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Overview

• When considering any 
structure one must also 
consider its planning, 
building and 
maintenance

• The same is true for the

Pathways of 
Scientific Methods 
Development



Overview

I start by introducing the cover slide 
image, which is a rather over-simplified 
cartoon indicating the labyrinthine 
interlinkage between the mathematics, 
sciences, and manufacturing arts – and 
their co-evolution over the past 400 years 
to form the modern day STEM disciplines.

But this really only suggests a set of 
pathways.  I try to suggest that, in some 
way, BACON IMAGINED the modern day 
outcomes (or at least something like 
them), and that his actions expressed the 
GOAL.  The GOAL, thus expressed, became 
a NARRATIVE.  

The NARRATIVE then drew together a 
following of people, whose work began to 
fulfil the GOAL.

Along the way, people stopped thinking 
about Bacon as an initiator, and he 
dwindled to being merely an historical 
figure.  But the NARRATIVE was strong, that 
that survived.  

It became strong because the people 
following took OWNERSHIP.  They re-
IMAGINED, reworked, and updated the 
GOAL.  They re-expressed the NARRATIVE to 
make it more in tune with their time.  

This took place continuously over every 
era.  It is OUR time now, to re-IMAGINE the 
GOAL, and to re-write the NARRATIVE for our 
time. 



Ownership, Imagination, Goals, Narratives

I believe in the cause, and take 
OWNERSHIP for actions… But 
first I must IMAGINE what the 

GOAL should be…

Having IMAGINED the GOAL, I now 
need to imagine what actions will be 

necessary… But if I need other 
people’s help my first action must be 

to COMMUNICATE my GOAL. 

I COMMUNICATE my GOAL to other 
people… So, now they share OWNERSHIP

and the COMMUNICATION has become a 
NARRATIVE…



Ownership, Imagination, Goals, Narratives

Along the way, people stopped thinking 
about Bacon as an initiator, and he 
dwindled to being merely an historical 
figure.  But the Narrative was strong, that 
that survived.  

It became strong because the people 
following took Ownership.  They re-
Imagined,  reworked, and updated the 
Goal.  They re-expressed the Narrative to 
make it more in tune with their time.  

This took place continuously over every 
era.  It is Our time now, to re-Imagine the 
Goal, and to re-write the Narrative for our 
time. 



Pillars?

A brief reminder of slides from 
Seminar 1 :

Firstly, the representation of Pillars in 
the frontispiece to Bacon’s Novum 
Organum, and a reminder of the 
parallel with the Herculean tasks.

Secondly, to remind everyone of the 
list of pillars set out at the start of 
the seminar series.



The Stewardship of Man’s 
Estate: Pillars

• Societal PILLARS to enable the necessary 
impacts

• The frontispiece of Novum Organum
• The PILLARS shown here are the Pillars of 

Hercules (the mountains defining the sides of 
the Strait of Gibraltar)

• Implying the 12 Labours of Hercules: i.e. all 
but impossible “Herculean” challenges

• Also implies a Passage to Atlantis, or where 
knowledge is to be found

Multi pertransibunt & augebitur scientia

Many will pass back and forth & knowledge will be 
enriched



The Stewardship of Man’s Estate: Pillars

• The coming series will explore the SOCIETAL PILLARS in more detail:

The Science Process
• What does the “Novum Organum” 

really teach?
• Role of Mathematics, Computing, AI?

Governance
• Why should science be funded and 

what are the priorities?
• What is the good of science?

The Future
• Looking back to look forward
• What should the Next “Organum” 

look like, to ensure that we have a 
future?

History
• Early Modern & Origins of Science
• Factual & Narrative  
• Where do our knowledge and 

expectations come from?

Our Planet
• Our knowledge of the “Estate” & our 

Impacts on it
• Actions taken & the Actors

Education & Knowledge
• How might it be better coordinated?
• What is the role of English in 

knowledge sharing?



Bacon’s Six Part Plan (The Great Instauration)

1. The Divisions of the Sciences.

2. The New Organon, or Directions for 
the Interpretation of Nature.

3. The Phenomena of the Universe, or 
A Natural and Experimental History 
for the Foundation of Philosophy.

4. The Ladder of Understanding.

5. The Forerunners, or Anticipations 
of Second Philosophy.

6. Second Philosophy, or Active 
Science.

From “Novum Organum” translated and edited 
by Peter Urbach and John Gibbons.

Re-cast in modern terms:

1. Current knowledge for learning: 
pedagogies.

2. Research: methods for creating 
new knowledge.

3. Libraries, Wikipedia, and other 
massive deposits of knowledge.

4. Interdisciplinarity and Enablers: a 
deeper dive into the process of 
research.

5. Low hanging fruit: the first outputs 
from research.

6. Systematic application of research 
outputs.

My own interpretation.



Digression: Innovation

• Innovation can be 
INCREMENTAL or 
REVOLUTIONARY

• The so-called “S” 
curve suggests 
stages of rapid 
INCREMENTAL

development 
following each 
REVOLUTIONARY

change.

Eventually the 
“rules” change

Time
B

en
ef

it
s

Status Quo

Initially difficult to make 
REVOLUTIONARY steps competitive

The next REVOLUTION



Digression: Innovation

We can consider innovations to be 
incremental or revolutionary.  We might 
describe those concepts with different 
words, like stepwise or radical, but I think 
we can all agree that the same notion is 
conveyed. 

We might define revolutionary as being an 
innovation brought about by a revolution 
in physics, or technology, or new 
knowledge or discovery.

Or, we might define it as an innovation 
which brings about a revolutionary impact 
on our capabilities or our way of life.

Often one of these precipitates the other.

Various modern books on innovation talk 
about the “S” curves.  They put forward 
the view that innovation comes in stages –
individual “S”s.  All the books show the “S” 
as being rotated so that the “benefit” is 
steadily increasing with “time”.  In my 
experience, this is wrong.  

In a commercial setting, it is almost 
impossible to make a revolutionary 
change competitive, because so much 
around the current design is built around 
the old solution.



Digression: Innovation

Likewise, when the revolutionary change has been 
milked over time for all it’s possible value, there 
comes a point where it starts to have less “benefit” 
value.  This comes about because of changes in 
legislation or changing of pricing for commodities –
think of tax incentives, and the pricing structures for 
fuel.  This becomes the tipping point which enables 
the next revolution to be taken up.

The process of milking the revolutionary idea for 
value is, in actuality, a set of incremental steps.  
Think of the small design changes you see in 
everyday objects: each one of these perhaps 
represents the use of a lower cost material, and 
cheaper manufacturing process, or a slightly more 
capable product feature. 

The thing to observe is that because these 
incremental changes happen on the 
steepest part of the curve, the perception 
is that the incremental changes are seen 
as being more valuable than they really 
are.

Add to that that they are easier to come 
up with.

And you have a recipe for industry or 
governmental “management” to 
encourage the incremental actions at the 
expense of the revolutionary.



Aerospace Industry example

• Why do modern aircraft look so similar to older ones? INCREMENTAL

change?
• Has our view of the notion of “step-change” changed? INCREMENTAL?

• Are we less inventive than our predecessors?

• What might the next REVOLUTIONARY “Game-changer” technologies 
be?

• How do we educate for interdisciplinarity to bridge the specialism silos?

• How effective is the management of innovation?

• What impact does national industrially focussed research funding 
have on driving and sustaining innovation?



Aerospace Industry example

Major configuration 
change: pulsed burn 
to continuous flow,
mechanical principles 
are different

Configuration change: 
significant change in geometric 
form, different mechanical 
principle for compression

Configuration change: some 
change in geometric form, 
introduction of the bypass
This is the modern form, not 
changed in ~50 years.

Early axial 
compressor 

engine



Aerospace Industry example

Here I would like to show you the development of the 
aircraft engine.  Initially, the engine was and internal 
combustion engine.

Frank Whittle’s revolutionary change was to replace the 
piston firing mechanism with a continuous flow of fuel, 
continuous burning of that fuel, and producing a jet of 
thrust.

This design requires a compressor to feed oxygen to the 
fuel.  So the next advance was to change the style of the 
compressor from being centripetal (look inside a fly-mow 
for a design concept like this), to an axial array of individual 
compressor blade stages.  (I’m afraid I don’t have an image 
to demonstrate that).  The advantage is that the engine can 
become long and thin (less drag), and higher compression 
ratios can be achieved.

The final figure on this page shows 
the RB211, and here the configuration 
change is to add a bypass.  In this 
configuration, the final stage of the 
turbine drives the fan at the front, 
and the major fraction of the air by-
passes the core of the engine and 
exits at the rear.  Most of the thrust is 
generated by this by-pass air.  This 
becomes a very efficient 
configuration for aircraft that fly at 
steady speeds and minor changes in 
direction (civil aircraft). 

As you can see, the level at which the 
revolution takes place changes at 
each step.  I would say that the 
principle is that revolutions tend from 
overall machine, down towards the 
detailed component.



Aerospace Industry example

• Configuration changes since:
• Counter-rotation of shafts

• Numbers of stages and blades

• Higher temperatures, and better 
materials

• Such changes are sub-system or 
component focussed, and achieved 
by “Enabling Technologies”:

• FEA, CFD, optimisation software

• Advances in materials and manufacturing

• Advances in testing technology

But are these changes 
REVOLUTIONARY or 

INCREMENTAL ?



Aerospace Industry example

Since the RB211, the configuration is visibly 
similar, but the changes are more hidden in 
the details.

Design Hierarchies?

System → Subsystem → Component → 
Element → Feature

Is this a normal and natural evolutionary 
progression?

Is the active change “site” an indicator of total 
product maturity?

Or is something else going on: are we becoming so 
familiar with the product, we can’t accept a more 
obvious change?

And who is “we” anyway?  Can those from the 
outside see better alternatives?

In actual terms, can technical benefits from 
advances at one hierarchical level be compared with 
those at another?

How important is the modern science input?

Or is it just a coincidence of timing?



Motivations for Change?

• Thomas Kuhn (1922-1996) Philosopher of Science
• The main message of Kuhn’s book is that scientific 

REVOLUTIONS come when current theories are generally 
accepted as being inadequate

• Prior to this, current theories are made to work with 
INCREMENTAL patches

• What he does not say explicitly:
• Had the REVOLUTIONS only been encouraged and allowed to surface when they 

were first thought of, then scientific development would have happened a lot 
quicker.

• Instead, vested interests insist on the value of the INCREMENTAL patches



Motivations for Change?

I want to say a little about Thomas Kuhn, but I am 
sure that Jonathan Powers will have more to say 
later.  I appreciate that I am compressing a book of 
some 200 pages into a single slide of text!

Kuhn says that science innovations (rather than 
engineering ones – which was really what I was 
speaking of in the previous slide) come about when 
it becomes clear that existing theories are 
hopelessly inadequate.

What he doesn’t say (or at least I haven’t spotted it 
yet) is that, until that point in time, the status quo 
suppresses the formation and uptake of the 
necessary revolutions. 

In other words, people who might like to 
work on such ideas can’t get a paid job doing 
it.

Even if they do come up with something 
worthwhile, it is resisted by the status quo, 
publication is inhibited by negative peer 
review, and funding for development work is 
not forthcoming.

Perhaps, to give Kuhn his due, this is what he 
intended to say, but felt inhibited about being 
open about it?



Motivations for Change?

• Events like war are well-known drivers of 
technology development

• Sir Frank Whittle’s engine: would that ever have had 
backing without the impetus of WWII?

• Would modern day computers have developed so 
rapidly had there not been the need to break the 
Enigma code?  Would Alan Turing have had the 
freedom and resources to do such work?

• Will the global climate impending disaster create 
the same conditions for support of innovation? 
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https://en.wikipedia.org/wiki/Frank_Whittle
https://en.wikipedia.org/wiki/Alan_Turing


Working for free?

• Many people work without payment 
for causes that they believe in

• A particularly interesting case: 
Software

• The Free Software Foundation

• Open Source principles

• The online community of coding 
expertise, sharing and helping each 
other

• Rapid growth of the Web, the principle 
of Open Access publishing, etc…

Aurelio A. Heckert, CC BY-SA 2.0

The GNU Project

“Free software means that the 
users have the freedom to run, 

edit, contribute to, and share the 
software. Thus, free software is a 

matter of liberty, not price. We 
have been defending the rights 

of all software users for the past 
35 years.”

https://www.fsf.org/
http://wiki.colivre.net/Aurium/
https://www.gnu.org/


Working for free?

In my research, particularly in my MSc and PhD 
research, I did a lot of coding.  So, I became 
something of a computer GEEK or NERD.  I 
discovered that this is a vast community of people 
who are earnestly working for the greater good and 
sharing their expertise with each other and reaching 
out to anyone who wants to learn.  There is also a 
personality style that comes with this.  Terms like 
Geek and Nerd are given as insults for a reason: the 
personality traits within this community are what 
old-fashioned management types would describe as 
“backroom boys”.  People you don’t put in front of 
customers. 

The principles and the outputs of the 
community have been revolutionary in their 
impact, but very little recognised beyond the 
community.

The availability of “free” software (like 
Android for example) is something we have 
all come to take for granted.  In that vein, we 
accept the same from the likes of Facebook.  
We lose sight of the meaning of “free”, and 
Social Media becomes weaponised against 
us, and against the Free Software (and 
freedom of speech) movements.

End of digression…



Completeness of Bacon’s Six Part Plan?

1. Current knowledge for learning: 
pedagogies.

2. Research: methods for creating 
new knowledge.

3. Libraries, Wikipedia, and other 
massive deposits of knowledge.

4. Interdisciplinarity and Enablers: a 
deeper dive into the process of 
research.

5. Low hanging fruit: the first outputs 
from research.

6. Systematic application of research 
outputs.

This is a plan for a set of books on 
the researcher actions in the 

innovation process.  Even if Bacon 
had lived longer, he would have 

struggled to “complete” this.

Evidence for 
Bacon’s full plan 
can be found in 
his other works.



Completeness of Bacon’s Six Part Plan?

The Great Instauration is more exactly a recipe for the 
performance of the Research / Development activity 
itself.  It addresses:
1. The Education needed
2. Outlines methods for a more productive 

approach
3. Expresses a need for the massive storage of 

knowledge (which implies a need for knowledge 
access methodologies)

4. And it remembers the need for enabling 
capability, and the re-linkage across discipline 
areas

5. Initial outputs: seen as a way to motivate 
continued work.

6. And Goals for complete application.

It does not address:
7. The need to Communicate to the 

Masses: Narrative & Language.  This is 
evidenced in New Atlantis and in 
Bacon’s choice of Latin.

8. The need for Political Will and Money.  
Bacon’s career decisions are evidence 
of his recognition for this need.

9. The importance of our humanity.  
Bacon clearly recognises this: there is 
a lot of evidence of his personal 
humanity in his political decisions and 
(attempted) influence, even at the 
expense of his own career 
progression.



Implied by Bacon’s Imperative, 
“For the Relief of Man’s Estate”

Our Planet 
and Our 
Future

Bacon’s 6 Part Plan 
(The Great Instauration) Look again at Pillars…

Bacon’s use 
of Latin

Languages & 
Communication

Bacon’s other Life Works:
Historical, Political, and Literary

Our many 
varied 

histories

Civilisation 
and 

Governance 
structures

Values: what 
Humanity 

means to each 
of us

Education & 
Knowledge 

(1 & 3)

Research 
(2 & 4)

Goals 
(5 & 6)



A closer look at the Governance Structures

• Money: 
• Of the order of 2% GDP invested in R&D
• Government decides the percentage: 

democratic influence

• Power & Influence:
• Government + Advisors determine the 

financial structure (UKRI, BEIS) 
• Decision-makers?  UKRI Board, Executive 

Committee, Council members 
• “funding decisions are made 

independently from government” 
• Haldane principle: expert peer review.

“Men of age object too much, 
consult too long, adventure too 

little, repent too soon, and seldom 
drive business home to the full 

period, but content themselves with 
a mediocrity of success.”

https://www.ukri.org/
https://www.gov.uk/government/organisations/department-for-business-energy-and-industrial-strategy


A closer look at the Governance Structures

• Money: 
• Bacon would be delighted by the amount 

of money made available

• Power & Influence:
• Less delighted by the elitist make up of 

the decision-maker structure of UKRI
• How equitably the Allocation is shared

• How well it reflects the rightful Goals

• And concerned about Peer Review 

decisions on funding:
• How Reviews reflect the Idols of the Mind

“Men of age object too much, 
consult too long, adventure too 

little, repent too soon, and seldom 
drive business home to the full 

period, but content themselves with 
a mediocrity of success.”



Life is not fair!

• To become a decision-maker, one must
• Be SUCCESSFUL and NOT ROCK THE BOAT

• To be SUCCESSFUL , one must

• Have been SUCCESSFUL at all previous stages of life, which in turn means

• Never to have faced a significant barrier to progression:

• Illness

• Personal progression handicaps

• A body clock demanding reproduction during early career 

• Insufficient financial means to take up the best opportunities

• Insufficient financial means to live well enough to compete

Be SUCCESSFUL!



Life is not fair!

• To become a decision-maker, one must
• Be SUCCESSFUL and NOT ROCK THE BOAT

• To NOT ROCK THE BOAT, one must not

• Argue with authority, and that is more easily done when one has

• No personal anger or resentment to carry, having 

• Never encountered any significant barriers to progression

• So, started life within the elite

• Never observed barriers to others

• So, to remain isolated within the elite

• Selective blindness to the world around oneself, or

• Sufficient selfishness to not care, or …

Do NOT ROCK

THE BOAT!



Life is not fair!

Note that my final bullets are probably not fair, but a 
consequence of what I refer to as “wage-slavery” –
in other words, people who need to keep their jobs 
are not able to criticise.  Of course, there are 
systems of support for whistle-blowers, but on the 
smaller points, people say nothing, because those 
are small hurts, and potential big losses to one’s 
career prospects.



NOT ROCKING THE BOAT: A form of Wage-Slavery?

“It doesn't make sense to hire 
smart people and tell them 

what to do; 
we hire smart people so they 

can tell us what to do.”

Steve Jobs



• Oxford, 
Cambridge, and 
London

• Large centres of 
Academic and 
Industrial R&D

• Expensive cities 
in which to work

• Yet attract most 
of the funding

The Golden Triangle



The Golden Triangle

Note that now I am point out that the consequence 
of funding research in expensive places is that more 
of the money spent goes into the local economy and 
less (in real terms) into the pocket of the researcher.  

This is in addition to the expense of the researcher 
to be separated from family support networks.  
There is a good reason why many people choose not 
to be mobile, and that is down to the responsibilities 
they carry, and their ability to live (unsupported) in a 
city that is financially and culturally alien to them.

Social Inclusion tactics of the Golden Triangle are 
doomed to fail, because the Golden Triangle is 
inherently anti-inclusional.



Similar Principles & 
Elite Influence
• 9 Catapults, with specialist centres across 

the UK, e.g. High Value Manufacturing…
• Rather obscure about details and what the 

money flow really is.
• Big business interests are evident in the 

locations chosen.
• Catapults: Critical Mass argument. Funding 

local initiatives is then cut.
• Removes competition
• Suppresses innovation
• Excludes researchers who won’t move
• Our 2% of GDP = Additional TAX to help 

dinosaur businesses destroy real research

1. AFRC, Paisley

2. AMRC, Sheffield

3. CPI, Middlesbrough

4. MTC, Coventry

5. NCC, Bristol

6. Nuclear AMRC, 
Sheffield

7. WMG, Coventry

“Men of age object too much, 
consult too long, adventure too 

little, repent too soon, and seldom 
drive business home to the full 

period, but content themselves with 
a mediocrity of success.”

https://hvm.catapult.org.uk/our-centres/advanced-forming-research-centre-afrc/
https://hvm.catapult.org.uk/our-centres/advanced-manufacturing-research-centre-amrc/
https://hvm.catapult.org.uk/our-centres/centre-for-process-innovation-cpi/
https://hvm.catapult.org.uk/our-centres/manufacturing-technology-centre-mtc/
https://hvm.catapult.org.uk/our-centres/national-composites-centre-ncc/
https://hvm.catapult.org.uk/our-centres/nuclear-amrc-namrc/
https://hvm.catapult.org.uk/our-centres/wmg-catapult-wmg/


Real Size and Consequences of the Problem

• Major human and planetary survival issues

• Decision-makers with questionable expertise

• A population, which, having been bombarded with 
so much misinformation, and to which so many 
examples of poor judgement have been shown, no 
longer wants to believe anything anyone says

• A science base that is still productive, but operating 
at a quarter of capacity because of the 
mismanagement and inefficiencies

• Imagination for Utopian Futures has been almost 
entirely supplanted by despair and fantasy

“They are ill discoverers 
that think there is no 

land, when they can see 
nothing but sea.”



Real Size and Consequences of the Problem

The Bacon quotation here is key… so let’s think more 
openly about discovery? “They are ill discoverers 

that think there is no 
land, when they can see 

nothing but sea.”



The View from the Crow’s Nest!

• We need a better goal, one that can unite people 
and make them feel more positive about the future

• The positive narrative will break the cycle of inaction

Image: CC3.0 Kjetil Bjørnsrud, 2007 (cropped)

“The case for optimism 
on the climate issue… 
…good news is on the 

way…  Things take 
longer to happen, but 
happen quicker than 
you think they could.” 

Al Gore, Frontiers, 
29/09/21

https://en.wikipedia.org/wiki/Al_Gore#/media/File:Al_gore_nobel.jpg


The View from the Crow’s Nest!

• We need a better goal, one that can unite people 
and make them feel more positive about the future

• The positive narrative will break the cycle of inaction

• We need a positive route for people to demonstrate 
controlled anger about bad decisions

• This will enable listening and initiate change

The big problem with 
organisations like 

Greenpeace, Climate 
Rebellion, or Insulate 
Britain, is that they 

hurt the very people 
they set out to help.



The View from the Crow’s Nest!

• We need a better goal, one that can unite people 
and make them feel more positive about the future

• The positive narrative will break the cycle of inaction

• We need a positive route for people to demonstrate 
controlled anger about bad decisions

• This will enable listening and initiate change

• We need a society free from wage-slavery
• Having an adequate living so that how one works and what 

one works on become a personal gift to the community or 
posterity

Ultimately, we 
need an alternative 

to money, to 
reward and respect 

individuals for 
what they choose 

to do.



The Failure of Imagination…

Necessarily, these statements are brief, missing 
things out, but are illustrative of aspects.



The Failure of Imagination…

• Bacon’s New Atlantis provides a prescient 
list of today’s capabilities.

• So, why do we struggle to provide a similar list 
for 2400?  

• Wrong Mindset?

• Are we trapped into INCREMENTAL thinking?

• Travel: leave aside Time and Interstellar …
• Travel will become less necessary when 

equivalent experience is possible close at hand

• Travel as a leisure activity will become more 
desirable, meaning human-powered travel

Anti-Hype
We confuse REVOLUTIONARY

breakthroughs with 
INCREMENTAL ones. 

Most “new technology”  
only requires modest

technology advances, but 
huge infrastructural ones.
But we need to change the 
current way of life in order 

to enable this. 
And the challenge is in 

translating radical mindset 
change to a REVOLUTIONARY

restructuring of society’s 
infrastructure.



The Failure of Imagination…

• Health: leave aside living forever…
• Nanotechnologies and nanomachines will cure 

diseases at the sub-cellular level

• Improved nutrition, nobody obese or hungry

• Replacement body parts will become possible 
with advanced manufacturing capabilities

• Ecology & Resources
• As above, but for ecological system repair, and 

for creating our living spaces

• Food, water, and waste processing: as above

• Power: Zero Point Energy sources

Survival
Much of this research has 

already started.  It is urgently 
and obviously needed, yet 

“anti-funded”.
Possibly “replacement” body 

parts might have 
REVOLUTIONARY functionality: 

wings, mind augmenting 
interfaces, sex fluidity?

Re-thinking our Planetary 
Ecosystem, and optimising it: 
REVOLUTIONARY application of 

technology.
Zero Point Energy would be 
the REVOLUTIONARY Physics 

contribution.



The Failure of Imagination…

• Mental health: 
• Physical and chemical causes addressed by  

nanotechnologies and nanomachines at the 
sub-cellular level

• Trauma based issues reduced by better 
communications and social structures, 
effectively eliminating violent crimes and child 
abuse

• Therapies that work with the physical brain as 
well as the interaction with a counsellor.

• Arts and Sciences
• These will continue drive us on to be human

Humanity
What is it to be human?  

To think and to love?
Yet we let so many 

people live in desperate 
need of support.  

Trauma leads to mental 
health issues.

A healthy mind requires 
the stimulation of 

rewarding endeavour: 
freedom to become 

REVOLUTIONARY.



Recap
• The Pathways of 

Scientific Methods 
Development are still 
developing,

• through increased 
interdisciplinarity, and

• by the advances made by 
innovative individuals.

• This could happen faster if 
the funding structure were 
more equitable.

• Our goals are excessively 
short-sighted.



Recap
• The Pathways of 

Scientific Methods 
Development are still 
developing,

• through increased 
interdisciplinarity, and

• by the advances made by 
innovative individuals.

• This could happen faster if 
the funding structure were 
more equitable.

• Our goals are excessively 
short-sighted.

“It is incredible, that the wealth of 
technology we currently have, is used in 
such a negative way, that it is ruining so 

many people’s mental health.
The gift spirit of the Free Software 

Movement has been weaponised against 
itself by advertising algorithms.

People now feel so disenfranchised that 
they hurt each other, because they are 

unable to take concerted action.
This is the first step we have to take: to 

re-take control of the narrative of hope.”



Hugh Deighton 
Fellow of the Institute of Physics, 
Chair of the History of Physics Group
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Hugh Deighton Panellist Notes – Session 8 – Tuesday 26 October 2021
An example of how big science projects work – collaboration across international boundaries

• Weather forecasting and climate science – the Meteosat and EUMETSAT Polar Systems

• How such a project gets started – where the science fits in

• The international cooperation needed for such large and expensive projects – how do 

governments trust the science (and each other)

• Infrastructure and funding

• Design, implementation, testing and putting to work

• Collaboration across continents

• Interpreting the results

• Validating the science.



What meteorological  satellites do
How did it all start?

Image  from Meteosat 9, July 2006                                California Forest Fires October 2007 from METOP-A

No. 49



Meteorology satellite systems – International funding 

50

Meteosat Second
Generation

Meteosat First
Generation



World Meteorology Satellite Network –
International Cooperation

EUMETSAT 
Programmes:

MTP (MFG)
(1977-2013) = 
Meteosat 1-7

MSG
(2001-2019) =
Meteosat 8-11

EPS
(2007 – 2020) =
Metop 1-3

MTG
(2015 – 2028) =
Meteosat 12 – 17

EPS SG
(2017-2035) = 
Metop 4-6

No. 51



MSG Processing Example – Atmospheric Motion Vectors –
How the science is validated

Wind vectors are extracted from images of the various Meteosat spectral bands 

No. 52



Meteosat Third Generation System – a demonstration 
of confidence in the science

No. 53



From: IPCC (Intergovernmental Panel on Climate Change) Report 2021

Forthcoming events on Climate Change and Net Zero:
• Conference of the Parties 26th event (COP26): Glasgow, 31 Oct – 12 Nov: https://ukcop26.org/
• IOP Physics in the Spotlight event on “Green Economy”: 22 – 25 November: http://spotlight2021.iopconfs.org/home

https://ukcop26.org/
http://spotlight2021.iopconfs.org/home


Vincent Smith 
Honorary Senior Research 
Fellow, School of Physics, 
University of Bristol, UK.
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“For the Relief of our Planet”

Seminar 8: Pathways of Scientific 
Methods Development

How do large collaborations in 
elementary particle physics work?



• Why are particle physics collaborations so large?

• How are the collaborations formed?

• How are they governed?
(Or, how are decisions made within the collaboration?)

• How are publications produced
(Why so many authors?)

• Where does the money come from?



(

(Part of) The Compact Muon Solenoid 
Collaboration



Why are particle physics collaborations so large?

When I did my PhD in the 1960’s, we were 
a collaboration of 7 people: 4 academic 
physicists and 3 students, from 1 university 
in the South of England. Today I am a small 
part of the CMS collaboration at CERN of 
over 4000 particle physicists, engineers, 
computer scientists, technicians and 
students from around 200 institutes and 
universities, from more than 50 countries. 
My first experiment ran for a few months 
and produced 3 theses and 2 published 
papers; the present ‘experiment’ has been 
running for 16 years and currently 
produces over 100 papers each year!



Why are particle physics collaborations so large?

A bit of terminology: most people would 
expect an ‘experiment’ to be something 
you set up on a Monday, take the data on 
Tuesday, analyse on Wednesday, write it up 
on Thursday and send for publication on 
Friday. But our experiments take years 
(actually decades) for the collaborating 
groups to plan, design and build the 
component parts, then install and calibrate 
the full detector. Then any new results will 
come slowly, and it make take a few more 
years to have sufficient statistical evidence 
to be suitable for publication. So ‘detector’, 
‘experiment’ and even ‘collaboration’ are 
virtually synonymous.

So the size of the collaboration has to be big enough 
to do all this without taking longer than the lifetimes 
of the participants.

Of course, another reason is financial: the member 
countries of a laboratory like CERN could not each 
afford the cost of their own facility, so they club 
together in an international facility. The total cost of 
an experiment, divided by the number of 
participants, has to be within the bounds of what 
the funding agencies will support. Although the 
overall cost is large, we benefit from economies of 
scale. If we didn’t join together in large 
collaborations, each researcher working in their 
home institution (presumably not on a particle 
physics investigation) would need their own support, 
and the cost could work out much greater.



How are the collaborations formed?

When a new accelerator or collider facility 
is proposed, it is often motivated by a 
theoretical question. (Conversely, 
theoretical questions are best proposed 
when there is a realistic chance of testing 
them in the near future: there are no 
posthumous Nobel prizes!) Experimental 
groups, with their own expertise, decide 
whether they could contribute to a 
detector able to test the question or 
questions, and reach out to others with 
complementary expertise (often at 
conferences) to find a match. The nascent 
collaboration will prepare a ‘proposal’ for 
the detector they aim to build.

Each facility has a committee to judge the proposals, 
since they will need to decide who gets time on the 
facility to deploy their detector. The proposals are 
presented in public, then the committee deliberates in 
private. Sometimes there will be competing proposals 
with similar overall designs, and the committee will 
recommend marriages, or prefer one design over the 
other, in which case the members of the disappointed 
collaboration can usually apply to join the favoured one. 
So there is a natural growth of the collaboration until it 
has sufficient competence to make a proposal which will 
be accepted by the committee. Then the real work 
begins: the collaboration has to demonstrate in a detailed 
document, a ‘Technical Design’, that each part of the 
detector is capable of delivering its promised 
performance.



How is the collaboration governed? 
(Or: how are decisions made within the collaboration?)

The system is very democratic. Although each 
experiment will elect a ‘spokesperson’, he or she is 
mainly responsible for representing the 
collaboration externally, as the name suggests, while 
internal decisions are made by a host of 
committees, with membership both from the 
individual institutions and by collaboration-wide 
elections. You might think this would lead to a host 
of delays and obfuscations, but actually it works! Of 
course, there is a management team, including the 
spokesperson, who make recommendations to the 
collaboration board, but anyone can raise a 
suggestion to the whole collaboration.



How are publications produced? Why so many authors?

Everyone in the author list has contributed in 
some way to the result being presented: 
right from the design, construction, 
installation, commissioning and calibration of 
the detector elements, to the oversight of 
the running of the experiment, to the 
painstaking development of the analysis to 
draw out the particular result under 
discussion. It is impossible to compare these 
contributions to each other, so the solution 
usually adopted is to list the authors 
alphabetically by country, then by institution, 
then by name. 

Some collaborations do choose to list the 
person or persons who developed the 
particular analysis chosen for publication as 
first author, but this will usually be a 
graduate student who did it with the 
guidance and encouragement of their 
supervisor, in collaboration with an ‘analysis 
group’ and with rigorous examination by the 
rest of the collaboration. Indeed, it is usually 
true that the paper receives more close 
reading within the collaboration, than the 
readers of the final publication.





Where does the money come from?

The short answer is, of course: You the taxpayer. 
Every citizen (man, woman and child) in Western 
Europe, pays on average approx. £2 per annum to 
the CERN budget.  That’s a total of £800 million 
pounds. 

So why do the 23 member state governments do 
this? I am sure it is not because they want to know 
the mass of the Higgs boson, or the strength of its 
couplings to other particles, to a few more decimal 
places…

CERN makes it clear that it has four components to 
its mission. (1) The motivation for the researchers is 
obviously the challenge to discover more about the 
building blocks of the Universe and the forces 
between them. This is the Thirst for Knowledge. 
Many, but by no means all, members of the public 
who read about particle physics discoveries are also 
keen to know more. 

A little light-hearted digression: when I was very 
young, and first heard the expression ‘Categorical 
Imperative’, I assumed this means mankind’s 
urge to categorise (ie classify) the objects and 
observations from the world around us. We 
certainly do this to a fine degree in particle 
physics! 

Oh, and another: when my sister was an 
undergraduate at Birmingham University, 
studying English, my wife and I visited her in her 
student house which she shared with three other 
English students. One of them was studying for a 
PhD in English, so I asked her what her proposed 
thesis title was. It turned out to be: ‘Punctuation 
in Chaucer’! Ever since, I have had no qualms 
about the usefulness of my own research.



27 km of magnets, 100 m underground,
operating at -271 oC



Advancing technology

In order to carry out our research, we 
constantly have to use technology at, or 
beyond, existing limits. CERN is working at the 
limits: we use the highest energies, the highest 
magnetic fields, the lowest temperatures, the 
most extreme vacuum; we deal with enormous 
quantities of data, in very large collaborations.

Most of the time, the technology we need has 
not yet been developed: we must do our own 
technological research and development 
(either at CERN itself, or in the participating 
universities, research institutes, and industrial 
companies which supply CERN.) These 
developments have applications well outside 
particle physics. 

The list is long, but it includes some famous 
examples: the World Wide Web was developed 
at CERN so that the 12,000 scientists and 
engineers worldwide who contribute to CERN’s 
research can share their ideas, results, designs 
and reports without travelling to Geneva. CERN 
also developed the touch-screen in the 1980s to 
make controlling accelerators easier: you 
probably have a touch-screen on your mobile 
phone today. If you go for an X-ray these days, 
the technology developed for particle detectors 
has replaced the photographic plate. The 
present widespread use of video-conferencing 
during the Covid pandemic has been 
foreshadowed over many years by CERN’s many 
far-flung research teams, and many of the 
features in the commercial versions available 
today were influenced by CERN users.



Advancing technology

Developments in producing high magnetic fields 
at CERN and other particle physics labs have had 
widespread applications (super-conducting 
magnets for MRI scans, for example.) If it’s a PET 
scan, this uses gamma-ray detectors developed 
for particle physics experiments. Particle 
accelerators themselves have important uses in 
medical diagnosis and therapy, and are usually 
designed with input from people with particle 
physics training. 

Charged particles from accelerators deposit 
their energy towards the end of their range in 
materials, unlike gamma rays, so cancer 
treatment with protons or carbon nuclei can 
kill cancer cells deep in the body without 
serious damage to overlying tissues. Ultra-high 
vacuum has many applications in other areas 
of science and technology, for example in the 
production of semiconductor chips for your 
mobile phone. 



Advancing technology

CERN, and other particle physics 
laboratories, train young people in 
the use of these advanced 
techniques, whether as PhD students, 
postdocs, or apprentices. Many of 
these highly-trained people will find 
careers outside particle physics, but 
their training will be extremely useful 
to them, to their future employers, 
and to society. CERN also trains 
undergraduate summer students, and 
runs courses in particle physics for 
teachers, so that they can take their 
knowledge and enthusiasm back to 
the classroom. 

Finally, CERN is a splendid example of international co-
operation. CERN was established in 1954, less than ten 
years after many member states had been at war. Today, 
users come from over 100 countries, some of which are 
not best friends at the political level. Nevertheless, the 
young people from these countries are happy to work 
together, dedicated to the project. 

So, to summarize, CERN’s activities are Fundamental 
research, Technological development, Training and 
International co-operation. I suspect it is these spin-offs 
which make particle physics an attractive bargain for the 
government. 

People might say that the money could be put to better 
use: fighting social problems, mitigating global warming, 
or curing cancer. This could be said of many other areas 
of government spending: Trident, HS2, etc. One could 
also argue the skills and tenacity of particle physicists 
could be put to better use on these other projects. Yes, 
but how do we direct them in a democracy? It can’t be 
by salary, since academic research is already far from 
competitive. 



Basic Research  (We seek answers to fundamental questions about the 

constituents of matter, the origin of the universe, etc.)

Advanced technology  (Pushing forward the frontiers of technology and 

engineering.)

Training (Education and experience for the young scientists and engineers who 

will be the experts of tomorrow.)

International cooperation Unites about 12 000 physicists from all over the 

world.)



Jonathan Powers 
Emeritus Professor, University of 
Derby, formerly Senior Pro Vice-
Chancellor. 
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The Search for the
SCIENTIFIC METHOD

since
FRANCIS BACON’S
NOVUM ORGANUM





Is there ‘a Method’ at all ?

• μὴ εἶναι βασιλικὴν ἀτραπὸν ἐπί γεωμετρίαν. Non est regia ad Geometriam via. Euclid (323- 283 BCE), Elements (1557)

• “There is no short cut to Geometry.”

• Quippe mihi non multo minus admiranda videntur, quibus homines in cogitionem rerum coelestium deveniunt; quam ipsa Natura 
rerum coelestium.
Johannes Kepler, Astronomia Nova, Prague (1609), Cap. XLV (sum)

• Indeed it seems to me that the means by which men arrive at an understanding 
of celestial things, is no less wonderful than the nature of those celestial things 
themselves.



STRONG PROGRAMME IN THE 
SOCIOLOGY OF KNOWLEDGE

• CAUSAL
• Establish the conditions which brought about the beliefs

• IMPARTIAL
• Do not intrude judgements about who is right and who is wrong

• SYMMETRICAL
• Explain TRUE and FALSE beliefs in the same way

• REFLEXIVE
• Apply the same kind of explanation to the Sociological Theory itself

• N.B. None of this will tell you whether you should believe something.



Why ‘TRUTH’ can’t be cited as a cause
• That something is believed to be true is a cause of its being believed, 

but that it is believed to be true does not mean that it is true.

• The acceptance of something as ‘a Truth’ is a social accomplishment, 
achieved after it is believed.

• Things accepted as ‘truths’ at one time may be displaced by the 
acceptance of ‘new truths’ at later times. 

• Explaining why a belief is held at a certain time, does not tell you 
whether that belief is actually true or actually false.

• To say something is true is to express your judgement about it.

• You can withhold judgement about the truth or falsity of a belief, but 
you cannot avoid making such a judgement about a proposed 
explanation of why that belief was held.

• You still have a responsibility to decide which beliefs you should accept



HEURISTICS AND JUSTIFICATION

• Are there Methods which will enable you make discoveries ?

• Or is the ‘rule’ just - “anything goes”?

• How do you justify accepting a Theory, even just as a working 
hypothesis ?

• When teaching the subject you focus on the Context of Justification

• This may require rewriting the actual history to explain what the story 
ought to have been in order to justify acceptance

• The Philosophy of Science focuses on explanatory clarity and the 
context of justification

• It is complementary to the Sociology of Science

• But both seek to embrace the other’s subject matter



Multi pertransibunt et augebitur scientia



BACON’S INDUCTIVE METHOD

Purpose is to arrive at a sound Working 
Hypothesis to guide future work on the 
basis of all the available evidence

Does it matter that no-one seems to
followed this through in detail ?

If they had would their conclusions have 
been justified ?



BACON’S METHOD
involves
Enumeration,
Elimination,
and
Variation.

N.B. ‘Variation’ implies
quantitative descriptions



JOHN STUART MILL  
A SYSTEM OF LOGIC  (1843)



NAÏVE REALISM ?

What is out there impresses itself
on the mind directly



INDUCTIVISM

O – Observational Input

ALL – Inductive Generalisation

K – Interpretation in the Mind

M – Stored in Memory ready
to influence perception and
interpretation

Problem with Conceptual
Revolutions



All observed A’s have been B’s Next A will be B

ALL A’s are B’s

Universal Law

Observations Prediction
Inductive Prediction

Inductive inferences are ampliative: 
their conclusions ‘go beyond’ the evidence
and so cannot be justified by deductive logic



SCEPTICISM
Sensory inputs are unclear

Interpretation of experience is 
uncertain

Generalizations go beyond the 
evidence

Thus inductive inferences cannot 
be justified by deductive logic

Nor can they be justified by past 
success since that would be circular

No reason to suppose the future
will resemble the past



THEORY T: All A’s are B’s

Observation: There is a B which is not-A

CONCLUSION:  Theory T is FALSE

ASYMMETRY BETWEEN VERIFICATION AND FALSIFICATION



POPPERIAN FALLIBILISM Falsifiability as criterion of demarcation between
Science & Metaphysics

Ideas generated by
Imagination

Conjectures put to
the Test by action

Refutations are decisive &
require new Conjectures

Accumulation of refutations
stored in memory

All knowledge is tentative



THEORY T: All A’s are B’s
Auxiliary Hypotheses

1.  X indicates A
2.  Y indicates B

Observation: There is a Y which is not X

CONCLUSION:  At least one of Theory T, and Auxiliary 
Hypotheses 1 and 2 must be FALSE



KUHNIAN PARADIGMS

Division of Labour requires
agreement on Fundamentals

Activity modelled on Exemplars
of successful practice

Normal Science is puzzle solving

Puzzles are handled in the same
way with agreement about what
answers will look like 

When practitioners cannot make
progress a Revolutionary Crisis ensues,
until a New Paradigm is established by 
“young under-socialized deviant”

Only meaningful to speak of progress
within a paradigmatic framework



FEYERABENDIAN ANARCHISM

To avoid the temptations of
Dogmatism, it is very important
to invent alternative theories 
when the current one is being
successful

Scientific theories are radically 
incommensurable with one another
so there is no accumulation



LAKATOSIAN RESEARCH PROGRAMMES

Importance of Tenacity Progressive and Degenerative Problemshifts



ILLUSTRATIVE HEURISTIC ARGUMENTS
IN PHYSICS

DO THEY COMPEL ASSENT ?

IS THE KNOWLEDGE THEY GIVE CUMULATIVE ?



AIR RESISTANCE SLOWS SWINGS OF LIGHTER OBJECTS

BUT AT EVERY POINT LIGHTER OBJECT BEGINS TO SWING
IN THE SAME WAY AS A HEAVIER OBJECT

THEREFORE ALL THINGS WILL FALL TOGETHER IN A VACUUM

INDUCTIVE INFERENCE TO AN UNOBSERVED STATE

GALILEO



CONSTANT HEIGHT OF SWING OF PENDULUM BOB

THEREFORE AN OBJECT MOVING HORIZONTALLY WILL CONTINUE WITH CONSTANT SPEED INDEFINITELY

INDUCTIVE INFERENCE TO AN UNOBSERVED STATE

GALILEO



R1. No more causes of natural things are to be admitted than are

both true and sufficient to explain the phenomena;

R2. Therefore, so far as is possible, the same causes should be

assigned to natural effects of the same kind;

R3. The properties which persist in all bodies within the range

of our experiments are to be held as truly universal

properties.

R4. In experimental philosophy, propositions inferred by general

induction from the phaenomena are to be treated as true, or

nearly true, unless and until further phaenomena require

them to be modified.

NEWTON’S RULES OF REASONING IN PHILOSOPHY



QUANTITATIVE
DESCRIPTION

OF PHENOMENA



DEMONSTRATIVE
INDUCTION



INDUCTIVE
GENERALISATION



CONSERVATIVE
INDUCTION



REFINEMENTS OF
MEASUREMENT

ISAAC

NEWTON





HENRY

CAVENDISH

ELECTROSTATIC

EXPERIMENT

1773



DEMONSTRATIVE

INDUCTION

The absence of any

Electric Field within

a closed conductor no 

matter how it is charged

implies Electrostatic

Forces obey an

Inverse Square Law



HANS ØERSTED’S SHOCK 1820

Violation of Symmetry Principle



THE FIVE FORMS OF

AXIAL SYMMETRY

The Effect cannot show 

less symmetry than

the Cause



DEMONSTRATIVE INDUCTION

The intrinsic symmetry of a Magnet is akin to that of a 

Rotating Cylinder

BEFORE AFTER



Einstein’s 1905 analysis 

of Wien’s Law with the aid 

of Boltzmann’s statistical 

interpretation of Entropy

implies Light consists of

Photons

DEMONSTRATIVE
INDUCTION

But this won’t explain the 

entire shape of the Black 

Body Radiation Spectrum



CONSERVATIVE 

INDUCTION

The conclusion that Light 

consists of Photons will 

explain the shape of the 

complete spectrum if they 

are Bosons, i.e. if they obey 

Bose-Einstein Statistics for 

identical particles







WHY IS THIS IMPORTANT ?

• The rational reconstruction of the development of a scientific idea provides 
us with reasons to accept it

• Important conclusions can be deduced by interrogating quantitative evidence 
with the aid of general theoretical principles

• Such justifications are not undermined by the vagaries of biographical history

• The fact that there has been radical conceptual change in the course of 
successive ‘scientific revolutions’ does not mean that scientific knowledge is 
not cumulative

• Later theories are able to explain why earlier ones appeared to be successful

• There is no justification for boundless scepticism

• That our knowledge is genuine is shown in our ability to do things

• Scientia et Potentia humana in idem coincident … quod in Contemplatione
instar causae est; id in Operatione instar Regulae est.
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Join us next week for


