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What	
  we	
  need	
  to	
  understand	
  

•  The	
  difference	
  between	
  science	
  and	
  
technology;	
  between	
  crea%vity	
  and	
  innova%on	
  

•  The	
  drivers	
  of	
  innova%on	
  
•  The	
  barriers	
  to	
  innova%on	
  
•  Why	
  innova%on	
  is	
  essen%ally	
  a	
  human	
  ac%vity	
  
•  How	
  innova%on	
  is	
  a	
  cumula%ve	
  process	
  
•  The	
  unpredictability	
  of	
  the	
  innova%on	
  process	
  



•  A	
  metric	
  for	
  innova%on:	
  Are	
  patents	
  a	
  good	
  
measure?	
  

•  Can	
  they	
  be	
  applied	
  to	
  all	
  types	
  of	
  innova%on?	
  

•  Does	
  new	
  science	
  always	
  lead	
  to	
  new	
  
technology?	
  

•  What	
  does	
  it	
  take	
  for	
  new	
  science	
  to	
  be	
  
turned	
  into	
  new	
  technology?	
  

Asking	
  the	
  right	
  ques%ons	
  



•  Are	
  there	
  any	
  new	
  technologies	
  which	
  are	
  not	
  
new	
  science?	
  

•  And	
  vice-­‐versa?	
  	
  
•  Is	
  the	
  gap	
  between	
  new	
  science	
  and	
  new	
  
technology	
  significant?	
  	
  

•  Are	
  we	
  more	
  innova%ve	
  alone	
  or	
  in	
  a	
  group?	
  
•  Do	
  economic	
  factors	
  play	
  a	
  role	
  in	
  the	
  
development	
  of	
  new	
  technology?	
  What	
  about	
  
new	
  science?	
  	
  



•  Did	
  innova%on	
  really	
  stall	
  during	
  some	
  periods	
  
in	
  history?	
  (The	
  Dark	
  Ages?)	
  

•  Do	
  new	
  mathema%cal	
  and	
  scien%fic	
  models	
  
cons%tute	
  innova%on?	
  

•  Number	
  of	
  patents	
  vs	
  Number	
  of	
  scien%fic	
  
publica%ons.	
  

–  Does	
  this	
  tell	
  us	
  anything?	
  
•  Is	
  there	
  a	
  link	
  between	
  the	
  scale	
  of	
  social	
  
structures	
  and	
  the	
  scale	
  of	
  innova%on?	
  



•  Are	
  we	
  reaching	
  the	
  limit	
  of	
  
•  Human	
  crea%vity	
  (the	
  brain)?	
  
•  Economic	
  means?	
  
•  Energy	
  sources?	
  
•  The	
  ‘exploitable	
  gap’	
  between	
  human	
  

requirements	
  and	
  technological	
  solu%ons	
  ?	
  	
  
(Do	
  we	
  really	
  need	
  all	
  these	
  gadgets?)	
  
•  Is	
  there	
  really	
  a	
  limit?	
  



Abraham	
  Maslow’s	
  ‘hierarchy	
  of	
  needs’.	
  
Which	
  part	
  of	
  this	
  can	
  technology	
  sa%sfy?	
  



Scien%fic	
  vs	
  Technological	
  innova%on	
  

•  As	
  the	
  domain	
  of	
  validity	
  of	
  a	
  theory	
  becomes	
  
larger,	
  the	
  theory	
  becomes	
  more	
  difficult	
  to	
  
falsify.	
  

•  i.e.	
  It	
  becomes	
  more	
  difficult	
  to	
  formulate	
  
meaningful	
  new	
  theories.	
  

•  Is	
  innova%on	
  necessarily	
  a	
  breakthrough?	
  
(Scien%fic	
  revolu%ons	
  vs	
  The	
  daily	
  grind)	
  



THE	
  TOOLS	
  OF	
  PHYSICS	
  (and	
  all	
  other	
  sciences)	
  

REDUCTION	
  	
  to	
  component	
  parts	
  (break	
  the	
  system	
  down	
  into	
  simpler	
  systems)	
  

ABSTRACTION/APPROXIMATION:	
  use	
  ideal	
  components	
  (study	
  the	
  ideal	
  case	
  
first)	
  

	
   	
   	
   	
   	
  	
  
UNIFICATION:	
  one	
  rule	
  has	
  	
  many	
  applicaMons	
  (so	
  our	
  predicMons	
  are	
  valid	
  FOR	
  
ALL	
  SUCH	
  SYSTEMS)	
  

METHOD:	
  	
  examine	
  facts	
  and	
  formulate	
  rules	
  

EXPERIMENTS	
  

GATHER	
  INFORMATION	
  ABOUT	
  THE	
  OBSERVABLE	
  SYSTEM	
  

THEORIES	
  

CLASSIFY	
  THE	
  FACTS	
  AND	
  PROVIDE	
  RULES	
  THAT	
  NATURE	
  APPEARS	
  TO	
  FOLLOW	
  



Observa%on	
  

Theory	
   Hypothesis	
  
(predic%on))	
  

Crea%vity,	
  
innova%on	
  

Experiment	
  

Logic,	
  deduc%on	
  



Natural	
  science	
  at	
  different	
  SCALES	
  

Only	
  the	
  simplest	
  systems	
  can	
  be	
  studied	
  at	
  such	
  a	
  basic	
  level.	
  	
  Different	
  scienMfic	
  
disciplines	
  are	
  all	
  about	
  systems	
  on	
  DIFFERENT	
  SCALES.	
  

Physics:	
  Smallest	
  and	
  largest	
  scales	
  	
  (quantum	
  and	
  atomic	
  level;	
  size	
  of	
  the	
  known	
  
universe)	
  

Chemistry,	
  biology,	
  other	
  sciences:	
  Everything	
  in	
  between	
  (large	
  number	
  of	
  molecules	
  
–	
  chemistry;	
  large	
  number	
  of	
  chemical	
  processes	
  –	
  biology…)	
  







Nobel	
  Prizes	
  then	
  and	
  now	
  





Science	
  

Technology	
   Society)	
  

Combina%on	
  of	
  
physical	
  
processes	
  

The	
  market	
  
drives	
  new	
  
research	
  

New	
  machines	
  
are	
  needed	
  

The	
  second	
  trinity	
  



Innova%on:	
  from	
  the	
  medieval	
  gonne	
  to	
  a	
  modern	
  assault	
  rifle	
  

How	
  much	
  of	
  this	
  is	
  new	
  science?	
  



Observation 

Theory 
Hypothesis 
(prediction)) 

Crea%vity,	
  
innova%on	
  

Experiment	
  

Logic,	
  deduc%on	
  

`Popper’s	
  perfect	
  trinity’	
  



In	
  reality	
  

Wrong Observation 

More or less 
valid theory 

Right 
hypothesis  

Innova%on	
   Imprecise	
  
experiment	
  

Correct	
  logic	
  



Case	
  study:	
  Do	
  planets	
  in	
  the	
  Solar	
  
System	
  orbit	
  the	
  Sun?	
  

•  Aristarchos	
  of	
  Samos:	
  310	
  BC	
  –	
  230	
  BC	
  
•  First	
  heliocentric	
  model	
  
•  Arrived	
  at	
  the	
  right	
  conclusion	
  using	
  the	
  
wrong	
  data	
  



i.e.	
  distance	
  between	
  the	
  Sun	
  and	
  the	
  Earth	
  is	
  between	
  18	
  and	
  20	
  %mes	
  	
  
the	
  distance	
  from	
  the	
  Earth	
  to	
  the	
  Moon	
  

Aristarchos:	
  3º 

Actual	
  angle:	
  0.53º 





•  Meanwhile:	
  
–  	
  inven%on	
  of	
  the	
  telescope	
  (new	
  technology	
  using	
  
new	
  science)	
  

– Trigonometry	
  (new	
  logic)	
  
– Coordinate	
  geometry	
  (new	
  logic)	
  

Case	
  Study	
  2:	
  Same	
  calcula%on,	
  	
  
18	
  centuries	
  years	
  later	
  



Johannes	
  Kepler	
  (1571-­‐1630)	
  

Platonic	
  solids	
  	
  as	
  
model	
  for	
  the	
  
Solar	
  System	
  (the	
  
“Universe”)	
  



•  Planetary	
  orbits	
  are	
  ellipses	
  
•  Third	
  law	
  of	
  planetary	
  mo%on:	
  

– The	
  square	
  of	
  the	
  orbital	
  period	
  of	
  a	
  planet	
  is	
  
directly	
  propor%onal	
  to	
  the	
  semi-­‐major	
  axis	
  of	
  the	
  
orbit.	
  



Tycho	
  Brahe	
  (1546-­‐1601)	
  



Tycho	
  Brahe’s	
  geoheliocentric	
  model	
  



Solar	
  
parallax	
  

Earth	
  
radii	
  

Aristarchus	
  (3rd	
  cent.	
  BCE)	
   40″₺	
   380-­‐1,520	
  
10,000	
  

Hipparchus	
  (2nd	
  cent.	
  BCE)	
   7ʹ′ 	
   490	
  

Ptolemy	
  (2nd	
  cent.)	
   2ʹ′ 50″₺	
   1,210	
  

Godefroy	
  Wendelin	
  (1635)	
   15″₺	
   14,000	
  

Jeremiah	
  Horrocks	
  (1639)	
   15″₺	
   14,000	
  

Chris%aan	
  Huygens	
  (1659)	
   8.6″₺	
   24,000	
  

Cassini	
  &	
  Richer	
  (1672)	
   9½″₺	
   21,700	
  

Jérôme	
  Lalande	
  (1771)	
   8.6″₺	
   24,000	
  

Simon	
  Newcomb	
  (1895)	
   8.80″₺	
   23,440	
  

Arthur	
  Hinks	
  (1909)	
   8.807″₺	
   23,420	
  

H.	
  Spencer	
  Jones	
  (1941)	
   8.790″₺	
   23,466	
  

modern	
   8.794143″₺	
   23,455	
  



•  Other	
  examples	
  of	
  wrong	
  data/logic/theory	
  
leading	
  to	
  right	
  conclusions:	
  
– The	
  cosmological	
  constant	
  (Einstein)	
  



The	
  Toaster	
  Project	
  

•  www.thetoasterproject.org	
  
•  Is	
  it	
  possible	
  for	
  us	
  to	
  make	
  the	
  things	
  that	
  
surround	
  us?	
  

•  Jules	
  Verne,	
  The	
  Mysterious	
  Island	
  



Limits	
  to	
  innova%on	
  

Physical	
  (method)	
  
Economic	
  (means)	
  
Social	
  (needs,	
  capabili%es)	
  
Seman%c	
  (thought	
  process)	
  







Kurzweil’s	
  Law	
  

Will	
  innova%on	
  be	
  
limited	
  to	
  
compu%ng	
  power?	
  



Energy	
  use	
  
•  White’s	
  Law	
  (Leslie	
  White,	
  1943):	
  other	
  factors	
  
remaining	
  constant,	
  culture	
  evolves	
  as	
  the	
  
amount	
  of	
  energy	
  harnessed	
  per	
  capita	
  per	
  year	
  
is	
  increased,	
  or	
  as	
  the	
  efficiency	
  of	
  the	
  
instrumental	
  means	
  of	
  puxng	
  the	
  energy	
  to	
  
work	
  is	
  increased.	
  

•  Kardashev	
  scale	
  (Nikolai	
  Kardashev):	
  The	
  amount	
  
of	
  usable	
  energy	
  that	
  a	
  civilisa%on	
  has	
  at	
  its	
  
disposal	
  (Type	
  I	
  -­‐	
  earth,	
  Type	
  II	
  -­‐	
  star,	
  Type	
  III	
  -­‐	
  
galaxy)	
  























Economics	
  and	
  innova%on	
  

l 	
  What	
  do	
  we	
  need?	
  (personal	
  and	
  social	
  needs)	
  

l  	
   How	
   do	
   we	
   achieve	
   it?	
   (physical	
   and	
   technological	
  
means)	
  

l 	
  How	
  do	
  we	
  pay	
  for	
  it?	
  (economic	
  means)	
  

l 	
  Needs	
  and	
  means	
  are	
  closely	
  linked	
  to	
  the	
  size	
  of	
  social	
  
structures.	
  

l 	
  Are	
  we	
  running	
  out	
  of	
  money?	
  



Money	
  for	
  science	
  
l  Is	
  it	
  	
  possible	
  to	
  do	
  science	
  on	
  a	
  budget?	
  

l  Most	
  everyday	
  phenomena	
  occur	
  at	
  low	
  energies	
  and	
  
human-­‐sized	
  scales.	
  To	
  observe	
  new	
  phenomena,	
  we	
  need	
  to	
  
go	
  to	
  high	
  or	
  very	
  low	
  energies	
  and	
  very	
  small	
  or	
  very	
  large	
  
scales.	
  	
  

l  We	
  need	
  new	
  instruments.	
  Which	
  require	
  appropriate	
  
economic	
  means.	
  

l  BUT	
  science	
  is	
  s%ll	
  cheap	
  compared	
  to	
  other	
  human	
  ac%vi%es	
  
(academics	
  do	
  not	
  seek	
  profit	
  -­‐	
  yet)	
  



Science	
  

Technology	
   Society)	
  

Combina%on	
  of	
  
physical	
  
processes	
  

Society	
  
provides	
  the	
  
means	
  for	
  new	
  
research	
  

Society	
  defines	
  
the	
  NEEDS	
  and	
  
provides	
  the	
  
MEANS	
  



The	
  economics	
  of	
  technological	
  innova%on	
  

l  What does it take to make a toaster? 

l   Can we still make the things around us 
ourselves? (industrialisation) 

l  When did the change occur? 

l   Does the reliance on an ever-larger system of 
existing technologies act as a brake on 
innovation? 





Can	
  we	
  establish	
  a	
  hierarchy	
  of	
  challenges	
  to	
  innovaMon?	
  

InnovaMon	
  =	
  wealth.	
  	
  
Is	
  this	
  a	
  modern	
  viewpoint	
  or	
  has	
  been	
  there	
  all	
  along?	
  



The	
  deep	
  future	
  

The	
  four	
  kinds	
  of	
  futurists:	
  

l  Consensus 
 Who is breaking new ground? What do they have 
in common? 
l  Extrapolation 
 What will the picture be in the near future? 
l  Historical analogy 
You can become the change you want to be. 

l  Generating paths to futurity 
 Imagining the unimaginable. 



Predic%ons	
  of	
  the	
  future	
  





ForecasMng	
  future	
  science	
  and	
  technology	
  trends	
  

1890	
  



1900	
  



1922	
  predic%ng	
  1972	
  



1950s	
  



1970s	
  predic%on	
  



1980s	
  
Do	
  androids	
  dream	
  of	
  electric	
  sheep?	
  



Common	
  elements	
  of	
  futurology	
  
•  The	
  future	
  is	
  a	
  projec%on	
  of	
  the	
  present	
  
•  A	
  preoccupaMon	
  with	
  emerging	
  technologies	
  and	
  systems	
  

–  Steam	
  power,	
  locomo%ves	
  and	
  socially-­‐conscious	
  white	
  empires	
  in	
  the	
  
1850s	
  

–  Airships	
  and	
  global	
  travel	
  in	
  1900	
  
–  Electricity	
  and	
  radio	
  in	
  the	
  1920s	
  
–  Personal	
  vehicles,	
  nuclear	
  power	
  and	
  prosperity	
  in	
  the	
  1950s	
  
–  Powered	
  flight	
  and	
  space	
  explora%on	
  in	
  the	
  1970s	
  
–  Computers,	
  ar%ficial	
  intelligence,	
  the	
  power	
  of	
  corpora%ons,	
  

hegemonic	
  government	
  in	
  the	
  1980s	
  	
  
–  The	
  2000s?	
  (uncertainty;	
  the	
  ecosystem;	
  natural	
  resources;	
  social	
  

interac%on;	
  human	
  consciousness)	
  
•  The	
  future	
  as	
  we	
  would	
  like	
  it	
  to	
  be,	
  rather	
  than	
  the	
  future	
  as	
  it	
  is	
  

likely	
  to	
  be?	
  
•  Did	
  op%mism	
  turn	
  to	
  pessimism?	
  When?	
  Why?	
  



What	
  energy	
  sources	
  will	
  we	
  use?	
  
•  Most	
  global	
  power	
  output	
  is	
  hydrocarbon-­‐driven.	
  Nuclear	
  

fission	
  a	
  %ny	
  frac%on.	
  
•  First	
  power-­‐producing	
  fusion	
  reactor	
  c.	
  2030	
  
•  Will	
  it	
  go	
  the	
  way	
  of	
  fission?	
  (Different	
  process	
  =	
  different	
  

poli%cal	
  fallout	
  BUT	
  technology	
  harder	
  to	
  master)	
  
•  Renewable	
  energy:	
  

–  Solar	
  energy	
  striking	
  the	
  Earth	
  in	
  a	
  40-­‐minute	
  period	
  is	
  equal	
  to	
  
annual	
  global	
  energy	
  consump%on	
  

–  This	
  is	
  s%ll	
  two	
  billionths	
  of	
  the	
  Sun’s	
  energy	
  output	
  
–  Solartec	
  project	
  requires	
  poli%cal	
  and	
  economic	
  coopera%on	
  
–  S%ll	
  requires	
  natural	
  resources:	
  metals;	
  rare	
  earth	
  elements	
  





Where	
  will	
  we	
  explore?	
  

•  Closest	
  star	
  4.3	
  light	
  years	
  away.	
  Impossible	
  to	
  
reach	
  with	
  current	
  spaceflight	
  technology	
  
(chemical	
  rockets	
  would	
  take	
  115,000	
  years)	
  .	
  

•  Likely	
  to	
  be	
  s%ll	
  confined	
  to	
  our	
  Solar	
  System	
  
•  Revisit	
  the	
  Moon?	
  Visit	
  Mars?	
  To	
  what	
  purpose?	
  
•  What	
  drives	
  explora%on?	
  
•  There	
  is	
  nothing	
  inevitable	
  about	
  space	
  travel.	
  
(“There	
  are	
  enough	
  problems	
  down	
  here	
  on	
  
earth.”	
  



What	
  will	
  scien%sts	
  be	
  doing?	
  
•  Data	
  collec%on	
  and	
  storage	
  becoming	
  easier.	
  Science	
  increasingly	
  

dependent	
  on	
  compu%ng	
  power.	
  
•  The	
  fron%ers	
  of	
  science	
  lie	
  at	
  very	
  small	
  and	
  large	
  scales,	
  and	
  very	
  

high	
  and	
  low	
  energies.	
  
–  Large	
  scales:	
  Theories	
  of	
  gravity,	
  cosmology	
  
–  Small	
  scales:	
  Par%cle	
  and	
  quantum	
  physics	
  
–  Biochemistry,	
  nanotechnology	
  

•  Compu%ng	
  power	
  and	
  staMsMcal	
  science	
  increasingly	
  important	
  
–  1st	
  step:	
  Given	
  the	
  data,	
  the	
  model	
  and	
  the	
  parameters,	
  what	
  are	
  the	
  

parameter	
  values?	
  
–  2nd	
  step:	
  Given	
  the	
  data	
  and	
  the	
  model,	
  what	
  are	
  the	
  parameters?	
  
–  3rd	
  step:	
  Given	
  the	
  data,	
  what	
  is	
  the	
  model?	
  
–  e.g.	
  protein	
  folding;	
  drug	
  design;	
  solid-­‐state	
  physics;	
  meteorology;	
  

cosmology	
  



Future	
  technology	
  trends	
  
•  Computers	
  increasingly	
  present	
  in	
  all	
  technologies	
  BUT	
  

Moore’s	
  Law	
  reaching	
  limit.	
  Possible	
  solu%on:	
  Exploit	
  
quantum	
  proper%es	
  of	
  mazer	
  at	
  very	
  small	
  scales.	
  

•  New	
  technologies	
  beyond	
  the	
  integrated	
  circuit	
  	
  
•  Coding	
  increasingly	
  important	
  in	
  technological	
  innova%on	
  
•  Materials	
  engineered	
  at	
  the	
  nanoscale	
  
•  Increasing	
  importance	
  of	
  the	
  user	
  experience	
  	
  
•  Limita%on:	
  no	
  new	
  energy	
  sources	
  BUT	
  increasing	
  

efficiency	
  
•  At	
  what	
  price?	
  Bezer	
  technology	
  for	
  a	
  select	
  few	
  or	
  

cheaper	
  technology	
  for	
  everyone?	
  	
  
•  A	
  world	
  of	
  technology	
  haves	
  and	
  have-­‐nots?	
  


