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ETO manufacturing 
“Traditional”, MTS 

manufacturing

Engineer-to-order manufacturing

Manufacturing operations where the technical specification and design is part of the order fulfillment process
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ETO - Sales and specification process

From engineer‐to‐order to mass customization?
Using parametric configurator 
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Depth of product structure vs. 

customization

Degree of customization
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«2D-CODP» +«The uncertainty circle»
A method to classify product groups and identify 

contributing factors to uncertainty that inhibit
efficient and effective flow for a product group

«FORRIDGE principles and tactics»
a set of principles and tactics to mitigate 

uncertainty and enable efficient and effective flow



7

Outline

• Flow theory - FORRIDGE principles and tactics

• Toolkit 
– 2D framework for product classification 

– Uncertainty Circle

– Risk matrix

– Methodology to identify uncertainty sources, and to map 
principles and tactics against the uncertainty sources 

• Our studies in engineer-to-order equipment suppliers

• Conclusions
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The Vision of Smooth and Seamless Flow

Raw 

Materials 

(Source)

End 

Customer

(Sink)

Material Flow 

Through  All Supply 

Chain Processes

No WIP, Exact Order 

Sequence & Quantity

Supply

Demand

No Delays, Distortions, 

Defects

All players think and act as one, so the supply chain is seamless with both information 

and material flows fully integrated, based on the concept of smooth material flow 
(Childerhouse and Towill 2003) 



Cardiff logo bilingual BIG

Principles for the design and 
operation of supply chains 

Jay Forrester Jack Burbidge Denis Towill

FORRIDGE

LEAN? “Apparently 
Japanese led, the 
associated roots of 
present good practice 
on material flow can 
be traced back in the 
USA to Jay Forrester
and in the UK to John 
Burbidge”. (Dennis 
Towill, 1994)   

http://www.clickonwales.org/wp-content/uploads/Cardiff-logo-bilingual-BIG.jpg
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Periodic Batch Control



“1961 and all that: The influence of Jay Forrester and John Burbidge on 

the design of Modern Manufacturing Systems” (Dennis Towill, 1994) 



RM Assembly NDC RDC RT

Time

Individual Cycle Times

Time Compression Principle 
Design for time compression across chain activities

Every activity in the chain should be undertaken in the minimum time needed to 
achieve task goals

Adapted from Gosling et al 

2014

Minimize the 
material 
throughput time

-
Faster order 
handling to 
improve 
stability and 
reduction of 
system time 
delays



RM Assembly NDC RDC RT

Information Flow

Information Transparency Principle 
Design to enable real time information transparency across chain 
activities. Up-to-the minute data free of ‘noise’ and bias should 

be accessed by all members in the system

Adapted from Gosling et al 

2014

Don’t rely on long 
term forecasts 
and promote 
‘connectance’  

Ensure 
appropriate design 
of information-
feedback systems 
and loops for 
transparency



RM Assembly CD RDC RT

Echelon Elimination 
Design the minimum number of echelons appropriate 
to the goals of the supply chain. Reduce complexity of 

material flow where possible

X X

Reduces Potential for Information 

Distortion

Removes Cycle Times

Efficiency is 
inversely 
proportional to 
the complexity of 
its material flow 
system

Eliminate 
distributor level  
to reduce demand 
amplification 



RM Assembly NDC RDC RT

Information Flow

Control System Principle 

Design a Decision Support System for Integrated Control. There 

is a need to select the most appropriate control system best 
suited to achieving user targets and taking unnecessary 

guesswork out of the system.

Control System

Adapted from Gosling et al 

2014

Only make in one 
period those 
components you need 
for assembly in the 
next period

Change inventory 
policy to adjust the 
level of inventories 
and in-process orders



RM Assembly NDC RDC RT

Synchronization Principle
Decisions, information and orders are co-ordinated and related 

to discrete points in time . There is continuous ordering 
synchronised throughout the chain.

http://www.rxtrace.com/wp-content/uploads/2010/02/synchronized-swimmers-300x199.jpg

Adapted from Gosling et al 

2014

Use the shortest planning 
period and only take 
deliveries from suppliers in 
small batches as and when 
needed

Events should be 
synchronized, so that 
orders and deliveries 
are visible at discrete 
points in time.

http://www.rxtrace.com/wp-content/uploads/2010/02/synchronized-swimmers.jpg


17

FORRIDGE 
principles and 
tactics for 
construction 
supply chains 
(Gosling et. al, 
2015) 
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Equipment Suppliers to Yards
Engineer-to-order manufacturing



19

Engineer-to-order manufacturing and uncertainty

Highly customized manufacturing such as ETO is characterized by a high level of uncertainty in 
specification, design, planning, purchasing, and production

Supply chain uncertainty can be defined as “situations in the supply chain in which the 
decision maker does not know definitely what to decide as he is indistinct about the 
objectives; lacks information about or understanding of the supply chain system or its 
environment; lacks information processing capabilities; is unable to accurately predict the 
impact of possible control actions on supply chain behavior; or, lacks effective control actions” 
(van der Vorst and Beulens 2002). 

Sales & 
specification

Design Purchasing ProductionPlanning
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Mapping and analysis tools

Principles  ITO tactics  
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Engineering process 

flows

Fundamental 

Research

Develop Codes, 

Standards, Specifications

New Design

Minor Adaptation of 

Existing Designs

Combine Existing 

Designs

Production process 

flows

Buy-to-

order
Make-to-

order

Ship-to-

stock

Assembl

e-to-

order

Complete Design

Major Adaptation of 

Existing Designs

Engineering & 

Testing

Engineer-

to-order

Make-to-

stock

A 2-dimensional 
approach to classify 
decoupling positions 
across both engineering 
and production 
dimensions 
(Canvas et. al. 2019)



DemandSupply

Engineering 

Control

Process

Production

Engineering 

Production

Engineering 

Production

Engineering 

Production

The 
uncertainty 
circle 
(Mason-Jones and 
Towill, 1998)

Fly wheel 
effect

Fly wheel 
effect

Fly wheel 
effect

Fly wheel 
effect

Fly wheel 
effect

Adapted to ETO

A stepwise 
approach to 
achieve 
integration: 
1) Process
2) Supply
3) Demand 
and Control 
jointly
(Mason-Jones
and Towill,
1998): 
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Gosling, Towill and Naim (2013)
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Methodology - how we identified uncertainty sources, and mapped 

principles and tactics against the uncertainty sources

Structured workshops with suppliers in the ship building industry

Determine 
product 
families

Ascertain 
and evaluate 

sources of 
uncertainty

Identify and 
categorize  

tactics

Evaluate 
uncertainty 

scores
Rank tactics

Applicability 
of principles 
and tactics to 

the 
uncertainties
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First study Alfnes et al (2021)

Autonomous unmanned vehicles

Energy capture and storage

Cylinder and accumulators

Monitoring and Transfer Systems
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Mass Production

ITO 
Projects

RTO Projects

ITO projects
• Thousands of engineering 

hours
• performed in close 

collaboration with R&D 
personnel and technical 
specialists. 

• to develop unique and 
premium-priced solutions for 
the customer. 

RTO projects
• minimum number of 

engineering hours 
• are competing in a price-

sensitive market by offering 
slightly customized designs

Alfnes et. al 2021:



DemandSupply
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Second study Alfnes et al (2023)

• A Ship cranes

• B Power technology 

• C Propulsion systems

• D Ship interior

• E Lightning systems

• F Sensor systems

• G Engine systems

• H Hydraulic systems 

• I Winch systems

• J Sewage treatment systems 



TOP 5 uncertainties 

Specification is the most important uncertainty source:
RTO: A major concern being that unclear customer requirements and technical complexity make it challenging 
to decide the right price on the design adjustments requested by the customer for these mature products
ITO: The high level of innovation, customisation and complexity makes it difficult to capture customer 
requirements and understand technological challenges at an early stage



• TRAINING AND 

LEARNING

• SUPPLY CHAIN 

INTEGRATION

Stage gate execution model

Standardised contracts & processes 

Sequentiality

Supply chain coordination

meetings

“Processes achieved in minimum 
reasonable time” “Current data accessible by all”

“Appropriate supply chain state”

“Order synchronisation 
across chain”

“Appropriate number of echelons”

“Design is fit for purpose and 
enables ‘right first time’”

FORRIDGE 
principles and 
the identified 
tactics for ship 
building RTO 
supply chains
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Map principles and tactics against 
uncertainty sources
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FORRIDGE Construction Suppliers 

Tactics (Gosling et. al. 2015)

Ship building Suppliers – RTO Tactics Ship building Suppliers – additional 

tactics for ITO

P1 Time 

compression
Automation

Modular Platforms

Component Rationalisation

Automation

Modular Platforms

Product specification assistant system

Component inventory

Subcontracting 

Predesign analysis

Agile methods 

P2 Control 

system
KPI system

Consolidation Centre

Visual Control Boards

KPIs systems 

Sales & Operations Planning

Material Requirement Planning 

Centralised interdisciplinary project team 

P3 

Synchronisation
JIT deliveries

Kanbans

Standard procedures

Stage gate execution model

Supply chain coordination meetings

Standardised contracts and processes

Risk sharing contracts

P4 Information 

transparency
Web based project planning

Lead time visibility

Sharing demand Information

Project planning system

ERP systems

Product Lifecycle Management systems 

Forecasting

Design integration events

Knowledge transfer between projects

P5 Echelon 

elimination
Supplier Rationalization

Framework Agreements

Accreditation of suppliers

Defined project roles and responsibilities 

Handover review and testing

Framework Agreements

Accreditation of suppliers 

Cross disciplinary innovation events 

P6 Design for X Early supplier involvement

Design for 

Manufacture/Assembly

CAD/CAM/BIM

Design for Manufacturing/Service    

CAD/CAM

Product templates 

Early customer and supplier involvement 

Prototyping 

Computer-aided engineering modelling 

and simulation
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Conclusions
• The FORRIDGE principles provide a “system based” and slightly alternative perspective to flow 

efficiency (did not come from Toyota, and include no Japanese words…..)

• The principles remains the same, but the tactics vary between industry sectors

• The methodology provide the means to arrange a set of structured workshops to: 

– identify product families, 

– map uncertainty sources for each family, 

– and to define the principles and tactics to improve the flow for each family   



Contact Details:

E-mail: Erlend.Alfnes@ntnu.no

Phone: 98291145

Gemini center: 

https://www.sintef.no/sintef-

digital/geminisenter-kundetilpasset-

produksjon/

mailto:Erlend.Alfnes@ntnu.no
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