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1.   New	  kind	  of	  computa1onal	  machines	  with	  “dynamic	  structure”	  	  
strange	  loop	  between	  structure	  and	  processes	  
not	  new	  (program	  =	  data)	  
but	  not	  understood	  (e.g.,	  type	  discipline	  to	  avoid	  that)	  

	  
2.   Space	  ma>ers	  

compartmentalizaDon	  and	  beyond	  
	  
3.   Killer	  app.	  

systems	  &	  synthe1c	  biology	  
the	  nano-‐world:	  form=func1on	  

4.   Usual	  tools	  of	  computer	  science	  are	  relevant	  
but	  the	  focus,	  the	  ques1ons	  and	  the	  answers	  are	  new	  
e.g.,	  terminaDon	  in	  rewriDng	  

5.   Versa1lity	  of	  the	  MGS	  approach	  
Dme	  evoluDon	  =	  rewriDng	  strategy	  
kind	  of	  space	  =	  kind	  of	  objects	  to	  be	  rewri?en	  
	  

Home	  message	  

3	  



	  
from	  

silicon	  based	  informa1on	  processing	  
to	  

fluid	  (biological)	  machines	  
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•  1928	  :	  DNA	  as	  the	  support	  of	  the	  geneDc	  
informaDon	  

•  1953	  :	  DNA	  structure	  

	  
	  

	  

•  72~73	  :	  RNA	  sequencing	  

•  75	  :	  DNA	  sequencing	  

•  83	  :	  PCR	  

	  
	  

•  1989	  à2001	  then	  2003	  :	  	  
the	  human	  genome	  project	  

•  1936	  :	  the	  Turing	  machine	  

•  1947	  :	  the	  first	  transistor	  

•  1958	  :	  first	  integrated	  circuit	  
•  1962	  :	  idea	  of	  computer	  network	  
•  1967	  ARPANET	  
•  1971	  :	  first	  microprocessor	  
•  1972	  :	  electronic	  mail	  

	  
	  
	  

•  89~90	  :	  WWW	  
•  90	  :	  start	  of	  the	  commercial	  internet	  

	  
•  November	  2009	  :	  Cray	  Jaguar	  	  

1.75	  petaflops	  (1015	  flop/s)	  

1944 E. Schrödinger: « program » and genetic « code » 
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Some	  common	  concerns:	  concepts	  of	  
•  storing	  
•  replicaDng	  
•  communicaDng	  	  
•  modifying	  
(geneDc)	  informaDons	  are	  studied	  in	  computer	  science	  (biology).	  
	  

But	  there	  is	  a	  great	  difference	  between	  computer	  science	  and	  bio:	  
•  Computer	  science	  leads	  to	  the	  engineering	  of	  artefactual	  devices	  

everything	  is	  developed	  from	  scratch,	  from	  hardware	  to	  sofware	  
•  Biology	  is	  a	  natural	  science	  

studying	  preexisDng	  systems	  shaped	  by	  evoluDon	  
	  

However,	  the	  technology	  making	  possible	  the	  
design	  and	  the	  building	  or	  the	  synthesis	  	  

of	  biological	  machines	  now	  exists	  
	  

…	  but	  whose	  ini1al	  mo1va1ons	  are	  greatly	  different	  
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•  Linear	  algebra	  with	  wetware?	  
parallelism?	  Cf.	  the	  moral	  of	  the	  DNA	  compuDng	  story!	  
	  

•  Cyberphysical	  systems	  
Dght	  coupling	  between	  computaDonal	  processing	  
and	  physical	  behavior	  (i/o)	  
	  
–  1st	  generaDon:	  embedded	  systems	  
aerospace,	  automoDve,	  chemical	  processes,	  civil	  
infrastructure,	  energy,	  healthcare,	  manufacturing,	  
transportaDon,	  entertainment,	  consumer	  appliances,	  etc.	  
	  

–  2nd	  generaDon:	  nanomachines	  
cells	  as	  programmable	  and	  replicable	  chemical	  plants	  

Compu1ng,	  yes	  but	  why?	  
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1906 	  Triode	  (L.D.	  Forest)	  	  
	  	  

1925 	  FET	  transistor	  (Julius	  Edgar	  Lilienfeld)	  
	  
1947  	  Bell	  Labs,	  John	  Bardeen,	  Walter	  Houser	  Bra?ain	  

	  	  &	  William	  Bradford	  Shockley:	  
	  the	  first	  contact	  transistor	  

	  
1958 	  First	  integrated	  circuit	  (TI)	  

1973 	  PDP8	  (DEC)	  

1971 	  1st	  microprocessor	  (Intel	  4004	  –	  2250	  transistors)	  
	  
1972 	  Intel	  8008	  (8	  bits)	  

1978 	  Intel	  8086	  (16	  bits)	  
	  
2007 	  Intel	  Xeon	  7150,	  1.3x109	  transistors,	  3.5	  GHz,	  150	  wa>	  

	  	  
	  SimulaDon	  on	  Blue	  Gene	  (4096	  pe,	  256Mo	  RAM	  -‐	  360	  T-‐flops)	  
	  of	  1	  second	  of	  half	  mouse	  brain	  funcDoning	  	  

	  

Technological	  developments	  

8	  
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Graphe original de Gordon Moore en1965 
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The	  price	  per	  transistor	  on	  a	  chip	  has	  
dropped	  dramaDcally.	  Some	  people	  

esDmate	  that	  the	  price	  of	  a	  transistor	  
is	  now	  about	  the	  same	  as	  that	  of	  one	  

printed	  newspaper	  character.	  	  

On	  the	  road	  to	  a	  billion	  transistors	  
per	  chip,	  transistors	  are	  so	  small	  
that	  about	  200	  million	  of	  them	  
could	  fit	  on	  the	  head	  of	  each	  of	  
these	  pins.	  	  
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That	  goes	  back	  before	  the	  transistor…	  
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If	  we	  compare	  to	  
molecular	  biology…	  

From	  a	  computer	  scienDst	  perspecDve!	  
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•  Francis	  Crick	  –	  1956/58	  –	  The	  central	  dogma	  of	  mol	  bio	  
	  

	  
	  
	  
	  

•  Restated	  in	  1970	  

The	  three	  periods	  of	  molecular	  bio	  (1)	  

transcription traduction 
ARN polymerase ribosome 
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• Analysis	  
• 	  of	  the	  fine	  structure	  of	  DNA	  

•  topology	  
•  irregularity	  of	  the	  double	  Helix	  
•  …	  

• 	  instability,	  dynamics	  
•  Gene	  transfer	  
•  SpaDal	  conformaDon	  dynamics	  

• 	  sequence	  idenDficaDon	  
•  qualitaDve	  and	  quanDtaDve	  analysis	  of	  proteines	  at	  various	  phases	  of	  the	  cell	  
•  genome	  wide	  sequencing	  (yeast(1997),	  C-‐elegans	  (98),	  humain	  (2001),	  …)	  

• Synthesis	  	  
• 	  geneDc	  engineering	  (e.g.,	  yeast	  producing	  human	  proteins)	  
• 	  Copy	  and	  synthesis	  of	  DNA	  

•  RestricDon	  enzymes	  
•  recombinant	  DNA	  (inserDon	  d’un	  brin	  d’ADN	  dans	  un	  ADN	  existant)	  
•  PCR	  ([Mullis	  86],	  …)	  
•  Gene	  synthesis: 	  phosphoramidite	  chemistry	  [Beaucage	  &	  Caruthers	  –	  1981]	  

	   	   	   	  (de	  1.25$/bp,	  jusqu’à	  45	  kbp,	  2	  semaines	  [2006])	  

II	  :	  from	  the	  DNA	  structure	  to	  genome	  sequencing	  &	  synthesis	  	  	  

The	  three	  periods	  of	  molecular	  bio	  (2)	  

14	  



CMC	  08/2011	  –	  Jean-‐Louis	  Giavi?o	  

MGS 

What	  is	  missing	  for	  bio-‐engineering?	  

The	  three	  periods	  of	  molecular	  bio	  (3)	  
	  

15	  
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ApplicaDon	  to	  biology	  of	  engineering	  principles:	  
l 	  standardisaDon	  (funcDon	  specificaDon,	  standardizaDon,	  libraries,	  …)	  
l 	  abstracDon	  (funcDonnal	  levels,	  organizaDon)	  
l 	  decoupling	  (concepDon	  /	  implementaDon)	  

“The work on restriction nucleases not only permits us easily to construct 
recombinant DNA molecules and to analyse individual genes, but also has led us 
into the new era of ‘synthetic biology’ where not only existing genes are 
described and analyzed but also new gene arrangements can be constructed and 
evaluated.” 

[Szybalski, W. & Skalka, A. Nobel prizes and restriction enzymes. Gene 4, 181–-182 (1978)] 
 

 

The conceptual revolution of « engineerization » 

Synthe1c	  biology	  

The	  three	  periods	  of	  molecular	  bio	  (3)	  
	  

16	  
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•  Proof	  of	  concept	  

– repressilator	  [Elowitz	  &	  Leibler	  (2000)	  Nature	  403,	  335-‐338]	  

– Flashing	  E.	  Coli	  [Ferber	  (2004)	  Science	  303,	  158-‐161]	  

– toggle	  switch	  [Gardner	  &	  al	  (2000)	  Nature	  403,	  339-‐342]	  

•  Sensors	  

– Sensing	  chemicals	  [TNT	  (Gibbs	  (2004)	  ScienDfic	  American	  	  75-‐81],	  caffeine	  [iGEM]	  

– Sensing	  radiaDon	  
(biofilms	  –	  [Kobayashi	  et	  al.	  (2004)	  PNAS	  10:8414-‐841],	  [iGEM’04])	  

– cell-‐cell	  communicaDons	  
[Weiss	  &	  al	  (2003)	  Natural	  CompuDng	  2,	  47-‐84]	  

17	  
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•  Bio-‐medical/Bio-‐producDon	  

– Drugs	  (Keasling's	  artemisinin	  [MarDn	  &	  al	  (2003)	  Nature	  Biotech	  21,	  796-‐802])	  

– Targeted	  delivery	  [Anderson	  &	  al	  (2005)	  J.	  Mol	  Biol	  335,	  619-‐627]	  

– Nanobot	  [Weiss,	  Knight	  DNA06	  –	  LNCS	  2054,	  1-‐16]	  

– Dmed-‐drug	  delivery	  [F.	  Molina	  et	  al.–	  2007]	  

•  Bio-‐compu>ng	  
–  inverter,	  nand	  gate,	  self-‐repressor,	  
	  bi-‐stable	  switch,	  oscillators…	  [R.	  Weiss]	  

– cell-‐cell	  communicaDon,	  signal	  processing	  
[R.	  Weiss]	  

18	  
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MGS From	  the	  Moore	  law	  to	  the	  Carlson	  law	  

19	  

[Carlson, R. (2003).  
The pace and proliferation of biological technologies. 
Biosecurity and Bioterrorism: Biodefense Strategy, Practice and Science, 1(3), 203-214.] 
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2010	  –	  2015	  :	  projecDons	  for	  the	  synthesis	  of	  a	  genome	  

The	  projec1ons	  are	  verified	  
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MGS Applica1ons	  
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biology	   biologie	  
synthé1que	  

bio-‐energy	  

green 
chemistry 

bio-‐sensors	  

drugs	  

Bio-‐materials	  

nano-‐
technology	  

…	  

geneDc	  engineering	  

protein	  engineering	  

Dssue	  engineering	  

metabolic	  engineering	  

Synthetic biology 



What	  are	  the	  good	  abstracDons	  
to	  program	  a	  cell?	  	  
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Breaking	  the	  complexity	  barrier	  
	  

24	  

•  Levels	  of	  
abstracDon	  

• Hierarchy	  
• Decoupling	  
• Modularity	  

•  I/O	  
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The	  “MIT	  proposal”	  

A	  library	  of	  composable	  biological	  componants	  (BioBricks)	  

DNA 

Parts 

Devices 

Systems 

ab
st

ra
ct

io
n 

Sequences of nucleotides 

Promoters, operators, 
coding regions, … 

Assembling of parts 
implementing a function 

(inverters, oscillateurs, switch, …) 

Long term 
applications 
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MGS A	  library	  of	  standardized	  componants	  
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MGS Several	  kind	  of	  componants	  
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MGS A	  device	  
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MGS A	  device	  
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MGS Un	  device	  
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The	  underlying	  model	  
Finding	  circuits	  

31	  
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stop protein code RBS start promoter 

Basics	  of	  gene1c	  regula1on	  

32	  

promoter	   ribosome	  
binding	  site	  

sequence	  coding	  
for	  the	  protein	  

stop	  codon	  

g1	  
g2	  

+	  

+	   –	  

TGCCAGGACTTGCCAGGAAGCCCAGATGCAGTCTTTTACGTGCCGAAAC 
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MGS Composi1onality?	  

33	  

g1	  
g2	  

+	  

+	   –	  
≠	  

à compartmentalization 
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«	  Signal	  transmission	  »	  in	  transcrip1on	  

34	  

« protein generator » 

DNA 

RNA 

RBS 

RNA 
polymerase 

PoPS 
polymerase/second 

 
l  promoter strength 
l  # polymerases 
l  energy (ATP) 
l  resources… 
l  volume 
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MGS «	  Signal	  transmission	  »	  in	  transcrip1on	  
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« protein generator » 

DNA 

RNA 

RBS 

protein 

RiPS 
ribosome/second 

 
l  RBS strength 
l  # ribosomes 
l  energy (ATP) 
l  volume 
l  resources… 
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MGS 
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Analysis	  &	  Design	  of	  
Fluid	  Machines	  

as	  
Non	  Conven1onnal	  Programing	  

What	  is	  the	  “VHDL”	  
for	  molecular	  interacDon	  network	  

and	  beyond?	  
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① Design	  requires	  a	  model	  
synthe>c	  biology	  as	  the	  construc>ve	  part	  of	  systems	  biology	  
a	  model	  is	  a	  program	  in	  some	  programing	  language	  

② AbstracDon	  level:	  alternaDon	  of	  
–  determinisDc	  /	  stochasDc	  

(noise,	  chemical	  fluctuaDon,	  etc.)	  
–  conDnuous	  /	  discrete	  

aggregate	  versus	  agent-‐based	  models	  

③ The	  structure	  of	  fluid	  machines	  changes	  in	  Dme	  :	  
–  dynamical	  systems	  with	  a	  dynamic	  structure	  (DS)2	  

–  Think	  globally,	  program	  locally:	  
•  datasheet	  (staDc)	  vs.	  rules	  set	  
•  space	  ma?ers	  

38	  
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MGS ①	  A	  programing	  language	  for	  SB	  
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Valide	  or	  not?	  	  
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MGS ①	  A	  programing	  language	  for	  SB	  
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Valide or not?  
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MGS ①	  A	  programing	  language	  for	  SB	  

41	  

Valide or not?  
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①	  A	  programing	  language	  for	  SB	  

Can	  we	  restrict	  the	  construcDon	  
•  a	  priori	  (syntax/type	  discipline)	  
•  a	  posteriori	  (verificaDon,	  validaDon,	  test)	  	  
Such	  that	  composiDons	  of	  biobricks:	  
•  have	  the	  expected	  funcDonal	  properDes	  
•  make	  an	  autonomous	  system	  (modularity)	  
•  Can	  themselves	  be	  composed	  (reuse)	  

è	  This	  are	  problems	  addressed	  in	  a	  programming	  language	  
	  example	  :	  register	  allocaDon	  by	  a	  compiler	  and	  choice	  of	  genes	  
	  
	  	  	  	  	  	  Is	  this	  language	  a	  “Biobricks	  composiDon	  language”	  ?	  

42	  
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The	  composiDon	  of	  biobricks	  does	  not	  address	  all	  problems:	  
	  

•  Which	  	  semanDcs	  for/characterizaDon	  of	  	  the	  biobricks	  ?	  	  
	  

•  Cell	  vs.	  populaDon	  

•  Bioprocesses	  as	  a	  special	  kind	  of	  dynamical	  systems	  
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electronic 
(electric currents) 

[spice] 

logic 
(gates) 

[sequential logic] 

function 
(register) 

[transition system] 
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②	  A	  tower	  of	  languages	  with	  a	  lot	  of	  levels	  
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1.  My slides (described in XML) 
2.  Application (interpreted by Powerpoint) 
3.  Implemented in a high-level programming language (Java) 
4.  Compiled into an assembly language (x86) 
5.  Translated into machine code (binaries) 
6.  Running on my laptop 
7.  Made of integrated circuits 
8.  Designed by functional blocs (ALU, register, cache, RAM…) 
9.  Implemented flip-flop, multiplexer, decoders, adders 
10.  using logical gate 
11. relying on transistors 
12. …. 
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DNA 

Parts 

Devices 

Systems 

Vertical abstraction or  
horizontal compositionality ? 

Sequences of nucleotides 

BIOBRICKS 

Assembly of biobricks 
implementing a function 

(inverters, oscillateurs, switch, …) 

Long term 
Applications 

ACGTTGCCAGGACCTTGCCAGGAA 
ACCTGCCAGGAATGCAGTCCCTTTT 

x 
y = f(x) 
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The	  composiDon	  of	  biobricks	  does	  not	  address	  all	  problems:	  
Which	  seman>cs	  for	  the	  biobricks	  ?	  	  

	  
–  Chemical	  interacDons	  are	  fundamentally	  stochasDc	  
è	  stochasDc	  modeling	  
è	  amorphous	  computaDon	  
	  

–  Some	  bioprocesses	  implies	  only	  few	  enDDes:	  
è	  discrete,	  agent-‐based	  modeling	  
	  

–  Some	  processes	  are	  aggregaDon	  of	  a	  lot	  of	  lower	  level	  processes	  
è	  conDnuous	  modeling	  
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The	  composiDon	  of	  biobricks	  does	  not	  address	  all	  problems:	  
• 	  cell	  vs.	  popula>on:	  colony,	  biofilm,	  Dssue,	  organism,	  ecology	  
	  
è	  global	  behavior	  vs.	  local	  behavior	  
è	  spaDal	  abstracDon	  
è	  morphogenesis	  

Nadine Peyrieras 

bionetwork	  
(regulaDon,	  signalizaDon,	  metabolic,	  …)	  

populaDon	  
(colony,	  Dssue,	  ecology)	  
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The	  composiDon	  of	  biobricks	  does	  not	  address	  all	  problems:	  
• 	  cell	  vs.	  popula>on:	  colony,	  biofilm,	  Dssue,	  organism,	  ecology	  
	  
è	  global	  behavior	  vs.	  local	  behavior	  
è	  spaDal	  abstracDon	  
è	  morphogenesis	  

③	  What	  are	  the	  good	  abstrac1ons?	  
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bionetwork	  
(regulaDon,	  signalizaDon,	  metabolic,	  …)	  

populaDon	  
(colony,	  Dssue,	  ecology)	  

Marcus Hauser 

Dictyostelium	  discoideum	  

http://ecologie.snv.jussieu.fr/eem/berder2009/Presentations_Berder09/ 
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The	  composiDon	  of	  biobricks	  does	  not	  address	  all	  problems:	  
• 	  cell	  vs.	  popula>on:	  colony,	  biofilm,	  Dssue,	  organism,	  ecology	  
	  
è	  global	  behavior	  vs.	  local	  behavior	  

spli~ng	  a	  funcDon	  over	  a	  populaDon	  of	  bacteria	  
– 	  to	  reduce	  the	  cell	  overload	  
– 	  because	  some	  sub-‐funcDons	  are	  chemically	  incompaDbles	  
– 	  because	  some	  sub-‐funcDons	  are	  sequenDal	  
– 	  for	  resources	  mapping	  (compiler)	  
– 	  for	  reuse	  (modularity	  at	  bacteria	  level)	  
– 	  for	  security	  (auxotrophic	  device)	  
– 	  etc.	  
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The	  composiDon	  of	  biobricks	  does	  not	  address	  all	  problems:	  
	  
• 	  Bioprocesses	  as	  dynamical	  systems?	  	  
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The	  composiDon	  of	  biobricks	  does	  not	  address	  all	  problems:	  
	  
• 	  Bioprocesses	  as	  dynamical	  systems?	  	  
	  

–  EnDDes	  involved	  are	  dynamic	  and	  cannot	  be	  listed	  a	  priori	  
chemical	  complex	  (EGF	  with	  receptor	  network	  =	  1033	  species)	  
cellular	  duplicaDon,	  apoptosis,	  reproducDon,	  …	  
	  

–  InteracDons	  are	  localized	  (compartment)	  	  
(vesicle,	  cargo,	  membrane,	  etc.)	  
and	  compartments	  are	  dynamically	  created	  
	  

è Dynamical	  systems	  with	  a	  dynamic	  structure	  :	  
	  	  	  	  	  the	  state	  space	  is	  build	  with	  the	  process	  itself	  

è 	  no	  a	  priori	  global	  descripDon	  
è 	  evoluDon	  rules	  must	  be	  local	  
è 	  the	  global	  evoluDon	  is	  the	  “integraDon”	  of	  local	  evoluDons	  	  
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• 	  (px,	  py)	  
• 	  (vx,	  vy)	  
• 	  (px’,	  py’)	  
• 	  (vx’,	  vy’)	  

a	  falling	  ball	  

at	  any	  >me	  a	  state	  is	  a	  posi>on	  and	  a	  speed	  

A	  dynamical	  system	  (DS)	  
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a	  falling	  ball	   a	  developing	  embryo	  

the	  structure	  of	  the	  state	  
(chemical	  and	  mechanical	  state	  of	  each	  cell)	  

is	  changing	  in	  >me	  
A	  dynamical	  system	  with	  a	  dynamical	  structure	  

(DS)2	  

• 	  (px’,	  py’)	  
• 	  (vx’,	  vy’)	  

at	  any	  >me	  a	  state	  is	  a	  posi>on	  and	  a	  speed	  

A	  dynamical	  system	  (DS)	  
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a	  developing	  embryo	  

the	  state	  as	  well	  as	  the	  structure	  of	  the	  state	  
is	  changing	  in	  Dme	  
	  
(chemical	  and	  mechanical	  state	  of	  each	  cell	  as	  
well	  as	  the	  arrangement	  of	  the	  cells)	  

A	  dynamical	  system	  with	  a	  dynamical	  structure	  
(DS)2	  

Dynamics ON form Dynamics OF form 
F

orm
 

St
a
te

 

“Strange	  loop”	  



CMC	  08/2011	  –	  Jean-‐Louis	  Giavi?o	  

MGS The	  need	  for	  (DS)2	  ?	  

57	  



CMC	  08/2011	  –	  Jean-‐Louis	  Giavi?o	  

MGS 
Three	  other	  challenges	  for	  a	  BS	  language	  
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Compilation, 
Engineered emergence 

Validation, 
Analysis, 

Emergence 

Limit, 
Symbolic analysis, 
Composition 

Approximation, 
numerical resolution, 

Partition 

DNA 

Cell 
machinery 

Cell 
machinery 

 
DNA 

global 
local 

discrete 
continuous 

software / dynamics 
hardware / state 

Population, 
Ensemble 

Agent 
Molecules, 

Compartments, Cells 

Concentration, 
time 



The	  MGS	  project	  

•  Language	  dedicated	  to	  the	  simulaDon	  of	  (DS)2	  

•  DeclaraDve	  (declaraDve	  simulaDon	  vs	  procedural)	  
•  Abstract	  rewriDng	  of	  complex	  spaDal	  structures:	  

–  Data	  structure	  =	  topological	  collecDons	  
	  sequence,	  generalized	  array,	  (mulD-‐)set,	  arbitrary	  graph,	  Delaunay	  
triangulaDon,	  g-‐map,	  …,	  cell	  complexes	  

–  Control	  structure	  =	  transformaDon	  
•  two	  powerful	  languages	  to	  specify	  sub-‐collecDons	  (elements	  in	  
interacDon)	  

•  Various	  rule	  applicaDon	  strategies:	  maximal	  parallel,	  asynchronous,	  
stochasDc,	  Gillespie-‐like,	  …	  

59	  
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Topological	  collec1ons	  
	  
•  Structure	  

–  A	  collecDon	  of	  topological	  cells	  
–  An	  incidence	  rela4onship	  

60 

0-cell 

1-cell 

3-cell 

2-cell 

vertex 

edge 

surface 

volume 
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Topological	  collec1ons	  
	  
•  Structure	  

–  A	  collecDon	  of	  topological	  cells	  
–  An	  incidence	  relaDonship	  
–  Data:	  associa1on	  of	  a	  value	  with	  each	  cell	  

61 

0-cell 

1-cell 

3-cell 

2-cell 
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Higher	  dimensional	  objects	  for	  complex	  simula1ons	  

Example	  of	  electrostaDc	  Gauss	  law	  [Ton1	  74]	  
•  Electric	  charge	  content	  ρ	  :	  dimension	  3	  
•  Electric	  flux	  Φ	  :	  dimension	  2	  
•  Law	  available	  on	  a	  arbitrary	  complex	  domain	  

62 

dτ
Q

dSw
V

c

∫∫∫∫∫ ==⋅=
)(

00

      
ε
ρ

ε
φ

A Direct Discrete Formulation of Field Laws: The Cell Method 

electric field in space: 
  - V: electric potential (dim 0) 
  - E: voltage (dim 1) 
  - w: electric flux (dim 2) 
  - Qc: electric charge (dim 3) 
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Transforma1ons	  
	  
•  FuncDons	  defined	  by	  case	  on	  collecDons	  

Each	  case	  (pa?ern)	  matches	  a	  sub-‐collecDon	  

•  Defining	  a	  rewriDng	  relaDonship:	  topological	  rewri4ng	  

63 

trans T = { 
     pattern1 ⇒ expression1 
     … 
     patternn ⇒ expressionn  
} 
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Transforma1ons	  

64 

trans T = { 
     pattern1 ⇒ expression1 
     … 
     patternn ⇒ expressionn  
} 

Topological collection Topological collection 

Sub-collection (Sub-)collection 

substitution 
Pattern-
matching 
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Abstract	  Simplicial	  Complex	  and	  simplicial	  chains	  
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v1 

v2 v3 

e1 e3 

e2 

f 

(0, 4) 

(3,0) (-3, 0) 

5 5 

6 

12 

Incidence	  rela>onship	  and	  laDce	  of	  incidence:	  
	  	  -‐	  boundary(f)	  =	  {v1,	  v2,	  v3,	  e1,	  e2,	  e3}	  
	  	  -‐	  faces(f)	  =	  {e1,	  e2,	  e3}	  
	  	  -‐	  cofaces(v1)	  =	  {e1,	  e3}	  

Topological	  chain	  
	  	  -‐	  coordinates	  with	  verDces	  
	  	  -‐	  lengths	  with	  edges	  
	  	  -‐	  area	  with	  f	  

f 

e1 e2 e3 

v1 v2 v3 
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Topological	  rewri1ng	  =	  transforma1on	  

66 

1	  +	  2	  →	  … 	   	  (arithmeDc)	  term	  rewriDng	  
	  
	  
a	  .	  b	  	  →	  … 	   	  string	  rewriDng	  (~	  L	  systems)	  
	  
	  
2H	  +	  O	  →	  	  H2O 	  mulDset	  rewriDng	  (~	  chemistry)	  
	  
	  
	  
v1.σ1  +  v2.σ2	  → … 	  topological	  rewriDng	  (MGS)	  

arithmeDc	  operaDon	  

string	  concatenaDon:	  «	  .	  »	  is	  a	  formal	  associaDve	  operaDon	  

mulDset	  concatenaDon	  (=	  the	  chemical	  soup):	  «	  .	  »	  is	  AC	  

gluing	  cell	  in	  a	  cell	  complex:	  …	  (AC	  and	  algebraic	  machinery)	  
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Transforma1on	  
Pa>ern	  matching	  :	  specifying	  a	  sub-‐collec1on	  of	  elements	  in	  interac1on	  
•  Path	  transforma>on	  (path	  =	  sequence	  of	  neighbor	  elements)	  

–  Concise	  but	  limited	  expressiveness	  
•  Patch	  transforma>on	  (arbitrary	  shape)	  

–  Longer	  but	  higher	  expressiveness	  
Rule	  applica1on	  strategy:	  maximal	  parallel,	  asynchronous,	  stochasDc,	  etc.	  

67 

patch 

path 

Topological	  collecDon	   Topological	  collecDon	  

Sub-‐collecDon	  
Local	  interac1on	  

Sub-‐collecDon	  
Interac1on	  result	  

TransformaDon	  
=	  

Topological	  rewriDng	  
Local	  evolu1on	  law	  
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Example:	  Diffusion	  Limited	  Aggrega1on	  (DLA)	  

68 

•  Diffusion:	  some	  parDcles	  are	  randomly	  diffusing;	  others	  are	  fixed	  
•  AggregaDon:	  if	  a	  mobile	  parDcle	  meets	  a	  fixed	  one,	  it	  stays	  fixed	  

 trans dla = { 
    `mobile , `fixed  => `fixed, `fixed ; 
    `mobile , <undef> => <undef>, `mobile 
}	  
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Example:	  Diffusion	  Limited	  Aggrega1on	  (DLA)	  

•  Diffusion:	  some	  parDcles	  are	  randomly	  diffusing;	  others	  are	  fixed	  
•  AggregaDon:	  if	  a	  mobile	  parDcle	  meets	  a	  fixed	  one,	  it	  stays	  fixed	  

 trans dla = { 
    `mobile , `fixed  => `fixed, `fixed ; 
    `mobile , <undef> => <undef>, `mobile 
}	  

69 

this transformation is an abstract process that can be applied to any kind of space 
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Polytypism	  

Polytypisme	  
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Fractal	  construc1on	  by	  carving	  

71 

Menger	  sponge	  (2	  steps)	  

Sierpinsky	  sponge	  (4	  steps)	  



Two	  examples	  

1.  Meristem	  growth	  
2.  An	  iGEM	  project	  

72	  
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The	  Growth	  of	  a	  Meristem	  	  
[PNAS	  103(5),	  1627-‐1632,	  2006]	  
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Pierre	  Barbier	  de	  Reuille	  
Mikaël	  Lucas	  

Jan	  Traas	  

Christophe	  Godin	  
CIRAD/INRA/INRIA	  

Shoot	  
apical	  
meristem	  

Root	  apical	  
meristem	  

Cambium	  

Organs	  
posiDonning	  
at	  the	  shoot	  

apex	  
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Fibonacci	  and	  phyllotaxis	  

8,13 Two successive numbers of the Fibonacci series 
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Phyllotaxis	  :	  divergence	  angle	  

137.5° 
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Phyllotaxis	  models:	  three	  kinds	  of	  approaches	  
	  

(Bravais & Bravais,1837) 

Geometrical Dynamical 

2 

3 

4 

5 

6 1 

(Hofmeister, 1868) 
(Snow and Snow, 1962) 

Physiological 

(Reinhardt et al., 2000) 
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A	  shoot	  apical	  meristem	  
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Image	  sequence	  showing	  cell	  division	  pa?erns	  via	  
membrane-‐bound	  PIN1,	  in	  Shoot	  Apical	  Meristem	  
(SAM),	  nearby	  floral	  meristems,	  and	  the	  
boundaries	  between	  them	  (M.	  Heisler).	  
h?p://computableplant.ics.uci.edu/	  (E.	  Mjolness)	  

corpus	  

tunica	  

Central	  zone	  Primordia	  
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Ac1ve	  transport	  of	  auxine	  

78	  

Auxin	  flux	  

Immunolabelling	  of	  
PIN-‐FORMED1	  protein	  

pin-‐1	  
mutant	  

wild	  
type	  

high	  concentraDon	  of	  
auxine	  induces	  organ	  iniDaDon	  
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(DS)2	  
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flux… changes	  form…	   which	  changes	  flux…	  

Flux	   Shape	  
Dynamic	  
interac>on	  
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Model	  
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-‐ -‐	  Cell	  internal	  state	  and	  processes	  
capacity	  of	  division,	  springs	  relaxed	  length,	  
primordium/center,	  	  
concentra1on	  of	  auxin,	  auxin	  degrada1on	  /	  
evacua1on,	  inhibitor	  
	  promo1on	  to	  primordium,	  “pump	  magne1sm”	  

	  
-‐	  Movement	  (due	  to	  cell	  growth)	  
	  
-‐	  Growth:	  increase	  of	  spring	  relaxed	  length	  
	  
-‐ -‐	  Division:	  when	  size	  >	  threshold	  
	  
-‐	  Cell	  interac4on	  

	  Passive	  diffusion	  of	  auxin,	  ac1ve	  pumping	  of	  auxin	  

Auxin	  level	  

trans Auxin = { 
 x, y / pump(x,y) 
 à x+{x.auxin -= δ}, y+{y.auxin += δ} 

} 

P. B
arbier de R

euille 
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Simula1on	  
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Primordium	  local	  inhibi1on	  

Auxin level 
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David	  Bikard,	  Thomas	  Landrain,	  David	  
Puyraimond,	  Eimad	  Shotar,	  Gilles	  Vieira,	  

Aurélien	  Rizk,	  David	  Guegan,	  Nicolas	  Chiaruwni,	  
Thomas	  Clozel,	  Thomas	  Landrain	  

A	  Synthe1c	  «	  Mul1cellular	  Bacterium	  »	  
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The	  Paris	  iGEM	  project:	  a	  «	  mul1cellular	  bacteria	  »	  

to	  decouple	  growth	  and	  transgene	  expression	  
	  

84	  

germinal	  
cell	  

somaDc	  
cell	  

feeding	  

differen1a1on	  

reproduc1on	  
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Design	  principle	  

85	  

dapA	  fsK	  lox71	   gfp	   T	   T	   lox66	  

Germinal	  cell	  

cre	  

Differen1a1on	  control	  

xsK	  
needed	  for	  
cellular	  
division	  

ireversible	  recombina1on	  

cre	   différen1a1on	  control	  

T	   lox66	   Y	  lox71	   X	  

loxSc	   Y	  

loxscar	   X	  
T	  

DAP	  starva1on	  

DAP	  feeding	  

Differen1a1on	  

loxSc	  

fsK	  

loxScar	  

gfp	   T	  

No	  replica4on	  origin	  

Soma1c	  cell	  

dapA	  

cre	  

T	  

à	  RECOMBINAISON	  à	  Differen1a1on	  

pTet 

pTet ftsK endogeneous promoter 

ftsK endogeneous promoter 
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Anime	  
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© David Bikar 
& the 2007 Paris iGEM team 
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Proof	  of	  Concept:	  Simula1on	  to	  answer	  4	  ques1ons	  

•  How	  does	  differen1a1on	  induces	  feeding?	  (proof	  of	  concept)	  
cellular	  automaton	  (in	  MGS)	  

87 

diffusion	  of	  DAP	   somaDc	  and	  germ	  cell	  
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Proof	  of	  Concept:	  Simula1on	  to	  answer	  4	  ques1ons	  

•  How	  does	  differen1a1on	  induces	  feeding?	  (proof	  of	  concept)	  
cellular	  automaton	  (in	  MGS)	  

•  How	  do	  spa1al	  organiza1on	  and	  distribu1on	  evolve?	  
agents	  based	  system	  (in	  MGS)	  
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Proof	  of	  Concept:	  Simula1on	  to	  answer	  4	  ques1ons	  

•  How	  does	  differen1a1on	  induces	  feeding?	  (proof	  of	  concept)	  
cellular	  automaton	  (in	  MGS)	  

•  How	  do	  spa1al	  organiza1on	  and	  distribu1on	  evolve?	  
agents	  based	  system	  (in	  MGS)	  

•  How	  robust	  and	  tunable	  is	  the	  model?	  
ODE	  kine1cs	  (matlab)	  

89 
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Proof	  of	  Concept:	  Simula1on	  to	  answer	  4	  ques1ons	  

•  How	  does	  differen1a1on	  induces	  feeding?	  (proof	  of	  concept)	  
cellular	  automaton	  (in	  MGS)	  

•  How	  do	  spa1al	  organiza1on	  and	  distribu1on	  evolve?	  
agents	  based	  system	  (in	  MGS)	  

•  How	  robust	  and	  tunable	  is	  the	  model?	  
ODE	  kineDcs	  

•  How	  sensi1ve	  is	  the	  system	  to	  noise?	  
Gillespie	  based	  simula1on	  (in	  MGS)	  

90 



Blurring	  the	  discrete/con1nuous	  barrier	  	  

91	  
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Cochains	  as	  (a	  special	  kind	  of)	  Transforma1ons	  

•  The	  Boundary	  Operator	  ∂	

–  StarDng	  point	  of	  the	  elaboraDon	  of	  a	  discrete	  diff.	  calculus	  
–  Transport	  of	  data	  from	  cells	  to	  their	  faces	  

–  Cochains	  notaDon	  
The	  boundary	  operator	  is	  a	  cochain	  

cochain	  =	  chain	  ⟶	  chain	  
	  
	  

	  
–  MGS	  notaDon	  

ω’ ω’ ω	
ω	
ω	
 ω’	  

92	  

ω	


boundary	  
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Cochains	  as	  Transforma1ons	  

•  DerivaDve	  Operator	  d 

–  Defined	  w.r.t.	  the	  discrete	  Stockes’	  Theorem	  

–  Cochains	  NotaDon	  
One	  can	  show	  that	  the	  derivaDve	  verifies	  

–  MGS	  NotaDon	  
We	  directly	  use	  the	  Stockes’	  Theorem	  

93	  

σ	


κ	
 τ	


ρ	


τ	
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Cochains	  as	  Transforma1ons	  
	  
•  IllustraDve	  example	  :	  the	  Laplacian	  Operator	  Δ	


–  The	  Laplacian	  in	  terms	  of	  ★	  and	  d	  [Desbrun	  et	  al.,	  2006]	  

	   	   	   	   	   	  where	  

–  MGS	  notaDon	  
Big	  assumpDon:	  here	  the	  Hodge	  star	  ★	  is	  the	  co-‐derivaDve	  dco	  	  
assuming	  uniform	  geometry	  

94	  
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Cochains	  as	  Transforma1on	  
	  
•  IllustraDve	  example	  :	  the	  Laplacian	  Operator	  Δ	


–  Corresponding	  Data	  Transport	  (case	  of	  dimension	  1)	  

•  Dimension	  1:	  	  
•  Stockes’	  Theorem: 	  équivalence	  with	  

95	  
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Cochains	  as	  Transforma1on	  
	  
•  IllustraDve	  example	  :	  the	  Laplacian	  Operator	  Δ	  

–  SimulaDon	  of	  diffusion	  

96	  

uD
t
u

Δ=
∂

∂ fun diffusion[D,orient](u) = 
  u + D*Laplacian[orient=orient](Id)(u) ;; 
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1.   New	  kind	  of	  computa1onal	  machines	  with	  “dynamic	  structure”	  	  
strange	  loop	  between	  structure	  and	  processes	  
not	  new	  (program	  =	  data)	  
but	  not	  understood	  (e.g.,	  type	  discipline	  to	  avoid	  that)	  

	  
2.   Space	  ma>ers	  

compartmentalizaDon	  and	  beyond	  
	  
3.   Killer	  app.	  

systems	  &	  synthe1c	  biology	  
the	  nano-‐world:	  form=func1on	  

4.   Usual	  tools	  of	  computer	  science	  are	  relevant	  
but	  the	  focus,	  the	  ques1ons	  and	  the	  answers	  are	  new	  
e.g.,	  terminaDon	  in	  rewriDng	  

5.   Versa1lity	  of	  the	  MGS	  approach	  
Dme	  evoluDon	  =	  rewriDng	  strategy	  
kind	  of	  space	  =	  kind	  of	  objects	  to	  be	  rewri?en	  
	  

Home	  message	  

97	  
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