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SUMMARY 

The first commissioning of CBTC in London was with the installation of SelTrac IS on the DLR in 1994, followed 
by the Jubilee and Northern Lines completed in 2011 and 2014 respectively. For these lines a cut-over migration 
strategy was chosen; the lines were commissioned in sections with trains dual fitted to run with both CBTC and 
conventional signalling. To prove reliability before commissioning the Northern Line a performance monitoring 
period was successfully used. Access and closures were optimised through significant off-site testing, as well as 
a joint team approach between the CBTC supplier, Thales, and London Underground.  

When migrating to CBTC a number of key objectives had to be met, including: safety, minimal disruption and 
optimised cost/ programme. The cut-over migration strategy was chosen to enable a progressive rollout of the 
CBTC system, whilst minimising interfaces to the legacy signalling system. Careful consideration was given to 
migration boundaries and sequence in order to meet these objectives. 

The 4 Line Modernisation project is currently being undertaken and there are a further four lines to be upgraded 
to CBTC on the London Underground. Our previous experience, and that of other industries, should be used to 
refine our solutions and innovate for the future. 

1 INTRODUCTION 

In 2014 the final part of the CBTC system on the Northern Line was commissioned, the same year London 
Underground had its 150th anniversary. Much of the original signalling system has changed very little since first 
being installed, consisting of pneumatically powered mechanical interlockings and a variety of equipment which 
has been added over the decades. This equipment was life-expired and in need of replacement. On top of this, 
London’s population has grown rapidly and demand for the Underground has grown with it. 

One solution has been to upgrade the existing signalling to CBTC; it improves capacity and reliability, while 
reducing operational costs. The challenge is to install and commission CBTC on a live railway, upon which the 
city is dependent. Closures and access are severely restricted and the system must be reliable from the moment 
it is commissioned due to these operational needs. This paper will explore the cut-over migration strategy, why 
this strategy has been chosen, describe three case studies as well as discussing CBTC migration at present and 
in the future. 

2 COMMUNICATION BASED TRAIN CONTROL (CBTC) - SELTRAC 

At the time of writing all lines in London, and indeed the UK, which have CBTC installed utilise Thales’ SelTrac 
IS-Loop solution. The high level architecture of which is shown in Figure 1 and components detailed below. 

 

Figure 1 - High level architecture diagram of SelTrac IS-Loop 
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2.1 System Management Centre (SMC) 

The SMC is the primary operational element of the system.  Its main function is to provide information to the 
control room on the position and status of all tracked trains and status of the field equipment within the CBTC 
system. The SMC also enables centralised Automatic Train Regulation. 

2.2 Vehicle Control Centre (VCC) 

The VCC is central to all subsystems and communicates with each of them. It is a key safety critical (SIL4) 
component that manages safe operation of the system, with each VCC controlling a section of the railway.  It 
maintains the moving block separation of trains, ensures the required routes are followed, oversees the train 
operation and provides all necessary functions to support automatic operation of trains. The VCC transmits the 
limit of movement authority to trains; the movement authority consists of the VCC continuously transmitting a 
safe stopping position (target point) to the VOBC. 

2.3 Station Controller System (SCS) 

The SCS is responsible for interfacing to, controlling and monitoring trackside devices and is safety critical 
(SIL4).  It provides the vital control and monitoring interface at each interlocking area. This includes: monitoring 
and controlling points, controlling wayside indicators (such as route secure indicators) and monitoring train 
movements by axle counters, which provide secondary detection to the VCC. 

2.4 Vehicle On-Board Controller (VOBC) 

Two redundant VOBC units are provided per train (2x2oo2), they are also safety critical (SIL4). The VOBC is in 
constant communication with the VCC and is primarily responsible for the control of propulsion, brakes and train 
doors. It interprets and executes VCC commands including maximum speed, target point, door control and 
braking rate. The VOBC provides the interface between the CBTC system and the vehicle subsystems including: 
Train Operator Display, tachometers, accelerometer; and antennas. 

2.5 Inductive Loop Communication System 

The SelTrac IS-Loop solution utilises an inductive loop based communication system for maintaining continuous 
communication between the Vehicle Control Centres (VCCs) and the Vehicle On-Board Controllers (VOBCs) on 
the trains. Accurate position references are established through the use of loop crossovers.  Intermediate 
positions between the crossovers are determined by tachometers attached to the vehicles' axles.  This 
combination of tachometers and loop crossovers establishes the train's position. 

3 MIGRATION STRATEGY 

3.1 Migration Objectives 

When executing migration to a new train control system three top level objectives are paramount: 

Safety: Safety of the workforce and passengers is always the first priority during all stages of migration. All 
installation work must have a Safe System of Work (SSoW) and be appropriately risk assessed. Before any 
section is commissioned to revenue service it must have been rigorously tested and have a proven safety case. 

Minimal disruption: Any disturbance to the normal train schedule has a major impact upon the railway; this is 
particularly true for unplanned disruptions due to engineering overruns or system failures. During peak hours 
especially disruption can hamper business across the entire city, leading to economic damage. To the operator 
the reputational impact and cost of lost revenues can be severe and some of these damages are inevitably 
passed onto the signalling supplier. All planned work should be cognisant of this key objective. 

Optimisation of cost and programme: As with all engineering projects cost and programme are key drivers. 
Once completed the upgrades should lead to increased capacity, hence revenue, to the operator as well as 
reduced operational costs. Any programme overruns have a quantifiable cost, in addition to reputational damage. 
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To the signalling supplier this has a direct impact upon cost and programme targets, which can affect the 
supplier’s credibility and hence opportunities for future works. 

3.2 Cut-Over Migration  

All migration to CBTC in London has used a cut- 

over migration strategy. With this strategy the railway is split and commissioned in sections, with all trains dual-
fitted with both legacy signalling and CBTC equipment. When choosing a migration strategy several different 
criteria have to be considered, including: rolling stock upgrade schedule, trackside access, complexity and age of 
existing signalling system and rolling stock interoperability. 

Often rolling stock is a major driver behind choice of migration strategy. If new rolling stock is being procured it 
can be advantageous to overlay CBTC on the existing signalling system and gradually phase in the new trains, 
which are only CBTC equipped. However, it would not be possible to put the new trains into service until the 
entire line is commissioned with CBTC. Operators (including London Underground) have historically preferred to 
bring forward the introduction of new trains, inevitably meaning that they are dual-fitted with legacy and CBTC 
signalling in the factory or retro-fitted at a later stage. If new trains are not being procured then the existing fleet 
must be retro-fitted with CBTC signalling equipment, the end result being the same, that rolling stock is dual-
equipped. It is not possible to commission the first CBTC area until all rolling stock is dual-equipped. In these 
circumstances it is advantageous to use a cut-over migration strategy, as has been executed in London for 
Jubilee and Northern Lines, for the following reasons: 

 It enables a progressive rollout along the line, reflecting limited trackside access; 

 allows for phasing of Service Control Centre and staff deployment, and 

 minimises complex interfaces with life-expired legacy signalling equipment. 

The process to migrate to CBTC through a cut-over strategy can be split into four stages which are described 
below and shown in Figure 2. 

1) Installation and testing – Firstly trackside equipment, as well as that in signalling equipment rooms 
and central equipment in the Service Control Centre is installed and tested. In addition a minimum 
amount of trains required to run a service through the first migration area are fitted with CBTC 
equipment. CBTC is then cut-in to legacy equipment to facilitate over and back testing of existing assets 
to be controlled by CBTC. Testing is conducted, this can include Factory Acceptance Testing, tests on a 
test track, simulations and potentially a virtual test train. Modern methods are to use an off-site test track 
for early system proving as far as possible. 

2) Performance monitoring (Shadow Running) – Once the system has passed static and off-site 
testing shadow running begins. Equipped trains operate under the protection of the existing signalling 
system and communicate passively with the new CBTC system in overlay mode.  This allows 
experience and data to be gathered for the new system.  This is initially performed in engineering hours, 
then in traffic hours. Performance monitoring allows for reliability growth; giving opportunities to detect 
defects, report, fix and confirm that the fix was successful. It helps to mitigate early failures that occur 
with a ‘bathtub’ reliability curve. 

3) Engineering Hours Testing – The first trains running in an area under CBTC control occur during 
engineering hours, where procedures are put in place for the control to be safely switched between 
CBTC and the existing signalling system. Train testing is conducted under different driving modes and 
across signalling system interface boundaries to progressively gain confidence in the new CBTC 
system. The system is then switched back to the existing signalling system at the end of testing. 

4) Commissioning – Upon successful completion of the testing, the CBTC system is commissioned for 
the area. The area is cut-over to CBTC, legacy signals and trainstops are then decommissioned. 
Supervision and control of the migrated areas are then transferred from the existing to the new Service 
Control Centre. The CBTC system provides Automatic Train Protection within the migrated areas, while 
trains remain manually driven under the protection of the existing signalling system in the unmigrated 
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areas. Each migration phase introduces an additional area of CBTC control into revenue service until 
the entire railway is under CBTC control 

 

Figure 2 – Example sequence of events for a cut-over migration strategy. A genuine migration plan would be 
adapted to meet the operator’s needs and subject to the project manager and the operator’s discretion.  

3.3 Migration Boundaries 

The location of migration boundaries is a critical factor in achieving the high level objectives described above; the 
following criteria for boundary selection have been defined: 

 Simple Migration Boundary Location: Simple, plain track locations in non-interlocking areas are 
chosen to be the locations for migration boundaries. This prevents the need to provide interlocking 
between the CBTC system and the legacy signalling system, which would require complex interfaces 
with legacy interlocking machines. All trains are required to stop and change mode at migration 
boundaries, so sites should be chosen where all trains are timetabled to stop. 

 Trackside Equipment at CBTC Commissioning: A limiting factor to the size of a migration area that 
can be commissioned is the amount of equipment to change over to the final CBTC configuration within 
the time available, by the quantity of staff available. Allowance must also be made for safe reversion to 
the existing signalling system so that service is not impacted in the case there are issues with CBTC 
commissioning. 

 Alignment of Migration Boundaries with SCS and VCC Boundaries: This reduces the number of 
SCS and VCC configurations required to implement each migration area. Aligned boundaries also 
ensure a clean 'split' between commissioned and non-commissioned CBTC areas, ensuring that during 
migration whole SCS and VCC areas are either commissioned or being subjected to the performance 
monitoring regime. 

 Control Room Migration: Migration areas have been designed wherever possible to align with the 
areas of existing control room desks to minimise changes to the work of the signaller. Wherever 
possible a signaller’s duties will remain the same during migration or be transferred in entirety to the 
new Service Control Centre.  

 Driver Familiarisation: The migration areas in which drivers will first operate within a CBTC 
environment should be short for the purpose of driver familiarisation. Each driver is required to make a 
number of trips through the area accompanied by an instructor operator. The lengths of these migration 
areas need to take into consideration the number of instructor operators available to continuously 
accompany every train through the migration areas. 
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3.4 Migration sequence 

Careful consideration must also be given to the sequence in which the railway is migrated; the following criteria 
for migration sequence have been identified: 

 Service Control Centre proximity: Starting in close proximity to the Service Control Centre 
minimises the quantity of cable to be installed and intermediate equipment room preparation required in 
order to connect the first migration area with centralised equipment. 

 Operational criticality: Migration should start in one of the least operationally critical areas on the 
line. This minimises the consequence of service disruption during the initial bedding-in period and gives 
operators more time to manage disruptions and perturbations while they gain experience with the new 
systems. 

 Complex interfaces or new and novel functionality: The initial migration areas should not include 
complex interfaces or add new and novel functionality. This allows time to demonstrate the reliability 
growth of the core system before complexity is added. 

 Low Service Frequency: To facilitate driver training ideally with a sub-set of service trains it is 
preferable that the first migration area is one that has the lowest service intervals. 

4  CASE STUDIES 

4.1 DLR 

Docklands Light Railway (DLR) was the first CBTC railway in London, operating in GoA3 (driverless attended) 
operation. The DLR covers 40km with 149 train sets and 45 stations. It is signalled with Thales’ SelTrac IS 
system which has been in operation since 1995; however there have been a number of upgrades, extensions 
and track changes to bring it to its present configuration, as shown in Figure 3. This case study demonstrates the 
ability of CBTC to be versatile in order to accommodate the organic growth of a railway. 

 

Figure 3 - Docklands Light Railway (DLR) track map showing upgrades, extensions and track changes 

Stage 1: DLR migration to CBTC with the Beckton extension in 1994, which was a greenfield site allowing for 
development, implementation and testing of the SelTrac wayside and trainborne equipment. Once commissioned 
at GoA3 the extension ran under SelTrac control as a standalone section independently of the existing GEC 
system. This was accomplished by having new and separate control and equipment rooms for the two systems 
with passengers transferring at the Poplar platforms.  
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Stage 2: The next section to be implemented in 1995 was a brownfield section from Bank to Island Gardens via 
Canary Wharf replacing the original GEC signalling system.  The phased implementation initially ran in a shadow 
mode, before the control was cut over to SelTrac. The old GEC system continued to run the north leg from 
Poplar to Stratford again with passenger transfers at Poplar. 

Stage 3: The second brownfield area from Stratford to Poplar was then cut over giving full SelTrac control of the 
railway. This allowed for full routing capability and the decommisioning of the old control and equipment rooms. 

Stage 4: In 1999 the first of the post SelTrac extensions to Lewisham was implemented. This was a greenfield 
site which also included the first sub system platform changes for the VCC from the 1st Generation General 
Automation GA900 mini computer to 2nd Generation PC based computer platform. 

Stage 5 and 6: The next major changes came in 2005 with the addition of a greenfield extension to City Airport 
and then in 2008 on to Woolwich Arsenal. 

Stage 7: This was followed in 2011 with a final greenfield extension to Stratford International with the addition of 
a fourth VCC which was now at its 3rd Generation. 

Control Centre: During the life of the project an additional fully operational Control Centre was added at Beckton 
with the latest generation of SMC and VCC’s. The existing equipment at the Poplar Control Centre became a 
fully operational backup facility, which was subsequently upgraded to the latest generation of VCCs in 2015. 
During commissioning, and now in case of Control Centre failure, the wayside and vehicle equipment will be 
disconnected from the central equipment in Beckton through a switch-over arrangement, and their control and 
monitoring will be handed over to the backup system in Poplar. 

4.2  Jubilee and Northern Line Upgrade Programme (JNUP) 

4.2.1 Background 

The Jubilee Line and Northern Line Upgrade Project (JNUP) involved the deployment of the SelTrac IS-Loop 
CBTC signalling system on each line, achieving a 20% improvement in capability.  Both lines were brownfield 
sites operating in revenue service. The undertaking was completed in April 2014; the scale of the project is 
illustrated by the following figures: 

 Jubilee line: 37 km, 27 station, 63 trains and,  

 Northern line: 58 km, 50 station, 106 trains.  

4.2.2 Joint Strategy Development 

Key to the success of the migration was a collaborative working environment with the operator, London 
Underground (LU), which included the formation of a migration working group. This group produced the migration 
strategy with the input and agreement of the LU project team, operator, maintainer and other key stakeholders, to 
gather the best knowledge and experience possible. 

4.2.3 Migration Strategy 

An incremental cut-over migration approach was employed as described previously. The size of migration areas 
and the locations of the temporary migration boundaries were selected by qualitatively and quantitatively 
assessing candidate boundaries against weighted criteria discussed in section 2.3. 

The chosen migration sequence commenced with the implementation of CBTC on the High Barnet branch at the 
north end of the line and migrates towards the southern end, finishing with the Edgware branch, as can be seen 
in Figure 4.  This required all trains to be dual fitted with CBTC before the commissioning of the first migration 
area and required trains to change operating mode at migration boundaries from automatic to tripcock operation, 
for protection under the legacy signalling system. 
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Figure 4 - Migration boundaries for Jubilee Line and Northern Line 

4.2.4 Optimised Access and Closures 

Site and railway access is severely restricted on any railway, particularly those deep underground and which are 
critical to the mobility of a major city. Therefore optimisation of railways access and closures was fundamental to 
the successful execution of JNUP. 

Progressive schedule updates were used to plan as far ahead as possible for any major closures or blockades 
with a degree of flexibility allowing the incorporation of any opportunities or changes that arose, such as the 
piggy-backing work on top of other possessions.  When access to the track was required the order of preference 
was to use: traffic hours; existing closures; possessions/ extended engineering hours; and finally closures. 

Access and closures had to be structured around the type of work, location and area of control affected. 
Optimisation of testing and access reduced the number of closures required from the Jubilee to Northern Line 
upgrades, these optimisations included: 

a) For room-based equipment installation, before cut-in, equipment in the room was not controlling the live 
railway and was considered effectively a building site.  24/7 access for installation was permitted which 
allowed maximum time for internal Post Installation Check Out (PICO), correspondence and functional 
testing. 

b) For wayside installation, engineering hours were typically used where the task could be safely completed 
within the time allocated.  This was traded off against the efficiency of a closure when the time for the work 
required exceeded engineering hours.  In this case, extended engineering hours were used where possible 
to minimise disruption.  

c) System testing was performed by simulation and the Virtual Test Train (described below). Site testing was 
used only by exception, normally in engineering hours. 

d) Data communication testing was conducted during traffic hours. 

e) For commissioning a single weekend closure was often used for cut-over, including final commissioning 
tests, operator familiarisation and allowing contingency for reversion. 

4.2.5 Virtual Test Train 

The Virtual Test Train (VTT) was developed as an approach to testing that used an innovative train substitute to 
minimise closures, allow flexibility in testing and optimise testing time. Several VTTs were produced that 
mimicked passenger trains fitted with Thales CBTC system. The VTTs operated as portable, battery-powered 
railway trolleys that carried testing staff and the Thales communications equipment used to test the SelTrac 
CBTC system.   

The VTT performed testing whilst other work was performed in parallel; this approach removed the need for a 
train driver and trackside power, as well as simplifying the logistics associated with planning the movements of a 
test train. The use of the VTT allowed traditional testing methods that could take days to be reduced to hours, 
allowing tasks that would normally require closures to be performed in engineering hours. 
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4.2.6 Highgate Test Facility 

Highgate Test Facility (HTF) was created to allow Thales access to London Underground infrastructure and to 
implement systems on-board rolling stock. This allowed testing and proving of equipment in a representative 
environment.  This facility contained cabins with SelTrac hardware and enabled the verification of new software 
and hardware builds in the context of the LU system, without the need for track possessions or closures. 

5 OTHER INDUSTRIES 

Learning from past experiences is established best practice within the rail industry; however, learning from the 
experiences of other industries is much less widely practiced and brings significant opportunities. The challenge 
of upgrading live systems with minimal disruption is not unique to railways, similar challenges exist in automotive 
manufacturing and chemical plans to name a couple. Like railways they are both continuous systems where 
closures are costly, works must be fitted into carefully planned closures and operation can be safety critical.  

Within the automotive industry the analogy between closures on railways is very fitting: major works to the 
production line are carried out during annual shutdowns, like Christmas and Easter periods with railways, and 
minor works are conducted over lunch breaks, similar to railways at night.  

The automotive industry places a heavy emphasis on ‘Lean Manufacturing’, especially during closures, which 
can be summarised as “making obvious what adds value by removing everything else”. This involves removing 
unnecessary work, uneven demand and waste. Pioneered by Toyota, these principles have driven massive 
increases in productivity and quality in manufacturing. If the railway industry were to develop and embrace a 
concept of ‘Lean Migration’ it is conceivable that a similar step change in performance would be achieved. 

6 PRESENT AND FUTURE 

Currently four more lines are being upgraded to CBTC; this is the 4 Lines Modernisation Programme, or 4LM. 
The migration strategy for 4LM builds upon lessons learnt from the Jubilee and Northern lines, using the same 
method of cutting over in sections. 4LM presents new challenges; including the need to interoperate with 
mainline rail services in two different areas using both underlay and overlay techniques. In addition, the 4LM 
CBTC solution utilises radio communication between the train and wayside assets and tags to provide absolute 
position reference. Whilst greatly reducing equipment in the four foot, hence improving maintainability, this 
solution brings new challenges including the need to radio survey the railway before migration. 

After 4LM, there will be three Underground lines not running with Automatic Train Operation (ATO). It is 
proposed that these lines will be upgraded next, along with the central line which had ATO installed in the 1990’s. 
The central line is controlled by a 20 year old computer based system. Interfacing with this system to enable a 
seamless migration will present challenges not seen in traditional electro-mechanical control systems. 
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8 CONCLUSION 

This paper has discussed the CBTC solution which has been deployed in London, SelTrac, along with case 
studies of migration from legacy signalling to CBTC. It has explored the key criteria which are considered when 
developing a migration strategy, as well as defining top level objectives: safety, minimal disruption and cost/ 
programme optimisation, which are always at the forefront of any decision making. 

Expertise from previous migrations must be fully utilised to overcome future challenges in migrating to CBTC. We 
may also need to look for innovation outside of the railway industry; migration of critical live systems is not unique 
to our industry. Mastering migration is a challenge where we must learn from past and present experience to 
refine our solutions and innovate for the future. 


