly than ever before. ITS, consists of traffic detection, information, management, control, communications and user interface systems, that monitor traffic and identify bottlenecks and other disruptions as they occur on the road. Once disruption is detected or predicted, an ITS automatically deploys measures to lessen the effects or, in some instances, to prevent the disruption from occurring in the first place.

ITS also plays a key role in enabling collection and transmission of real-time movement data to complement or supplement traditional modelling techniques, which predict behaviours in real-time.

Much of the infrastructure for ITS can also be employed in the implementation of demand-responsive road pricing schemes. Technologies evolve very quickly and therefore maintenance of ITS infrastructure can be costly especially when upgrades are required over time to ensure systems continue to be compatible with latest technologies. With careful planning, the high economic, safety and reliability benefits can often justify the cost of the investment, especially when compared to capacity expansion projects. This has already been experienced in some European cities, Romania and the United Kingdom, however, funding and skill shortages are currently two issues that highway authorities face regarding the future development of ITS.

The European experience of Intelligent Transport Systems

National road authorities in Europe are currently coordinating national research and development strategies through the Centre for Effective Dispute Resolution (CEDR) to understand and cope with rapid technological advancements in and uptake of connected vehicles (vehicles with communication capabilities with other vehicles, roadside infrastructure and other users). CEDR has identified that the establishment of a digital road infrastructure (sensors, roadside infrastructure to facilitate vehicle-toinfrastructure communication technologies, cellular technology developments) is important. In addition, it also recommends substantial improvements in back office systems, services and processes to support transmission of large amount of data in real-time. Such advancements include improvements in content delivery between systems and platforms (e.g. cloud-to-cloud to providers of in-vehicle services) and improved frameworks to address IT security and privacy issues.

CEDR expects that continuation of the existing out-dated systems that manage traffic is likely to result in a net cost as benefits will decrease over time while maintenance costs will likely increase in the future. Investment in ITS will involve a high increase in costs in initial years but benefits are also likely to increase , 2018). CEDR estimates that to develop or upgrade a total of 43 000 kilometres of the motorway road networks within CEDR countries it would require an investment over the next ten years of around EUR 10 billion (+/-20%) into ITS (Philips, 2018). For any project like this that affects multiple jurisdictions, there is always a risk around interoperability if different countries adopt different components at different points in time. A more pressing issue though is to find additional time and resource to continue running existing systems and meeting investment needs for the new system at the same time. Given ITS infrastructure would deliver wider benefits to users (e.g. to autonomous vehicle owners), more work around identification of different funding mechanisms to ensure beneficiaries contribute to the costs of such investment has been called for (Philips, 2018).

The Romanian experience of Intelligent Transport Systems

Rapid development in transport infrastructure is occurring in Romania to support economic growth and movements of people and freight. The Romanian government is planning a 1 766 km expansion of its motorway and expressway network that currently measures 783 km in length. The expansion will provide better connectivity between regions. The expansion costs EUR 47 billion (financed by European Union funds, state budget and public-private partnership) and includes 5%-10% of funds earmarked for ITS infrastructure [START_REF] Andrei | ITS and demand management in Romania[END_REF].

Investment in the ITS infrastructure includes traffic monitoring systems (e.g. cameras, road sensors, Weigh In Motion (WIM) sensors and inductive loop traffic counter), traffic management systems (e.g. electronic messaging signs installed at interchanges); passenger information systems (e.g. weather information collection and dissemination system); law enforcement system (e.g. Automatic Number Plate Recognition) and toll collection system (e.g. back office support). Regional ITS monitoring centres located in Bucharest, Timişoara (Pecica), Brasov (Sǎlişte) and Constanța (Valea Dacilor) have already been built, or near completion, to deliver various traffic information services.

Weather information collected in Romania and integrated into ITS has been successful in providing advance warnings to travellers concerning delays or closures caused by snow storms that might influence their travel plans. Cameras that have been installed every 2 kilometres provide traffic control centres real-time information on traffic delays. They have also helped to detect point-to-point average speed, mainly for measuring throughput and flow as current legislation in Romania does not allow this technology to be used to fine vehicles detected with average speeds higher than the posted limit.

The major issue currently experienced by the Romania government regarding ITS infrastructure is the shortage in local technical capability to maintain the systems, a role currently out-sourced to foreign contractors. Skill and capability shortages is a worldwide issue that needs to be addressed, not only in regard to the development and maintenance of the ITS but also in the analysis of the mass amount of real-time data (including merging of different datasets) generated from multiple sources.

The United Kingdom experience of Intelligent Transport Systems

The National Traffic Information Service (NTIS) was set up in the United Kingdom in 2011, replacing the National Traffic Control Centre (NTCC), to help improve the operational effectiveness of Highways England. The NTIS was set up to enable strategic traffic management of the highway network to minimise congestion caused by incidents, road works and events and to provide accurate real-time information to the public to help motorists avoid traffic queues. Information collected from road sensors, radars mounted on lamp posts or gantries and over 3 000 traffic cameras is used to understand network performance to enable more efficient operations (such as automated incident detection and management) and to measure the effectiveness of interventions (DfT, 2017). By reducing delays and improving reliability and safety, analysis suggests that the NTIS has produced net benefits of more than GBP 370 million eight years on from 2011 (DfT, 2017).

The NTCC and later NTIS both provide a range of technology related services including variable message signs (VMS), DATEX II (a data feed which was transferred between ICT systems without manual intervention) and incident information. The establishment of the NTIS was part of the evolution of the Smart Motorways concept in the United Kingdom. Smart motorways refer to sections of motorway that actively manage traffic to make better use of existing road space.

In the United Kingdom, this includes using variable speed limits and, where appropriate, dynamic use of hard-shoulders as a running lane on a temporary or permanent basis. The technology related services provided by the NTIS support automated operation of these smart motorways. Electronic signs are programmed to respond automatically to manage the flow of traffic and to inform motorists of variable speed limits and about whether the hard-shoulder or other lanes are open. They are also used to provide supporting information to drivers about hazards, diversions and the cause of any restrictions or delays (DfT, 2017). As the volume of traffic increases, the smart motorway automatically adjusts the speed limit to manage congestion and to increase throughput on the affected motorway sections.

According to the DfT, the construction costs of smart motorways are on average 40% lower than for traditional widening schemes, with a reduced environmental impact as well as a quicker completion time (Dft, 2017). With the success of the first smart motorway opened on the M42 in 2006, the system has been extended across the network. In 2015, DfT announced an investment of GBP 1.5 billion in 15 smart motorway schemes between 2015 and 2020. These schemes have been assessed to have an overall benefit-cost ratio (BCR) of 5.7 to 1 (DfT, 2015). A further investment of GBP 500 million was announced in mid-2018 for four additional smart motorway projects.

While across-the-board investment in ITS on highways or motorways is unlikely to be justifiable due to differences in the level of traffic density between locations, such investment might be warranted for strategic corridors and other locations where the efficiency of network operation could be improved without the need to expand capacity.

Possible uses of Electronic Toll Collection probe data

ITS technologies and related roadside infrastructure are often employed to implement electronic toll collection (ETC). In addition to the data collected through the roadside ITS equipment, probe data collected from vehicles equipped with on-board units (OBUs) can provide additional information on the vehicles (e.g. to distinguish between vehicle sizes or types) and the routes travelled. Combining traffic and vehicle information with administrative databases of the vehicles and the drivers, it is possible to identify high-risk congestion locations and driving behaviours to enable targeted actions to be implemented. Probe data can also be used to assess the effectiveness of different traffic management strategies.

In theory, probe data from ETC could be used for many purposes, but in practice there may be limitations especially if data privacy is perceived as a concern for the implementation of a pricing scheme. Lessons from Singapore suggested it is necessary to start from basic functions before committing to a multiple purposes system to avoid delays due to public acceptance or development issues.
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In Singapore, data is only captured and used on a 'need to know' basis. To counter privacy concerns, Singapore OBU data is not linked to car systems and the data collected is mainly related to travel speed and is subject to the Data Protection Act to safeguard data use and disclosure. A selection of vehicles regularly has the data from their OBUs analysed, in an aggregated and anonymised manner, to determine the traffic conditions to help inform motorists of any delays in real-time either through the OBUs, roadside electronic message signs or smart phones [START_REF] Chin | Road pricing in Singapore, Presentation given at the International Transport Forum Smart[END_REF]. This is especially useful when there are ad-hoc incidents that cause unanticipated congestion on the roads. Motorists can adjust their travel plans accordingly. The OBUs used in Singapore can also display information on events that may cause traffic delays, the availability of real-time parking spaces (where information available), alerts on roads or areas that are off-limit to special vehicles and advice on alternate routes [START_REF] Chin | Road pricing in Singapore, Presentation given at the International Transport Forum Smart[END_REF].

In Tokyo, OBUs are used to receive data from the roadside sensors to provide route guidance to motorists. Combined with the modification of tolls to equalise the costs of crossing the city by more congested central routes and uncongested ring roads the route guidance system has succeeded in reducing congestion to low levels.

When the uptake of OBUs is high, for example by 94% in Chinese Taipei, probe data can also be used to determine the level of traffic and throughput in addition to providing information on average speed and travel time. Global positioning systems (GPS) trace a sample of vehicles in the traffic stream, in conjunction with road characteristics, weather information and temporal information and can help to estimate highway volume and predict delays (Young et al., 2017). In other cases, volume sensors (e.g. loop or radar detectors) are often installed to provide vehicle counts and occupancy at select locations. The cost of installation and maintenance usually limits the number of volume sensors on the network and mobile data sampling can be a useful complement to extend monitoring.

Using mobile network data to monitor network performance

Travel behaviour and preferences have been changing rapidly over the past decade and will continue to do so in the near future due to technological advancements and changes in social norms and culture.

Updating and developing transport model every five to ten years is not sufficient to reflect these changes. Emerging research has started investigating the feasibility of using big data such as mobile network data to provide more frequent, higher quality and clearer resolution of transport movement data to supplement or even replace traditional transport modelling (Catapult Transport Systems, 2016;Street Light Data, 2017;NCHRP, 2018).

What is big data? There are many definitions but big data refers to any data generated by sensors, vehicles, videos and the Internet of Things (IoT). The subset of big data that is relevant to the Smart use of roads Workshop discussion is location records that are created by smart mobile devices and connected vehicles (i.e. Global Positioning System (GPS) enabled).

All GPS-navigation systems and smart mobile devices with internet access will have something called 'ping 1 ', a basic programme that allows a user to verify that a particular internal protocol (IP) address exists and can accept requests. Ping can be used for testing connectivity and determining response time of connection. Using computer algorithms, ping data (data on the reachability of devises linked by the internet) can be analysed to identify the location of mobile telecommunication and telematic devices by time of day. By following the series of pings, it is possible to determine the origins, the routes and the destinations of the owners of these mobile devices. When information from a large number of mobile devices is collected and analysed together with license plate information, it is possible to create origindestination matrices that represent travellers in a local area over time (Street Light Data, 2017).
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The sample size of mobile network data is much higher than that of traditional travel surveys. Information that can be extracted from mobile devices and connected vehicles includes:

• time of day/month/year, weekday vs. weekends or holidays

• average and distribution of travel time

• average and distribution of travel speed By analysing such information, it would be possible to understand inter-city and inter-regional traffic movements, detect whether there are issues with the network and highlight locations that require better land use planning and improvements. For example, if the majority of drivers drive short distances in a specific local area, it may indicate that it is not be practical or safe to walk or cycle in that area. In addition, by comparing selected performance indicators (e.g. mean speed by time-period for specific corridors) before and after an intervention, it is therefore possible to identify the effect of an intervention in reducing traffic. Such information could then be used to estimate reduction in emissions; improvements in accessibility and identify distributive impacts.

The advantages that mobile network data can provide over probe data from ITS or ETC include: the possibility to identify trips made for different trip purposes (inferred by detecting home and work end of trips), modes (inferred by frequency and locations of stops) and not being constrained by physical roadside infrastructure at wider areas or regions. In addition, the marginal cost of transferring and analysing mobile network data that are automatically created should in principle be much less than the cost of building additional infrastructure to collect similar information using other means.

Discussion at the Workshop noted that technology platforms already exist to turn big data into useful information for policy or operational purposes, however, uptake is slow. According to a poll conducted by Big Data Europe in February 2018 2 , the two key barriers for using big data are costs and lack of expertise. This view was also echoed at the Workshop. There is an urgent need for transport practitioners and researchers to develop closer working relationships with providers of big data analytics to explore the scopes and possibilities of what could be achieved with such data. This is beginning to happen in many places including for example in South America, where Brazil and Peru are joining forces to pilot a project that uses WAZE data to analyse bottlenecks and to identify other issues on the roads.

Data held by the private sector such as mobile telecommunication operators and car manufacturers can be used for a range of applications that lead to more targeted public policy interventions, such as clearing congestion and managing road safety. The European Commission is facilitating business-tobusiness (B2B) and business-to-government (B2G) data sharing especially the use of non-personal and automatically generated data from the IoT. Set clear boundaries around data use and re-use: This relates to how, when and how often the required private sector data is used. It should be limited by it purposes or duration with appropriate assurance, legal and ethical provisions that govern the re-use and disclosure of data.

Respect private sector interests: Business-to-government (B2G) data collaboration must respect the private sector's interests around trade secrets, other commercially sensitive information and the ability to monetise the insights derived from the data with respect to other interested parties.

Respect public sector interests: B2G data collaboration agreements acknowledge the public interest goal by giving the public sector body preferential treatment over other customers. This should be reflected in the setting of the fee levels. B2G data collaboration agreements should reduce the need for other types of data collection such as surveys and reduce the overall burden on citizens and companies.

Address data issues jointly:

The private sector should offer reasonable and proportionate support to help assess the quality of the data for the stated purposes. Public bodies, in turn, should ensure that data coming from different sources is processed correctly to avoid introduction of biases and errors.

Be transparent: B2G collaboration should be transparent about the parties to the agreement and their objectives. Public bodies' insights and best practices of B2G collaboration should be made publicly available as long as they do not compromise the confidentiality of the data.

Source: Based on European Commission (2018)
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Localised short to medium-term measures for managing traffic

There are a number of localised active traffic management strategies that could be used as short-to medium-term measures to ease congestion and manage non-recurrent delays caused by events and incidents. These include hard-shoulder running, speed harmonisation, queue warning, ramp metering, junction control, dynamic re-routing, incident response and traveller information services. Many of the strategies can be used concurrently to enhance the effects of individual measures. Some of these measures can provide important support for the successful implementation of another measure while others are nice to have but not critical. For example, speed harmonisation is a critical supportive measure for implementing hard-shoulder running but hard-shoulder running is not a necessary measure for the implementation of speed harmonisation.

The Workshop discussed the benefits from the use of hard-shoulders and ramp meters, which are typically supported by variable speed limits (speed harmonisation) and electronic message signs. Many of these measures are often used as part of the smart motorways package (e.g. DfT, 2015;[START_REF] Wang | Economic benefits of Smart Motorway applications[END_REF]. Other long-term solutions that can influence permanent shift in travel demands have been called for such as those that acknowledge the risk of induced traffic to fill road spaces once a bottleneck has been cleared and therefore creating additional bottlenecks elsewhere.

Hard-shoulder running

Hard-shoulder running (HSR) is a strategy to utilise the hard-shoulders on highways for general purpose use either during high traffic conditions or in some instances as an alternate solution to adding another lane. Temporary use of hard-shoulders at fixed times has been effective in relieving recurrent or intermittent traffic congestion (e.g. [START_REF] Brinckerhoff | Synthesis of Active traffic management experiences in Europe and the United States, Federal Highway Authority[END_REF]FHWA, 2010;[START_REF] Levecq | General guidelines for active traffic management deployment[END_REF]CEDR, 2012). In addition, HSR is also frequently used as an incident management tool [START_REF] Ma | Dynamic hard shoulder running for traffic incident management[END_REF].

The practice of using hard-shoulder lanes is not new and has been around for over 20 years. For example, in the United States, buses have been allowed to use 290 miles of hard-shoulder on freeways and arterials in Minneapolis metropolitan areas since early 1990s. Since then many other American states introduced various hard-shoulder running applications such as for general purpose traffic (e.g. Virginia I-66 introduced in 1992 and Washington State Route 2 introduced in 2009) or priced dynamics shoulder lane (e.g. Minnesota I-35W introduced in 2009) (FHWA, 2010). Other countries that have a history of using HSR include France, Germany, the Netherlands and the United Kingdom (CEDR, 2012).

Studies of hard-shoulder use in the United States and Europe found hard-shoulder use to be highly effective in reducing travel time (ranging from 10% to 30%), improving reliability (ranging from 20% to 35%) and increasing throughput (ranging from 5% to 40%) [START_REF] Brinckerhoff | Synthesis of Active traffic management experiences in Europe and the United States, Federal Highway Authority[END_REF]FHWA, 2010;[START_REF] Levecq | General guidelines for active traffic management deployment[END_REF]CEDR, 2012;[START_REF] Wang | Economic benefits of Smart Motorway applications[END_REF][START_REF] Haj-Salem | Motorway congestion mitigation using ramp metering and hard shoulder strategies: Field evaluation results on the Ile the France motorway network[END_REF]. Hard-shoulder running can also enhance the effectiveness of ramp metering strategy [START_REF] Haj-Salem | Combining Ramp Metering and Hard Shoulder Strategies: Field Evaluation Results on the Ile the France Motorway Network[END_REF][START_REF] Haj-Salem | Motorway congestion mitigation using ramp metering and hard shoulder strategies: Field evaluation results on the Ile the France motorway network[END_REF].
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A perceived issue associated with HSR are the potential impacts on safety especially when there are deficiencies in merge distance, lane width, access control or reduced clearance at on/off ramps. In the future, autonomous vehicles should be able to overcome some of these constraints through their use of narrower lane width and reduced clearance at on/off ramps. In the meantime, HSR should be used in conjunction with other measures to mitigate any potential increase in safety risk. This includes variable speed limits, to mitigate an increase in safety risk due to reduced lane width or clearance, and other additional roadway features, such as lane control signals to manage up and down streams traffic and also video surveillance to enforce shoulder uses.

An evaluation of HSR in Paris on A4-A86 (with the use of variable messaging signs and lane assignment signals) found that its use at weaving-section reduced road crashes by 8% (Haj-Salem and Seidowsky, 2018). However, the reduction became smaller (3%) and statistically insignificant when upstream, downstream and traffic condition effects are considered. Other studies found HSR reduced road crashes by 25%-85% (FHWA, 2010; [START_REF] Levecq | General guidelines for active traffic management deployment[END_REF]CEDR, 2012;[START_REF] Wang | Economic benefits of Smart Motorway applications[END_REF][START_REF] Fhwa | Intelligent transportation system: Benefits, costs and lessons learned 2017 update report[END_REF]. There is also evidence in the United Kingdom that HSR improved safety amongst the frequency of road crashes, falling by more than half after the smart motorway incorporating HSR on the M42 in Birmingham was opened (DfT, 2015).

In addition to any potential safety risk, the use of HSR can reduce access by emergency vehicles. To minimise the impacts on operation and safety, CEDR (2012) recommended using HSR only as temporary measure and supporting it with other measures to minimise the upstream and downstream effects.

The cost of implementation of HSR varies significantly, depending on whether shoulder treatments (e.g. bitumen strengthening or replacement, shoulder widening and lane re-marking) are required to ensure the shoulder lane has adequate width and surface quality to cater for increased use. For dynamic HSR application, there will also be a cost associated with the installation of traffic management equipment such as traffic detection devices, cameras, variable messaging signs (VMS), digital data collection and transmission platform for VMS, traveller information system (to inform opening/closing of HSR in advance) and other roadside infrastructure.

In the Netherlands, the total costs of investment and maintenance (excluding cost associated with traffic control centre operation) of the HSR programme over a 15-year period has been estimated at between EUR 477 000 and EUR 576 000 per kilometre (CEDR, 2012). On the other hand, the cost of the M42 active traffic management (ATM) pilot project in the United Kingdom was over GBP 5 million per kilometre [START_REF] Levecq | General guidelines for active traffic management deployment[END_REF]. Since the cost of adding an extra lane is at least several times more than this, HSR should still represent value for money and would have a much higher benefit-cost ratio (BCR) than that of adding an extra lane.

The essential requirements for a successful HSR are: the length of the treatment segment must be long enough (at least 5 kilometres); there must be no bottleneck downstream of the shoulder use segment; the shoulder width should be at least three metres and there must be sufficient pavement strength on the shoulder [START_REF] Levecq | General guidelines for active traffic management deployment[END_REF]. Where hard-shoulder running begins or terminates at a ramp junction, junction control is often required to maintain lane continuity and safe operations [START_REF] Brinckerhoff | Synthesis of Active traffic management experiences in Europe and the United States, Federal Highway Authority[END_REF]. In addition, it would also be preferable to implement active incident management and installation of emergency refuge areas, since hard-shoulders have been removed for use as a breakdown lane. HSR can be enhanced by supporting measures such as speed harmonisation and ramp metering (Table 1).
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hard-shoulder running X X X X X X X speed harmonisation X X queue warning X X X ramp metering X X junction control X X X X X X dynamic re-routing X X X X Source: Brinckerhoff (2010)

Ramp metering

Ramp metering works by managing the number of vehicles entering the highway by using traffic signals at on-ramps. It is also suitable to manage traffic where there are fewer downstream lanes than upstream lanes (FHWA, 2010). Traffic signals start working automatically when traffic sensors indicate travel speed has slowed below a predetermined level due to traffic saturation. Ramp metering can be operated using fixed-time signals without the use of real-time measurements to allow several vehicle entries at a time. It can also be operated in response to traffic based on real-time measurements of flow and lane occupancy data.

The ALINEA field trials conducted in Paris (in 1999 and 2008) are examples of traffic-responsive application of ramp metering. It has been found that traffic-responsive ramp metering measure outperformed it fixed time variation [START_REF] Haj-Salem | ALINEA: a local Traffic Responsive Strategy for Ramp Metering: Field Results on A6 Motorway in Paris, IFSTTAR/COSYS/GRETTIA[END_REF] in all the four aspects considered (reduction of travel time, mean speed, total time spend on the network and throughput). A more recent study found that combining traffic responsive ramp metering with hard-shoulder running enhanced the effectiveness of both measures [START_REF] Haj-Salem | Combining Ramp Metering and Hard Shoulder Strategies: Field Evaluation Results on the Ile the France Motorway Network[END_REF]. As a result of the success of the earlier trials, France is currently extending the ALINEA programme to a total of 75 on-ramps by the end of 2019 (Haj-Salem and Seidowsky, 2018).

Zhang and Levinson (2010) showed that although the use of ramp meters generally degrades the conditions of on-ramps and risk adding delays to the arterial network, the use of ramp meters can reduce highways delays by increasing capacity at segments upstream of bottlenecks as well as at bottlenecks themselves. The two sources of capacity improvements may explain why ramp metering is an effective measure to prevent or minimise the effects of bottlenecks. Applications of demandresponsive ramp metering in the United Kingdom, the United States, France and Germany have been found to be effective in reducing crash severity and crash occurrence (between 20% and 40%); improving speed (between 3% and 10%) and throughput (between 5% and 20%), reducing overall average network travel time (by around 15%) and congestion (up to 50%) (CEDR, 2012;[START_REF] Wang | Economic benefits of Smart Motorway applications[END_REF][START_REF] Fhwa | Intelligent transportation system: Benefits, costs and lessons learned 2017 update report[END_REF].

Speed harmonisation

Speed harmonisation involves varying the speed limits with the aim of gradually lowering the average speed to minimise congestion and reduce stop-start traffic conditions. Speed harmonisation is typically used in conjunction with queue warning 4 and is activated with variable speed limit signs. After traffic sensors detect real-time traffic conditions, information is sent to traffic management system to calculate the optimal speeds for vehicles. Drivers will be informed about any change in the optimal speeds so they can make appropriate adjustment accordingly.

Speed harmonisation was introduced in the United Kingdom on the M25 in 1995 and achieved positive results in reducing stop-start traffic conditions, emissions and property damage only crashes. In Germany and the Netherlands, similar measures reduced travel time by between 5% and 15% while increasing capacity by around 5% [START_REF] Levecq | General guidelines for active traffic management deployment[END_REF]CEDR, 2012). To mitigate any increase in road safety risk resulting from HSR, speed harmonisation is recommended for more effective use of hard-shoulders to manage increased traffic.

Infrastructure can also be designed to encourage appropriate speeds, with self-explaining street layouts and rumble strips at junctions on expressways for example. Japan has taken this step further, using banks of light emitting diodes on roadside walls to pulse at a frequency tuned to appropriate speeds. This is used to encourage drivers not to slow down unconsciously due to change of incline or on entry to tunnels, and to decelerate before curve sections. This has proved effective for improving both safety and traffic flow.

Adaptive signal control system

Proactive traffic management can also be achieved by smarter use of signal systems, such as adoption of advanced and adaptive signal control systems. These systems actively monitor traffic conditions and coordinate control of traffic signals by adjusting the lengths of signal phases based on prevailing traffic conditions. In certain locations, the benefit-cost ratio (BCR) of installing adaptive signal control can be as high as 60:1 (FHWA, 2017).

Figure 1 shows the ranges of benefits obtained from over 20 years of international evaluation studies, research syntheses, journal articles and conference papers from the deployment of adaptive signal control systems. Apart from mobility benefits (including reductions in travel time, delay and stop and increase in average speed), adaptive signal control systems also deliver safety and environmental cobenefits. The cost of adaptive signal control per intersection was estimated at around EUR 30 000 per intersection.
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Road pricing as a medium to long-term solution for expanding cities

Road pricing is an efficient way to manage traffic demand. It can reduce travel time variability significantly and contribute to a more optimal allocation of scarce urban space to roads and between road users. A discussion on the theory and practice of charging for road use can be found in the Social Impacts of Road Pricing Roundtable Summary and Conclusion report (ITF, 2018).

There are many decisions, such as defining the charging objective, charging schemes and charge levels, to consider before the implementation of road pricing. Amongst these, it is necessary to determine the road pricing technologies to adopt, including tolling mechanisms and supporting infrastructure. Technology choice should be determined by system objectives, and not the other way round (ITF, 2010).

The Workshop discussed experience in Asia and noted the systems and technologies deployed in Tokyo, Singapore and Chinese Taipei.

There was a general agreement that road pricing is the most effective form of demand management that has long-lasting effects in managing congestion, which in turn will have emissions, safety and other benefits. While some road pricing technologies offer more functionality than others, the recommendation is to use the simplest, most cost-effective technology suited to managing congestion and ensure this is functional before considering added features that might complicate delivery and risk delays.

Road pricing mechanisms

Road pricing systems typically consist of three components -detection; payment and enforcement. Intelligent Transport Systems (ITS) technologies have enabled automation of all these processes. The earliest form of road pricing mechanism was the paper-based area permit used in Singapore when it first introduced a cordon-based area licencing scheme (ALS) in 1975. The scheme required all cars entering the centre business district (CBD) area to display an ALS permit, sold at kiosks located outside the CBD.

Although the scheme was successful in reducing traffic entering the CBD, enforcement was a major issue as non-compliance was detected manually by enforcement officers.

The Singapore ALS permit mechanism is similar to the vignette (road tax sticker) regime used in several European countries including Austria, Romania and Switzerland. The vignette is a pre-paid compulsory road tax for all vehicles using motorways or entering the CBD area (e.g. in Malta prior to 2007), for the duration of the selected period (one day, week, month or year). In addition, some countries (e.g. the United Kingdom) are running vignette systems for heavy vehicles. Today, vignette stickers are mostly replaced by electronic vignettes (e.g. the common toll collection system in the Netherlands, Luxembourg, Denmark, and Sweden called the Eurovignette).

Four generations of road tolling mechanisms have evolved over the last 40 years: manual toll collection, automated toll collection, free-flow Electronic Toll Collection (ECT) and satellite-based toll collection. Manual toll collection is the first generation tolling mechanism. It requires the use of a tolling plaza and vehicles need to stop at the toll booths, with barriers, to process payment. This stop-and-go collection © OECD/ITF 2019 mechanism typically has a throughput of around 800 vehicles per lane-hour [START_REF] Chen | Taiwan experience: From ETC to ERP[END_REF]. This manual toll collection mechanism can still be seen, e.g. in Hong Kong's toll roads and tunnels for collecting toll payment from vehicles that are not equipped with an automated electronic tolling transponder. A key advantage of manual toll collection is that it is easy to implement, as it does not require installation of on-board units (OBUs) or ITS related roadside infrastructure. However, it is labour intensive and the need to build toll plazas adds cost and utilises limited and expensive road space. Such a collection mechanism is better suited for charging the use of a link, tunnel or bridge and is not suitable for demand-responsive pricing and distance-based pricing.

The second generation tolling mechanism is automated electronic tolling. This tolling requires both vehicles and tollbooths to be equipped with dedicated sensors and transponders to allow automatic toll collection with vehicles passing through at low speed (around 20 kph). When a vehicle equipped with an ETC transponder passes through a toll booth, the transponder communicates instantaneously with the device installed adjacent to the toll booth. This communication facilitates toll payment by deducting it from a pre-paid account. This toll collection system has a throughput of around 1 000 vehicles per lanehour at 20 kph [START_REF] Chen | Taiwan experience: From ETC to ERP[END_REF]. For enforcement purposes, a barrier might still be used at the tollbooths. Automated toll collection increases toll collection accuracy, reduces costs and speeds up the toll collection process. However, it does require investment in ITS technologies, roadside infrastructure and vehicle owners need to install in-vehicle transponders.

The third generation of tolling mechanism is free-flow Electronic Toll Collection (ECT). This tolling mechanism does not require installation of tollbooths but roadside infrastructure such as gantries are needed to communicate with vehicles for toll collection. It requires communication technologies such as Dedicated Short-Range Communication (DSRC), Radio-Frequency Identification (RFID) or Automatic Number Plate Recognition (ANPR) to complete and enforce the toll payment transaction. However, vehicles do not need to stop or slow down at the gantries.

There are two types of free-flow ECT systems -single-lane free-flow and multi-lane free-flow. The singlelane free-flow system used in Chinese Taipei during 2006-2013 had an average throughput of 1 500 vehicles per lane-hour with an average speed passing through the gantries of around 70 kph. The current multi-lane free-flow system used in Chinese Taipei increased throughput to 2 100 vehicles per lane-hour and vehicles can now pass through the gantries at 100 kph or even higher speeds [START_REF] Chen | Taiwan experience: From ETC to ERP[END_REF].

Although it has been available for some time (e.g. the Toll Collect system introduced in Germany for heavy vehicles in 2005), satellite positioning-based tolling is the newest generation of tolling mechanism for cities. This tolling mechanism uses Global Navigation Satellite System (GNSS) technology to provide positioning services required for toll calculation. GNSS helps to detect and charge vehicles based on location, time and distance travelled within virtual boundaries that define toll sections and rates. Satellite positioning tolling requires vehicles to install OBUs and is supported by DSRC and cellular network. GNSS can be used not only to toll specific roads but to toll vehicles regardless of which type or class of road they drive on (European GNSS Agency, 2015).

Work is underway in Singapore to move from the existing DSRC gantry-based system to deployment of a GNSS-based system by 2020 [START_REF] Chin | Road pricing in Singapore, Presentation given at the International Transport Forum Smart[END_REF] (see Box 2). By using geo-fences (or virtual gantries), roadside infrastructure would be required mainly for enforcement purposes. In general, GNSS-based tolling require gantries every 50 kilometres for enforcement purposes and much could be removed, whereas non-GNSS based tolling mechanism requires gantries every three to five kilometres (European GNSS Agency, 2015). Chinese Taipei's current multi-lane free-flow system requires over 300 gantries on its 1 000 kilometres highways network [START_REF] Chen | Taiwan experience: From ETC to ERP[END_REF].

Managing traffic with road pricing

Once a road pricing system is in place, charge rates can be varied to manage demand based on flow, speed, distance or other trip characteristics. How changes in the level of charges influence travel behaviours has been demonstrated by Chinese Taipei's ETC scheme.

Road pricing schemes in Chinese Taipei

To help cope with recurrent congestion during long weekends, Chinese Taipei applies differential road pricing to encourage traffic to shift routes by increasing the prices on state highway 1 while at the same time providing a discount for the alternate route on state highway 3. Over the past two years, this practice has resulted in 1.4% of traffic shifting from state highway 1 to state highway 3, enough to make a significant difference to congestion. Similar application was also trialled in Tokyo to reduce congestion on the shorter and more direct expressways by encouraging traffic to use the longer alternate routes simply by equalising the end-to-end charge rate. It has resulted in an 8% reduction in traffic on congested expressways. The next step is to test the use of differential rates based on traffic conditions to evaluate the effects on route choice decisions.

Differential road pricing was also used to shift traffic by date of travel in Chinese Taipei. By providing discounts on the key highways for the weekend prior to the annual Tomb Sweeping Day festival, which is a major holiday. This practice was successful in shifting 2%-3% of travel to the earlier date. The third practice regularly applied in Chinese Taipei aims to shift the time of day that people travel by increasing tolls by 50% on the route from the capital to popular weekend destinations on Saturday mornings, with a 50% discount for traffic returning on Sunday morning. This has resulted in a 3% reduction in traffic volume on Saturday morning when the network is most utilised. Although the reduction in volume may seem low, it was sufficient to significantly reduce travel time (by 13%) and reduce congestion duration (by 29%).

Chinese Taipei developed its first flat rate Electronic Toll Collection (ETC) in 2006 using Dedicated Short-Range Communication (DSRC) technology supported by 23 toll plazas. The DSRC ETC was replaced by Radio-Frequency Identification (RFID) ETC in 2012. In 2014, the barrier base tolling mechanism was replaced by multi-lane free-flow open road tolling, currently supported by 333 free-flow gantries for the 1 000 km state highway network. To transition to distance-based charging, Chinese Taipei first changed the payment method from manual ETC to automatic ETC. It then applied tolling tariff changes by switching from pass-based to distance-based. At the same time, the toll plazas were gradually decommissioned. (FETC, 2017)

The on-board units (OBUs) were subsequently replaced by eTag. Communications is the key to reduce users' anxiety about tariff changes. The easy-to-use features of e-tag makes large improvements in the adoption of OBUs from around 43% to 94% in just 18 months, whereas it took five years to get to the 40% when the flat rate ETC was introduced. Now their system processes 15 million average daily transactions, with almost 100% tolling accuracy. (FETC, 2017)

Road pricing scheme in Singapore

In Singapore, tolls are varied by time of day and by the location of the charging gantry, and rates are reviewed every three months based on data on traffic speeds and adjusted where necessary to maintain speeds around 20 km/h -30 km/h on city roads and 45 km/h -65 km/h on expressways [START_REF] Chin | Road pricing in Singapore, Presentation given at the International Transport Forum Smart[END_REF].

© OECD/ITF 2019 Singapore introduced the cordon-based Area Licensing Scheme (ALS) in 1975. In 1998, it was replaced by an Electronic Road Pricing (ERP) system that uses a Dedicated Short-Range Communication (DSRC) and custom-built charging gantries with antennae and enforcement cameras to detect and communicate with electronic in-vehicle units. Charges are set to maintain average travel speeds on the roads (45 km/h -65 km/h on expressways and 20 km/h -30 km/h on other roads), and this was done every three months so that the prevailing road pricing charges remain relevant. During the long school holidays in June and at the end of each year, some of the pricing points have their pricing levels lowered (or removed) if lower traffic flows will be expected during those periods. Singapore is currently developing the next generation of road pricing systems based on Global Navigation Satellite System (GNSS) technology. [START_REF] Chin | Road pricing in Singapore, Presentation given at the International Transport Forum Smart[END_REF] Singapore's next generation road pricing system will utilise satellite signals supplemented by augmented beacons and DSRC system for locations with weak satellite signals. The new electronic on-board units (OBUs) will be resistant to signal jamming and deceiving, with encryption technology and anti-tampering features. The OBU will monitor the location of the vehicle and automatically calculate the road pricing charge once the vehicle enters the virtual boundary. The new system will maintain some of the existing pricing points and structure initially. Enforcement cameras will be installed with complementary beacons to ensure vehicles have working OBUs fitted and capture the vehicle's licence plate in case enforcement action will be required due to non-compliance. The OBUs will also provide real-time information to travellers on the congestion levels in real-time. The Singapore government expects to deploy the next generation road pricing system around 2020. [START_REF] Chin | Road pricing in Singapore, Presentation given at the International Transport Forum Smart[END_REF] Figure 2: Schematic of Singapore's next generation road pricing system

Source: Land Transport Authority, Singapore (2017)

Road pricing schemes in Japan

Japan first developed its Electronic Toll Collection (ETC) system in 2000. The ETC employs nationally unified standards to allow multiple road operators to operate and manage toll roads with different types of payment systems, such as uniform tolls and distanced-based tolls, using the same collection mechanisms. Since then, there has been high nationwide uptake, and currently about 90% of vehicles on expressways use this system. [START_REF] Ikeda | Japan ETC technology[END_REF] ROAD PRICING AS A MEDIUM TO LONG-TERM SOLUTION FOR EXPANDING CITIES © OECD/ITF 2019 25

In 2014, the ETC system was integrated with probe data collection and other additional functions to develop the ETC2.0 system. Currently, about three million ETC2.0 compatible on-board units (OBUs) have already been installed on vehicles using the network. ETC 2.0 is the world's first infrastructure-tovehicle collaboration system that offers driving support services enabled by high-throughput bidirectional communication through 1 700 ITS Spots (antennas) installed alongside the expressways. ETC 2.0 provides a wide variety of information transmitted from the ITS Spots, such as location of hazardous points along the road network and potential or actual congestion. When used in conjunction with a car navigation device equipped with ETC 2.0, users can select the optimal route using information available for a maximum of about 1 000 km of the expressways. [START_REF] Ikeda | Japan ETC technology[END_REF] 

Road pricing schemes in Malta

Another form of road pricing is the time-based pricing used in Valletta, Malta. The city's "controlled vehicular access" charge has successfully increased accessibility by reducing the duration vehicles are parked inside the cordon and the number of vehicles entering the cordon each day. The level of public acceptance is high possibly due to the extensive exemption provisions, which could also be the reason for disappointing results in terms of congestion improvement.

To improve access to the city, reduce congestion and better utilise parking space, the fortified city of Valletta (capital of Malta) launched a "pay-as-you-go" Controlled Vehicular Access (CVA) system in May 2007 5 . Prior to the introduction of CVA, access to the inner-city was restricted to drivers who paid an annual fee of EUR 46 for a Vignette displayed on the vehicle.

The CVA system uses Automatic Number Plate Recognition (ANPR) technology and dedicated camera systems to monitor and photograph vehicles entering and exiting the CVA boundary 6 . The system then automatically calculates the time the vehicle remained inside the Valletta CVA boundary and computes the fee due for access and parking based on the tariffs set by Transport Malta.

Valletta's CVA charges vary according to the time spent in the zone, time of day (charges apply for weekdays between 8am and 6pm and on Saturday between 8am and 1pm) and days of the year (public holidays and Sunday are free) 7 . Access for first 30 minutes is free; access for 31-60 minutes costs EUR 0.82 and EUR 0.82 per hour thereafter up to a maximum charge of EUR 6.52. Various permutations of exemptions are offered to ensure fairness; these include exception for residents, relatives, senior citizens, businesses, service providers, medical and emergency services and electric vehicles [START_REF] Ison | The Smeed report and road pricing: The case of Valletta, Malta[END_REF]). The CVA system did not solve the congestion issue. However, it has improved accessibility to the city centre by shortening the average time a vehicle was parked.

Discussion

Road pricing works best in managing congestion when it is part of a suite of integrated transport and land-use planning policies. These coordinate investment in public transport services with land-use development and allocate space that favours walking and cycling and for transit oriented development projects. They establish a comprehensive set of fiscal incentives for road space to be used efficiently that include on-street parking charges. The most complete demand management systems also incorporate instruments to manage levels of car ownership. Four categories of measures to influence congestion can be identified.

Vehicle ownership

In Singapore, a Vehicle Quota System (VQS) manages vehicle ownership with a Certificate of Entitlement required to purchase a car, and excise duty of 20% on the purchase price of vehicles. The cost of the Certificate of Entitlement is determined by auction and usually exceeds the purchase price of the car.

There is also a registration fee and a six-monthly road tax that varies with engine size. These measures have been successful in containing the vehicle fleet to a manageable size in Singapore, in balance with its highly constrained land area. The VQS currently targets zero net growth in the passenger car fleet and 0.25% growth in the commercial vehicle population [START_REF] Chin | Road pricing in Singapore, Presentation given at the International Transport Forum Smart[END_REF].

Vehicle use

Once vehicles are in the fleet, the second type of measure charges for use in line with the costs imposed on the community, in relation to road space occupied, congestion and air pollution. Parking charges are the most widely used measure along with fuel taxes. However, fuel taxes make no distinctions between where the vehicle is used and are of little relevance to managing congestion. The fuel price elasticity of travel demand is also generally low, so fuel taxes are more suited to raising revenue than managing demand.

Mode choice

Measures to promote a long-term modal shift from car use towards walking, cycling and use of public transport require investment. Public transport itself as well as safe and convenient cycling infrastructure and reallocation of road space to these modes and to adequate pedestrian pavements will require such investment. Modal shift is also dependent on the demand management measures for car use outlined above as is a shift from solo car use to car sharing.

Intelligent transport systems

Congestion will rarely be eliminated and reduction to an economically optimal level ought to be the policy objective. The technological measures for the management of congestion in the short-term, including variable speed limits, variable message signs , queue warnings and junction control are also an important component of the long-term strategy to manage congestion. None of these measures are mutually exclusive. Due to the dynamic nature of traffic demand, measures need to be integrated to ensure traffic demand is managed sustainably, influencing all decisions from whether to own a vehicle, to what modes and routes to take, to the time of departure. Singapore, for example, has adopted a strategy of making high-capacity public transport its main mode of travel, investing significantly over the years in its public bus network and a rail-based Mass Rapid Transit system. But having a good and affordable public transport system is not enough. Singapore complements public transport with other strategies, including vehicle ownership and use management schemes that began with the area licencing scheme introduced in 1975. Tokyo uses a similarly broad set of demand management instruments to manage congestion. Car ownership is limited by the requirement to own or lease off-street parking space before purchase and urban expressways are tolled. At the same time, the expressway network is being expanded to complete the planned network, and equipped with intelligent transport systems to manage congestion. Making smarter use of roads, using demand management instruments and intelligent traffic management systems, is central to achieving sustainable transport services in all major cities.

© OECD/ITF 2019 Notes 1 Ping stands for packet internet or inter-network groper. Source: https://www.computerhope.com/jargon/p/ping.htm (accessed on 28 November 2018).

2 Source: Big Data Europe webinar titled "The way forward for big data in transport" held on 2 February 2018. https://www.big-dataeurope.eu/page/2/ (accessed on 30 September 2018).

3 Source: https://ec.europa.eu/digital-single-market/en/guidance-private-sector-data-sharing (accessed on 1 December, 2018)

4 Queue warning involves the use of warning signs (such as flash lights currently used in Tokyo) to inform travellers of the presence of upcoming queues. The deployment of queue warning is an effective way to reduce the duration of traffic disruption as it helps to reduce speed and therefore the risk of crashes and to help travellers to re-route to avoid queue. Most countries found this measure improve safety by at least 15% (e.g. in Washington DC, Sweden and Germany) [START_REF] Levecq | General guidelines for active traffic management deployment[END_REF].

5 The latest upgrade to the Tokyo Metropolitan Expressway's Electronic Toll Collection (ETC) system, ETC2.0, initiates a range of services including support for congestion avoidance and safe driving through interactive communications between roadside antennas and vehicles' on-board units (OBUs). Moreover, road administrators collect the time and position records of vehicles and data on the behaviour of ANNEX 1. SUMMARY OF THE SMART USE OF ROADS WORKSHOP PRESENTATIONS © OECD/ITF 2019 33 vehicles at times when a certain level of acceleration is detected. Such data can be used to take the measures necessary to mitigate traffic congestion and improve road safety.

Traffic congestion started occurring at the junction connecting the ring road and the radial road (Ebina Junction) because of the increased traffic volume caused by an extension of the outer ring road (Ken-O Expressway) of Tokyo Metropolitan Area. So as to ease traffic congestion, the ramp was converted from one lane to two lanes in July 2016. In another example, daily traffic volume of the Chuo Expressway (inland route connecting Tokyo and Nagoya) in Tokyo Metropolitan Area is approximately 90 000 vehicles. Traffic congestion occurred chronically, mainly in the morning and evening commuting hours. To respond to this, an additional lane was constructed on the inbound lane utilising a hard-shoulder in December 2015. 

Intelligent Transport System and demand management in Romania

Four ITS monitoring centres have been built in Romania. The monitoring centres are located close to Bucharest, Timisoara, Brasov and Constanta -the largest cities of Romania. There are currently many problems with bottlenecks and traffic congestion in these cities. The main systems installed on the motorway network are traffic monitoring, traffic management, passenger information, law enforcement and the tax collection system. Data collected by the current ITS system consists of traffic data (traffic volume, medium speed, vehicle weight and type of vehicle, numbers of vehicles on a particular segment, vignette use, recognition of license plates) and road data (weather conditions, road conditions, information on works).

Future ITS projects to be implemented on the national network include the development of a National Traffic Management Centre, a National Access Point and a National Road Data Warehouse. The National Traffic Management Centre will collect information from the Regional ITS Monitoring Centres. It will administer and monitor traffic at national level and provide strategic functionality such as national road transport coordination and traffic management plans, emergency and disaster management, strategic coordination and back-up functionality.

The National Access Point will facilitate the exchange of data between the National Road Data Warehouse and other external systems and be able to provide relevant information to the European Access Point. It will allow service continuity across the European Union through an easy access to data on traffic safety, parking places for trucks and other commercial vehicles, meteorological information and traffic conditions. Within this structure, two Working Groups (WGs) of CEDR directly address aspects of the smart use of roads, the first being on connected and automated driving and the second on traffic and network management.

Connected and automated driving Working Group

In 2018, CEDR launched a working group on Cooperative and Automated Driving (CAD) to address the opportunities and threats to road authorities of connected driving and automated driving, with a specific focus on digitalisation and innovation. The Governing Board of CEDR approved the discussion paper 'National Road Authority Connected and Automated Driving strategy 2018-2028'. The paper reinforces CEDR's opinion that digitalisation will influence all aspects of transport. This includes the aspects of traffic operations such as connected vehicles, integrated network management (including intermodality) as well as the planning and management of infrastructure with tools such as Building Information Modelling (BIM) and the Internet of Things (IoT). Perhaps more importantly it will influence the relationship between transport providers and users. Social media and the transparency of data are increasingly involved in both long-term planning and day-to-day management.

Traffic and network management Working Group

The Traffic and Network Management WG is active in the focus areas of safety, operations, mobility and performance. The hard-shoulder running (HSR) Workshop was held in Utrecht, the Netherlands in May 2018. The aim was to develop an overview of National Road Authority policies and requirements for HSR planning and deployment on European motorways. Based on the previous experiences of countries where HSR is in operation for several years, it could be recommended as a useful measure to temporarily increase capacity on sections of the road network to avoid heavy congestion and to reduce the probability of incidents, especially rear-end collisions. HSR therefore is an auspicious possibility to react on traffic problems in a faster way: while the construction of an additional lane takes several years on average, the deployment of HSR normally can be realised in a relatively short space of time. HSR could be the first step in solving capacity problems and help NRAs as a temporary solution until lane extensions are constructed.
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Motorway congestion mitigation using ramp metering and hard-shoulder strategies in France

Several countries are implementing "managed motorway" concepts to improve motorway capacity without acquiring more land and building large-scale infrastructure projects. They use a range of traffic management measures to actively monitor the motorway based on real-time conditions. The objective of implementing this range of measures is to optimise traffic and safety performance. Examples of these measures include ramp metering, hard-shoulder running (HSR), variable speed limits, lane control signals, dynamic rerouting, and the provision of driver information using Variable Message Signs (VMS).

The simultaneous use of HSR and isolated ramp metering has been implemented in France (e.g. in A4 and A86 motorways in Paris) in order to improve traffic conditions and levels of congestion. These field trials were conducted over several years (2008 until now). The hard-shoulder is used as an additional traffic lane during congestion periods. When traffic builds up, road users are instructed to use the hardshoulder as an extra traffic lane, increasing the motorway's capacity, reducing congestion and keeping traffic moving. The A4W/A86I section corresponds to the merging of the A4 and A86 motorways in both directions. The length of this section is around 3 km and carries daily traffic of 280 000 vehicles. During the peak periods in the morning and evening this section is very congested (the heaviest traffic congestion in Europe): more than ten hours of congestion per day. The hard-shoulder was opened during the peak periods (morning and evening) in order to alleviate the level of congestion in both traffic directions. Movable barriers were installed at the beginning of the common section on the right side of the additional lane. Variable Message Signs (VMS) are also installed in order to inform road users on the state of the lane: closed or opened. The installed variable messaging signs (VMS) are dynamic vertical signage of Lane Assignment Signals (LAS). The closure devices were installed at several key locations on the section where drivers could see clearly whatever their position.

The results indicate that the use of the HSR and the ramp metering simultaneously improves the traffic condition in a significant way. In particular, when the HSR is closed using the ramp metering techniques, ANNEX 1. SUMMARY OF THE SMART USE OF ROADS WORKSHOP PRESENTATIONS © OECD/ITF 2019 37 the total time spent (vh*h), the total travel distance (vh*km) and the mean speed (km/h) indices are increased by -4.4%, 6.3% and 11% respectively.

When hard-shoulder running is opened the increase in total travel distance recorded reflects the capacity improvement of the motorway. Results also show an improvement of the mean speed, an increase by around 5 km/h (12%), and this represents an additional benefit of the ramp metering strategy. These results confirm that the performance of the integrated control by combining several control strategies simultaneously, improves traffic conditions dramatically on the network.

Road traffic conditions and improvements in Chiba Bay Area

The Chiba Bay Area is located on the east side of Tokyo Bay. Major bottlenecks in this area are concentrated on the national roads R14, R16, and R357. Speed reductions due to the bottlenecks extend not only along on these roads but also along roads that cross them. The share of heavy duty vehicles on all parts of the R357 connecting Chiba and Tokyo exceeds the prefectural average. The mixture of largecommercial vehicles and general small passenger vehicles increases the frequency of congestion and traffic congestion in the Chiba Bay Area. This is a barrier to the smooth operation of the freight logistics sector in the region.

The Funabashi area of the R357 has a series of major bottlenecks, causing chronic congestion. At the eastbound Wakamatsu intersection in the Funabashi area, queues of right-turning vehicles frequently extend from the right-turn lane into the through lane, preventing passage of straight-through or left-turn vehicles behind them. In November 2017, the right-turn lane was extended from 65 m to 163 m. As Figure A.4 shows, while there were speed reductions from around the entrance to the right-turn lane before the extension (upper picture), speeds were improved after the extension (lower picture). There are concerns about increased traffic demands accompanying future planned enhancements to functioning of the Port of Chiba and development of large-scale commercial facilities in Chiba City. In order to mitigate congestion and improve productivity in the area, it is considered necessary to plan specific road networks and realise their creation as soon as possible.

Session 3. Effectiveness of traffic demand management measures: road pricing technologies

Road pricing in Singapore

Singapore is a city-state, covering just 720 square kilometres. With a population of 5.61million as of the end of 2017, it ranks amongst the most densely populated countries with 7 796 persons per squarekilometre. To ensure transport needs are adequately met, Singapore has adopted a strategy of making high-capacity public transport its main mode of travel, investing significantly on its public bus network and a rail-based Mass Rapid Transit (MRT) system. With approximately 67% of daily weekday trips already on public transport, the plan is to have 75% using public transport by 2030. In addition, the MRT system is being expanded so that by 2030, 80% of its households will be within a ten minute walk to an MRT station.

Having a good and affordable public transport system is not enough. It has to be complemented with other strategies, of which one is an effective travel demand management tool. This comprises both vehicle ownership and usage management schemes. The Vehicle Quota System (VQS) manages the number of vehicles, and since early 2018, the net growth in vehicle population is set at zero. The exception is on the growth of lorries, necessary for commercial growth, and this is set at 0.25% per year. Road use management has been in effect since 1975, starting with the manually operated Area Licensing Scheme (ALS) and was subsequently upgraded to an electronic system in 1998. The current electronic road pricing (ERP) system faces several challenges. The pricing gantries are heavy infrastructure and the cost of each pricing gantry is substantial.

© OECD/ITF 2019

The on-going contract to upgrade the ERP system will do away with the need for heavy infrastructure at all pricing points. The next generation of the system will be based on Global Navigation Satellite System (GNSS) technology. Where satellite signals may be weak, as in cases of 'urban canyons' in the densely built-up city centre of Singapore, augmentation beacons will be used. These beacons will use Dedicated Short-Range Communication (DSRC) at 5.9GHz to allow the on-board units (OBUs) fitted already to vehicles to determine location when the satellite signals are unable to do so. Using satellite signals to determine the vehicle's location makes possible the use of distance-based congestion charging on any part of the road network.

Ensuring compliance for payments is still necessary, and this necessitates the installation of enforcement cameras. These cameras can be located at pricing points or along pricing routes (for distance-based pricing), but these installations are relatively light in terms of infrastructure.

The OBUs on vehicles will also provide real-time information on the congestion levels on the stretch of roads that they are on. Data from a selection of vehicles can be collected and analysed in an aggregated and anonymised manner. These traffic conditions are then disseminated in real-time to motorists, either via the installed OBUs or via other electronic platforms e.g. smart-phones or roadside electronic display panels.

Other types of information can also be disseminated via the OBUs. For example, information on events that can potentially cause traffic congestion on that day can be displayed on the OBUs to motorists when they start their journey. The availability of real-time parking spaces can also be displayed when the vehicles are in their vicinity. Other applications with the OBUs include the convenience of serving as an identifier for secure access to specified car-parks, and also permit convenient payment of parking charges. Roads or areas off-limit to special vehicles, for example those carrying hazardous materials, can be identified in the OBUs and drivers alerted when they come within their proximity, with advice provided on alternative routes.

Sharing Experience from Chinese Taipei: From Electronic Toll Collection to Electronic Road Pricing

In order to allow travellers to pay for tolls without stopping, without the use of cash, to increase the efficiency of tolling, and to improve the safety of the driving environment, the government of Chinese Taipei decided to implement Electronic Toll Collection (ETC) across 1 000 km of the nation's freeway network.

The Freeway Bureau of the Ministry of Transportation and Communications (MOTC) awarded 20 years of build-operate-transfer (BOT) concession to Far Eastern Electronic Toll Collection Co. Ltd. (FETC) from 2004. This was applied as a fixed-charge tolling system for entry to the freeway network with electronic or manual payment at toll booths. This raised concerns over fairness as the system resulted in short commuting trips being charged the same rate as longer journeys on the network. Toll stations outside urban areas applied higher rates to counter this effect but that in turn was discriminatory towards people living near these entry points. The ETC penetration rate stagnated around 40% of vehicles using the network. In 2012, the system migrated to a Radio-Frequency Identification (RFID) system with eTags, which saw ETC usage rates rise to about 94% within 18 months. In 2014, distance-based charging was introduced to improve efficiency and to overcome equity concerns, covering all classes of vehicles.

All tolls are collected electronically by overhead gantries with multi-lane free-flow. All of the toll plazas have been demolished. Since there are no more toll plazas, drivers can pass through the gantry at full speed (designed to function at speed of up to 200 km/h). The traffic volume per toll gantry is up to 2 100 To ensure public acceptance, a daily discount is currently applied, with the first 20 km free of charge. Discounts are also available for long-distance trips and during holiday periods. It is estimated that ETC has reduced the travel time between Taipei and Kaohsiung (approximately 370 km) by between 20 and 30 minutes. In addition, the scheme has also achieved significant greenhouse gas emissions reduction by reducing fuel consumption due to congestion.

The current tariff structure used by the ETC system is able to take advantage of variable rating schemes to deliver electronic road pricing on freeways for traffic management. The key to this is the ability of the system to set tariffs based on time, distance, travel direction, road section, usage discounts and other parameters. The government also provides a 20% discount on Highways 1, 3 and 5 on the weekend prior to the weekend of the Tomb Sweeping Day holiday. People able to plan ahead and advance their holiday trips not only avoid the worst traffic during the Tomb Sweeping Holiday season, but also enjoy cheaper trips.

The vehicle-kilometres travelled on the highways on the weekend before Tomb Sweeping Day increased 2% to 3% with the introduction of this discount.

Highway No.5 always has heavy traffic during weekends. The government has adjusted road pricing to manage this traffic, increasing tolls by 50% on Saturday mornings and reducing tolls by 50% on Sunday mornings. Shifting travel plans by a day allows users to avoid heavy traffic and enjoy a discount. Peak © OECD/ITF 2019 hour traffic volumes decreased by 3.2% in response, with travel time reduced by 13% and the length of traffic queues reduced by 29%.

Japan Electronic Toll Collection technology

Japan first developed its Electronic Toll Collection (ETC) system in 2000. The system employs nationally unified standards to allow multiple road operators to operate and manage toll roads with different charging schedules, such as uniform tolls and distance-based tolls, using the same collection mechanisms. Since then, there has been high nationwide uptake, and currently about 90% of vehicles on expressways utilise this system.

In 2014, by evolving this system to incorporate other functions such as probe data collection the ETC2.0 system was deployed. Currently, about three million on-board units (OBUs) have been installed on vehicles for this new system. ETC 2.0 has three basic functions, based on communications between vehicles and road infrastructure. The first is Electronic Toll Collection. The second is information provision from the roadside units to vehicles regarding congestion, obstacles ahead or accident prone areas. The last is probe data collection from the vehicles.

There are two types of probe data: travel records and behaviour records. Travel records include a series of time and position data on each vehicle. Behaviour records include vehicle behaviour data, recorded when acceleration of the vehicle exceeds a certain threshold value. One of the applications using ETC 2.0 probe data is the Smart Logistics service supported by the Ministry of Land, Infrastructure, Transport and Tourism (MLIT). The ministry provides probe data obtained by the ETC 2.0 system to logistics companies to support their fleet management and traffic safety.

Tokyo's expressway network is now almost completed (with three ring roads and nine radial roads). Upon completion, this expressway network will offer multiple route choices for drivers. In order to maximise the performance of the network and to mitigate congestion, it is necessary to distribute traffic demand between available routes using effective information or tolling systems. For that, the ETC 2.0 system will play a significant role. Before April 2016, tolls on ring roads were higher than on routes passing through the Tokyo city centre, even for trips with the same origin and destination. As a result, drivers did not select ring roads, exacerbating congestion in Tokyo city centre. After April 2016, tolls were equalised so that the cost of using a ring road became the same as using a direct route through the congested centre. This redistributed traffic demand, with many drivers choosing the ring roads. This is illustrated in Figure A.6, with many vehicles now using the ring road (Route A) even though its distance is longer than that via radial roads (Route B). Currently the same toll is applied for the same origin and destination combination regardless of the routes, but in order to avoid congestion in the city centre more effectively and rationally, it may be necessary to set tolls based on traffic conditions. Such a route-based dynamic toll will be considered as the next step in the future.

The ETC 2.0 system has been utilised also in other applications for the smart use of roads. One of the leading applications is dynamic route guidance. Because of the limitation of communication speed and capacity, the previous Vehicle Information Communication System (VICS) could provide traffic information only within a limited area. However, since communication speed and capacity are improved in the ETC 2.0 system, it can provide information over a much wider area. Since route guidance in the previous system was based on a limited area, which didn't cover all alternative routes, it was not sufficient for identifying most appropriate route. The ETC 2.0 system solved the problem and covers all the possible routes needed for effective route guidance. 
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Figure 1 .

 1 Figure 1. Adaptive signal control benefits

Figure A. 1

 1 Figure A.1 shows the velocity of vehicles at different traffic volumes on the ramp according to positions of vehicles on the approach to the ramp. The left-hand figure shows the data before conversion of the ramp section, the right-hand figure shows results after conversion. Comparing the two figures, we can find that traffic congestion used to be observed on the ramp before the conversion of the ramp section, and also affected the main lanes when the traffic volume exceeded 1 600 vehicles. After the conversion, no traffic congestion occurred at the ramp, and congestion on the main lanes is alleviated.
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  Figure A.2. Velocity of running vehicles

Figure A. 2

 2 Figure A.2 shows the ratio of low-velocity vehicles (< 40 km/h) between 7 a.m. and 8 a.m. on weekdays at positions along the road. Before the additional lane was constructed, the section tended to be a bottleneck where vehicles of lower velocity were frequently observed. After the construction of the additional lane, this reduction of velocity was removed and traffic congestion has been alleviated overall.
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 4 Figure A.4. The evaluation site of hard-shoulder running in Paris
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 4 Figure A.4. Speeds before and after improvements, ETC2.0 probe information
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 1 SUMMARY OF THE SMART USE OF ROADS WORKSHOP PRESENTATIONS © OECD/ITF 2019 41 vehicles per hour during peak hours. Chinese Taipei has the first nationwide distanced-based multilane free-flow tolling which is the automatic solution to solve traffic congestion, maximise throughput and enhance driving safety.

Figure A. 5

 5 Figure A.5 summarises the tariff differentiation currently applied to manage congestion. Highway No.1, which runs through urban areas is parallel to highway No.3, located closer to rural areas. The traffic on highway No.1 is always heavier than on No.3, especially on a national holidays. The government increases the fixed price on No.1 and maintains discounts on specific road sections on No.3 during long weekends. The traffic reduced 1.4% from highway No.1 over two years with a transfer of traffic to highway No.3.
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 5 Figure A.5. Differential Road Pricing in Chinese Taipei
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 1 Figure A.6. Effect of a new toll policy around Tokyo
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  It released the Guidance on private sector data sharing 3 for a stakeholder's consultation in October 2018 as part of its Digital Single Market Strategy that aims to open up digital opportunities for people and business. To support B2G data sharing, the guidance (European Commission, 2018) includes a set of principles (Box 1) that aim to establishing mutual trust between businesses and government around the ownership, access, use and re-use of private sector data.Make sure data requests are proportionate to the level of public interest: This relates to providing a clear and demonstrable public interest that is proportionate to the level of details required subject to appropriate data protection clauses. The cost and effort required for the supply and re-use of private sector data should be reasonable compared with the expected public benefits.

Countries that are developing a business-to-government data sharing programme may wish to monitor the ongoing development of this European Commission initiative. TECHNOLOGIES FOR BOTTLENECK DETECTION © OECD/ITF 2019 15 Box 1. Business-to-government data sharing principles
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  The National Road Data Warehouse will be the interface for National Access Point collect all relevant data from the National Traffic Management Centre and store all data on traffic, roads and displacements.The Conference of European Directors of Roads (CEDR) is the organisation of "European national road administrations that promotes Excellence in the Management of Roads"(CEDR, 2016). It is the association of the leaders for national road authorities in Europe.Developments in technology and ITS have the potential to enable improvement in road management and operation, particularly in relation to road safety, traffic and congestion management and the provision of information to road users. CEDR's work in this area continues to provide a focus on technology and ITS and to keep national road authority (NRA) leaders well informed about the benefits of emerging and established technology. These embrace the consideration of the innovative use of existing infrastructure, and adoption of emerging digital technologies to optimise the use of road capacity. CEDR activities cover the effectiveness, efficiency and application issues for a wide range of technologies and measures.
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