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Need for                                                  
Systems Engineering & Optimisation



Problem

Costs Benefits

Meet Objectives:

ÅGovernment guidelines:
- Deliverable
- Affordable
- Value for Money
- Energy Efficiency / CO2 reduction

ÅTransport objectives:
- Capacity
- Reliability
- Mode shift: Transfer people     
from road to rail

üAchieve optimal balance of 
whole-life costs and benefits

Generate Ideas and Options:

ÅEngineering Innovation
ÅOperational Innovation
ÅBusiness Innovation

Find Optimised& AffordableSystem Solution:

ÅIdentify best options to implement
ÅOptimise system solution within affordability constraints
ÅJustify funding



Ideas & Options
What train

performance?

What speed?

How much 
coasting?

Track Friendly 
Bogies?

Howmuch 
Journey Time 

Capacity?

How much 
recovery margin?

Energy Storage?

Car articulation?

Where to store 
recovery margin?What power 

supply voltage?

Composite 
materials?

Iƻǿ ΨǎƳŀǊǘΩ 
train regulation?

Distance-To-Goor 
Moving Block?

Remote 
Train Operation?

How do we decide ?

Which suppliers?
What contractual 

incentives?

What 
service levels?

What asset
management

strategy?



Traditional Approach

ÅDesign at sub-system level, atdifferent timelines

ÅIdeas/options and decision making confined within areas of 
expertise and departments of large organisations

ÅResult:
- Objectives are difficult to achieve
- Solutions implemented not fully optimised at system level
- Constrained technological and operational innovation 
- Benefits at sub-system level may not be achieved at system level 

(especially energy savings)

ÅWhy?
- Large scale projects with long programmes
- Lack of flexibility: organisational structure and culture
- Lack of integration among departments
- Business drivers: narrow focused business cases
- hǾŜǊ ǊŜƭƛŀƴŎŜ ƻƴ Ψ.Ŝǎǘ tǊŀŎǘƛŎŜΩ ŀƴŘ ŜƴƎƛƴŜŜǊƛƴƎ ǎǘŀƴŘŀǊŘǎ



What is needed?
Systems Engineering & Systems Optimisation:
ÅTest whole life Costs and Benefits at system level

ÅOptimise the System Solution to maximise Benefits and minimise Costs 
(maximise Benefit:Cost Ratio) within affordability constraints

Å¢Ŝǎǘ ǊƻōǳǎǘƴŜǎǎ ƻŦ ΨƻǇǘƛƳƛǎŜŘΩ ǎƻƭǳǘƛƻƴ όƛǎ ƛǘ ŘŜƭƛǾŜǊŀōƭŜΚύ

ÅSupport the prediction of Cost, Time, Performance and Quality

Project Cost

Project Time

Whole life Cost & Benefits

ÅOperations

ÅMaintenance / Refurbishment

ÅReliability / Availability

ÅJourney Time / Capacity

ÅAmbience

Stakeholder satisfaction

ÅCustomers

ÅOperators

ÅTfL / DfT

ÅQuality & Safety

Optimise the

Key 

Performance 

Indicators

to drive better 
system 
performance



Case Study 1: Typical Line Upgrade

2.0
MW

Speed

Distance

Fleet cost

Energy cost

Power 
Infrastructure 
cost

Tunnel 
Ventilation 
cost

Journey Time 
Customer 
Benefit

CO2 Customer 
Benefit

Traction 
power
575V
3500A

Power 
Supply 
Voltage

630V

Signalling cost



Speed

Distance

-10%

-30%

-10%

2.0
MW

+3%

Power 
Supply 
Voltage

630V

Traction 
power
575V
3500A

Case Study 1: Typical Line Upgrade

Fleet cost

Energy cost

Power 
Infrastructure 
cost

Tunnel 
Ventilation 
cost

Journey Time 
Customer 
Benefit

CO2 Customer 
Benefit

Signalling cost

Negative BCR



2.8
MW

Speed

Distance

+0.5%

-10%

+10%

-30%

-10%

Power 
Supply 
Voltage

630V

Traction 
power
620V
4500A

Case Study 1: Typical Line Upgrade

+££ Positive Net Financial Effect

Fleet cost

Energy cost

Power 
Infrastructure 
cost

Tunnel 
Ventilation 
cost

Journey Time 
Customer 
Benefit

CO2 Customer 
Benefit

Signalling cost



3.3
MW

Speed

Distance

+1%

-15%

+2%

-50%

-15%

Power 
Supply 
Voltage

750V

Traction 
power
730V
4500A

Case Study 1: Typical Line Upgrade

+££££ Positive Net Financial Effect

Fleet cost

Energy cost

Power 
Infrastructure 
cost

Tunnel 
Ventilation 
cost

Journey Time 
Customer 
Benefit

CO2 Customer 
Benefit

Signalling cost



3.3
MW

Speed

Distance

+1%

-15 to -20%

+2%

-50 to -70%

-15 to -20%

Power 
Supply 
Voltage

750V

Traction 
power
730V
4500A

Case Study 1: Typical Line Upgrade
+Victoria Line type ATR

Enhanced 
Automatic Train Regulation

-3 to -5%

Fleet cost

Energy cost

Power 
Infrastructure 
cost

Tunnel 
Ventilation 
cost

Journey Time 
Customer 
Benefit

CO2 Customer 
Benefit

Signalling cost

+???%



Case Study 1: Typical Line Upgrade
+How much journey time capacity?

(run times & service levels)



Case Study 1: Typical Line Upgrade
+How much journey time capacity?

Net 
Economic
Value

(Net 
Present 
Value)

Improvement in Customer Journey Time

Optimisedvs. Base Case



Ideas & Options

Complex System Optimisation 
Problem

What train
performance?

What speed?

How much 
coasting?

Track Friendly 
Bogies?

Howmuch 
Journey Time 

Capacity?

How much 
recovery margin?

Energy Storage?

Car articulation?

Where to store 
recovery margin?What power 

supply voltage?

Composite 
materials?

Iƻǿ ΨǎƳŀǊǘΩ 
train regulation?

Distance-To-Goor 
Moving Block?

Remote 
Train Operation?

Which suppliers?
What contractual 

incentives?

What 
service levels?

What asset
management

strategy?



How to do Systems Optimisation

Step1: 
Set up a processto 
manage the system 
optimisation

Understand and evaluate system interdependencies:

Step2: 
Develop an integrated set 
of modelling tools to:
Åoptimise:

-system wide impacts
-trade-offs
-risks
Åachieve objectives

System 
Costs & 
Benefits

Civils & 
Tunnel 
Vent

Track

Power

Signalling 
&    

Control

Rolling 
Stock

Comms

Timetable

Staff

Passengers

Energy 
& CO2

Standards
Codes
Regulations
Best Practice

Externalities
Policy 

Law
Contracts

Affordability
Financing



System Optimisation Process 
SOP



System Optimisation Process

ω Goal:
- Evaluateimpact of options on the system

- Optimisesystem solution to maximise value for money

- Prioritise requirements / investment

- Inform stakeholder engagement

ω Methodology and modelling tools to optimise the system as a whole:
ς Integrate

ς System wide impacts

ς Optimisewithin constraints

ς Sensitivities/ risk

ω Throughout project lifecycle:

ςOptimise specification for System Conceptual Design

ς Fine-tune system after implementation

ς Value manage the Supply Chain

ω Throughout system lifecycle:

ςOptimise asset management strategies



System Optimisation Process

Simulation

Business Case Modelling

Optimisation 
of key 
parameters

Inputs 
Register Engineering 

Train Simulation

Service / Timetabling
Train Simulation

Rail-Wheel Interface

RAMs

Risk / 
Uncertainty 

Passenger Demand

Business Case 
Development Rules

PPP/PFI Contracts

Previous Studies

Best Practice

Standards

Research

Simulation 
Reference 

Case Outputs

Risk / 
Uncertainty

Engineering 
& Service

Whole Life Cost 
Benefit Analysis / 
Business Case

Tunnel Ventilation

Passenger Demand

Risk/Sensitivity 
Analysis

Train System Data

TPT Train 
Performance Tool

Options

Target Service 
Levels, Timetables

Modelling Plan

Inputs Analysis Specification

Optimised 

System 
Conceptual 
Design

or

System Asset 
Management 
Strategy

Project Risk Register Project Risk Management

Stakeholder Consultation



System Optimisation Process

Complex Railway Network :

E&Smodel
Sub-network1

(e.g.Stock A, route i)

E&Smodel
Sub-network2

(e.g.Stock B, route ii)

E&Smodel
Sub-network3

(e.g.Stock C, route iii)

é

WLCBA model
Business Case 
for Network

Optimised 
Network Solution

Business Case 
Modelling

Optimisation

ÅOptions
ÅInputs
ÅSimulation

ÅOptions
ÅInputs
ÅSimulation 
Outputs



SOP applications in London 
Underground



SOP applications in LU

ÅOptimise and prioritise within affordability/deliverability 
constraints:

- Optimise engineering technologies vs. operational flexibility

- Maximise value for money (maximise Benefit:Cost Ratio)

- Squeeze as much as possible out of assets within funding constraints

- Justify funding: quantification of system inter-actions:

- Improve predictability of Cost, Time, Performance and Quality

- Support joint working with PPP/PFI contractors

- Bring together systems engineering and business planning

ÅAssess sensitivities / risks

ÅFacilitate integration towards common business objectives

ÅSOP becoming part of business process



750V

-5 to -10%

Higher Train 
Power + 
Coasting 

-10 to                   
-15%

Composite 
conductor 

rail to 
support 
voltages

-15 to    
-20%

ÅSOP is used to optimise existing line upgrade projects:

e.g. Major upgrade of the Victoria and Sub-Surface Railway lines

- Evaluated & Maximised total system wide Energy and Cost Savings

Higher 
Train 

Power + 
Coasting 

-15 to         
-20%

Automatic 
Train 

Regulation

-5%

-25 to      
-30%

-20% SSR, -15% Victoria Energy/CO2
-£200mCapex

Reduced Whole-life Costs

Case Study 2

e.g. /ǳǊǊŜƴǘƭȅ ŦǳǊǘƘŜǊ ƻǇǘƛƳƛǎƛƴƎ Χ



wŜƭŀǘƛǾŜ ǘƻ άŜȄƛǎǘƛƴƎ ƻǇǘƛƳƛǎŜŘ ǳǇƎǊŀŘŜέ 

-20 to -25% Energy/CO2
ReducedWhole-life Costs

£140m for Bakerloo, £225m for CentralPositive Net Financial Effect

ÅSOP is used to optimise future line upgrade projects

ÅExisting optimised Upgrade becomes the base 
against which to optimise future upgrades

e.g. Rolling stock replacement for the Bakerloo and Central (TBC) lines in 2020

- Evaluatedtotal System wide Energy and Cost Savings, and Customer Benefits Improvements

- Identified optimal run times & service levels

- Value managing the supply chain

Case Study 3

Track 
Friendly 
Bogies         

-2 to -5%

Permanent 
Magnet 
Motors

-7%

Energy 
Storage     

-3%

Composite 
body and 

bogies           
-7%

Semi-
Articulation 
& Through 
Gangways        

-3%

-20 to     
-25%



Future plans for SOP                        
in London Underground



Future plans for SOP in LU

ωBring in-house and train internal resources

ωContinue development of capability / tools:
ςProject specific

ςLonger-term/generic

ωApply SOP for all major line upgrade projects

ωStrengthen business as usual (by being a part of)

ωMake SOP part of the Systems Engineering common 
process



Conclusions



Conclusions

SOP helps London Underground to:

ωInform stakeholders and assist decision making:

ςGovernance

ςProjects

ςOperators

ωJustify funding for major projects/service capacity 
enhancements on the LU network 

ωOptimise investment with current affordability / 
deliverability constraints



Apply Systems Engineering & Optimisation to:

ÅEvaluate, optimise, prioritiseand inform across whole system

ÅWhen affordabilityis constraint, 
maximise benefits for minimum Capex

ÅJustifyincreased Capital Expenditure / extra Government funding
for longer term cost savings, energy/CO2 reductions, and customer 
benefits

ÅValue manage the Supply Chain: 

- Set data requirements

- LŘŜƴǘƛŦȅ ōŜǎǘ Ψ{ȅǎǘŜƳ ǾŀƭǳŜΩ ǇǊƻǇƻǎŀƭǎ

- Set correct contractual incentives and penalties

Recommendations



The End

Could your organization benefit from applying a system optimisation processé?


