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A Simple Model

“Network” or “Circuit” or “Organism”

“Program”

or

“Genome”’

Key point: all cells have identical specifications

“Dynamic” or “Embryonic” phase “Static” or “Adult” phase

time >




Inside a Caell

Factor Signal

Inter-cellular Signal

Developmental
~ Qutput Signal

Logic units compute:
Out(t+ A) = f (Iny(t), ..., Ing(t))

Developmental Input Signal




Developmental Phase

Cell Divisions Triggered by “Developmental Output Signals”




Testing the Adult Circuit




More Details and Embellishments

® Reconciliation Functions: If a two or more logic units
produce the same output signal, or if a cell receives the
same inter-cellular signal from two or more neighboring
cells, the value of the signals must be reconciled. For
binary signals, an OR function is used.

Digital, analog, or mixed signals can be used. If analog

signals are used, it makes sense to keep them in the range
[0, 1], and to use soft logic functions like

Out(t +A) = f(Iny + Ing — InyInsg)

:L‘k

xk 4+ (1 — )k

flz) =

Logic units can be synchronized to a global clock that has
discrete time steps; or the cells can be asynchronous, and
the logic units could have arbitrary delays.




A Random-Access Memory

OUtput(t) — RAMAddress(t) (t)

If Load(t) = 1,

y RAMAddress(t) (t T 1) — InPUt(t)
/

Address




Standard Design (for Tiny-RAM)

Register 0

A\

]

Register |

A\

|




Set-up for Adult Tiny-RAM

Child Cell

Parent Cell




Logic Units in One Tiny-RAM Cell

I_L

LU, LU, LU,
NOT (F_D) OR(DI_P, F_P) AND(F_T, 1 L)
=> DO D =>FP =>F L
/\ /\

A

F P

AND(F_T, F_R)
=>]_0

LU,
TRUTH{010001 11}
(I, F_L, F_R)
=>F R

LU, LY,
OR(DI_D, F_D) XOR(I_A, F_P)
=>FD =>FT

A
|

< |




Scaling up the RAM




Scaling Changes

I_L

LU, LU, LU,
NOT (F_D) OR(DI_P, F_P) AND(F_T, 1 L)
=> DO D =>FP =>F L

AN JAN
Unchanged

F P
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=>FD =>FT

A
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Scaling Changes
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LU2: Or(DI_D,F D)=>F D

replaced with

e Or(DI_D,F DI)=>F DI
@ Or(And(DI_D,F DI),F D2) =>F D2
o

® Or(And(DI_D,F D[K-1]),F D) =>F D




Scaling Changes

I_L

LU, LU, LU,
NOT (F_D) OR(DI_P, F_P) AND(F_T, 1 L)
=> DO D =>FP =>F L
/\ N\

A

F P

LU,
AND(F_T, F_R)
=>1_0

LU,
TRUTH{010001 11}
(I, F_L, F_R)
=>F R

LU, LY,
OR(DI_D, F_D) XOR(I_A, F_P)
=>FD =>FT

A
!

. |




|U3: Or(DI_PF P)=>F P

replaced with

@ Or(And(DI_P, Not(F_DI)),F_Pl)=>F _PI

® Or(And(DI_PF DI,Not(F_D2)),F_P2) =>F P2

o

® Or(And(DI_PF D[k-1], Not(F_D)),F_P[K]) => F_P[K]




Scaling Changes

I_L

LU, LU, LU,
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LU4: XOR(I A,F P)=>F T

replaced with

XOR(I_AI,F Pl)=>F TI
XOR(I_A2,F P2) =>F T2

XOR(I_A[K], F_P[k]) => F_T[K]
plus
And(F_TI,F_T2,...,F_T[K])=>F_T




Scaling Changes

I_L

Unchanged

. 4
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Scaling Changes
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Unchanged
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LU6: TRUTH{01000111}(_I,F L,F R)=>F R

replaced with

e TRUTH{01000111}I _II,F L ,F RI)=>F RI
e TRUTH{01000111}(1 I2,F L,F R2) =>F R2

o
e TRUTH{010001 11} _I[L],F_L F R[L]) => F_R[L]




Scaling Changes

I_L

Unchanged

. 4
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LU7: And(F_ T,F R)=>1 O

replaced with

® And(F_T,F RI)=>1| Ol

® And(F_T,F R2)=>1 O2

o

® And(F_T,F_R[L]) => | _O[L]




Advantages of
multi-cellular logic circuits

Can compactly specify a very large network

Automatic code re-use
Potentially convenient for mass-production

Perhaps a compact specification is nice for genetic
algorithms, or other blind search strategies.

Using many cells with identical specifications
seems to be a key part of nature’s design strategy
for building complex machines.




Future Directions

Evolve multi-cellular logic circuits
Design/Evolve more complex circuits (e.g.a CPU)
Evolve circuits that perform inference

All sorts of “biological” modeling possibilities:
“mating” circuits, an embryo circuit developing
inside a “mother” circuit, etc.

Multi-cellular organisms with physical structure:
add motors and springs.




C. elegans: a favorite multi-cellular
“model organism”
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Figure 10.1a The Biology of Cancer (© Garland Science 2007), R. Weinberg



from B. Goldstein lab, U.N.C.




First Stages of Embryonic
Development

Hannak, E., et.al., J. Cell Biology, 2001



Complete Embryonic Development

Time Elap=sed : 00 :00:03%

from B. Goldstein lab, U.N.C.



L

H
S ABp lapppaaa,; PVQL lumb gang

— ABplappapp; P7/8 L
ABplappapa; V3L b
e ABplappaap; P5/6 L I

e ABplappaaa,; P3/4 L
p g~ ABplapappppap;ALNL } Ioak ‘wan
¢ b ABplapappppaa;PLML ©os

w— ABplapappa, P11/12 L

A

ABplap - - -aseres

e ABplapapap; P9/10 L >
‘ ABplapapaap; V5L I
\———ABplapapaaa; QL )

pe——=_ABplapaapp; P1/2 L P>

e ABplapaapa; G2 P>
g ABplapaaapp;RMGL
} |

> g ABplapaaapav;AIZL
©%= ABplapaaapad,FLPL ring gang

== ABplapaaaapp;ADAL
| S ABplapaaaapa,ADEL

L

peeee ABplaapppp;hyp 7

b ABplaapppa;hyp 7 Po rtion Of
o= ABplaappap;hyp 6
w—— ABplaappaa hyp 4 the C. Elegans
LABplllplppl;AlBL b ABplaapapppa;ASIL C II L'
Aoy sapapas. VAL €l LIn€agc
~ p==ABplaapaapp;AMshL RN
e ABplaapaapa; URBL

= ABplaapaaap;ILsoDL
S ABplaapaaaa hyp 3

},..,.....

pee ABplaaappp; H1L B

e ABplaaappa; HOL

e ABp 1 aaapap;hyp 5

b ABpl aapaa; XXXL hyp

@®~ABarpap

e ABplaaaapp;hyp 6

— ABplaanapa hyp 6

e ABplaaaaappp;URXL
- ‘e ABplaasaappa;CEPDL ring gang

 geeee ABplanaaaap;CENDL ( w3 in Q‘)
G ABplaaaasaaa;URADL

800 — (hatch)




Intra-cellular Signals
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Transcription Control
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Biological Signal Processing
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THE REGULATORY GENOME

ERIC H. DAVIDSON
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Longabaugh, et.al., Developmental
T2 T3 Biology, 2005

Fig. 4. Proposed DNA-based computational representation of a gene. The
red horizontal line represents DNA. The portion to the left of the bent red
arrow represents upstream (5') sequence. The red box to the right of the bent
red arrow represents a DNA feature, such as the first exon. T1-3 are
transcription factors, which in this example bind the upstream sequence and
transcriptionally regulate the expression of . The regulatory interactions of
the three transcription factors are represented symbolically by the two
circles labeled with the logical AND symbol. The bar at the end of the line
from T3 to the right hand circle indicates T3 activity acts as a repressor.
Since the other input to this interaction is the logical AND of T1 and T2, the
output of the second interaction (and hence gene G) can be seen to be ((T'1
AND T2) AND NOT(T3)); that 1s, transcription of G 1s active if T1 and T2
are both active, repressed if T3 1s active, and basal otherwise. The symbols
just below the line representing DNA are icons for hyperlinks to genome
browsers showing detailed sequence annotations such as exons (right-hand
curved arrow) known transcription factor binding sites (*) and results from
DNA search algorithms (triangle).




