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Stable computation characterization

Theorem: A function is stably computed by a CRN if
and only if it is semilinear. (= piecewise linear)

[Angluin, Aspnes, Diamadi, Fisher, Peralta, Principles of Distributed Computing 2004]

[Angluin, Aspnes, Eisenstat, Principles of Distributed Computing 2006]

[Chen, D, Soloveichik, DNA Computing 2012]
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Real-valued version: A
and piecewise lineatr.
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Theoretical Computer Science 2014]
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function Is stably computed

by a real-valued CRN if
and only if it is continuous

Real-valued version: A
and piecewise lineatr.
[Chen, D, Soloveichik, Innovations in
Theoretical Computer Science 2014]

f(x)

semilinear = piecewise linear functions

with “discontinuous” pieces

valued CRN if and only if it

slide: A function Is stably
IS semilinear.

Theorem from previous
computed by a integer-

min(x 1, max(2*x1-x2,-2¥x1+x2))

semilinear
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What if we allow a small probabillity of error?
(rate-dependent CRN computation)
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CRNs with small probabillity of error
are Turing universal

[Angluin, Aspnes, Eisenstat, Symposium on Distributed Computing 2006]
[Soloveichik, Cook, Winfree, Bruck, Natural Computing 2008]
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W o e S ————— — —

Counter (register) machine

“Input” counter

1) dec(r) if empty goto 6 /

2) Inc(S) r S !
N YN Yy

3) inc(s) D I N S i N

4) Inc(s) °

5) dec(t) ifemptygotol .~ Q N

6) Inc(s)
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W o e S

1) dec(r) if empty goto 6
2) Inc(S)
3) Inc(s)

4) Inc(s)
5) dec(t) if empty goto 1
6) Inc(s)

Counter (register) machine

“Input” counter

/s

TN
N

N

TN
S

N
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W o S

1) dec(r) if empty goto 6
2) Inc(s)
3) Inc(s)
4) Inc(S)

5) dec(t) if empty goto 1
6) Inc(s)

Counter (register) machine

“Input” counter

/s

TN
N

N

TN
S

N
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W o S

Counter (register) machine

1) dec(r) if empty goto 6

2) Inc(S)

“Input” counter

/s

N N Y
3) inc(s) N \\./ N
. O
4) inc(s) : o
5) dec(t) ifemptygotol .~ 'K/ N

6) Inc(s)
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W o S

1) dec(r) if empty goto 6

2) Inc(s)
3) Inc(s)
4) Inc(S)
5) dec(t) if empty goto 1
6) Inc(s)

Counter (register) machine

“Input” counter

/s

TN
N

N

TN
S

N
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W o S

1) dec(r) if empty goto 6
2) Inc(s)
3) Inc(s)
4) Inc(S)
5) dec(t) if empty goto 1
6) Inc(s)

Counter (register) machine

“Input” counter

/s

TN
N

N

TN
S
...

O
o ©

N
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W o S

1) dec(r) if empty goto 6

2) Inc(s)

3) Inc(s)

4) Inc(S)

5) dec(t) if empty goto 1

6) Inc(s)
HALT

Counter (register) machine

“Input” counter

/s

TN
N

N

TN
S
@)
®
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Counter (register) machine

1) dec(r) if empty goto 6
2) Inc(s)
3) Inc(s)
4) Inc(S)
5) dec(t) if empty goto 1
6) Inc(s)

HALT

“Input” counter

/s

TN
N

N

TN
S
..‘

O
o ©

N

N

computes f(n) = 3n+1
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CRNs can simulate counter machines

Counter machine:

I = Input n, start line 1
1) inc(r)

2) dec(r) if zero goto 1
3) Inc(S)

4) dec(s) If zero goto 2
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CRNSs can simulate counter machines

Counter machine: CRN:

I = Input n, start line 1 initial state {n R, 1 L }
1) inc(r)

2) dec(r) if zero goto 1

3) Inc(S)

4) dec(s) If zero goto 2
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CRNSs can simulate counter machines

Counter machine: CRN:

I = Input n, start line 1 initial state {n R, 1 L }
1) inc(r) L, - L +R

2) dec(r) if zero goto 1

3) Inc(S)

4) dec(s) If zero goto 2
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CRNSs can simulate counter machines

Counter machine: CRN:

I = Input n, start line 1 initial state {n R, 1 L }
1) inc(r) L, - L +R

2) dec(r) if zero goto 1 L,+R - L,

3) Inc(S)

4) dec(s) If zero goto 2
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CRNSs can simulate counter machines

Counter machine: CRN:

I = Input n, start line 1 initial state {n R, 1 L }
1) inc(r) L, - L +R

2) dec(r) If zero goto 1 L,+R - L,

3) Inc(S)

4) dec(s) If zero goto 2
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CRNSs can simulate counter machines

Counter machine: CRN:

I = Input n, start line 1 initial state {n R, 1 L }

1) inc(r) L, - L +R

2) dec(r) If zero goto 1 L,+R L, ; L, - L,
3) Inc(S)

4) dec(s) If zero goto 2
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CRNSs can simulate counter machines

Counter machine: CRN:

I = Input n, start line 1 initial state {n R, 1 L }

1) inc(r) L, - L +R

2) dec(r) if zero goto 1 L,+R L, ;L - L,
3) inc(s) L,-L,+S

4) dec(s) if zero goto 2 L,+S->L. ;L - L,
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CRNSs can simulate counter machines
with probability < 1

Counter machine: CRN:
I = Input n, start line 1 initial state {n R, 1 L }
1) inc(r) L - L +R
| 1 2 / \

2) dec(r) if zero goto 1 L,+R L, ;L - L,

; | L +S |Needtobe
3) Inc(s) 3 4 very slow!
4) dec(s) if zero goto 2 L,+S - L, ;KL“ — Lz/
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How to slow down reaction L, — L. ?

Use a clock:
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How to slow down reaction L, - Ll’?

Use a clock:
1C,,1F

F+C, -~ F+C,
F+C, -~ F+C,
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How to slow down reaction L, — L.?

Use a clock: |
1C,1F nB

F+C, - F+C, B+C, -B+C,
F+C, - F+C, B+C,- B+C,
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( How to slow down reaction L, - L7

Use a clock:
1C,,1F 'nB

F+C, -~ F+C, B+C, ~B+C,

F+C, - F+C, B+C,- B+C,
1 1

n n
reverse-blased random walk
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How to slow down reaction L, - L.?
Use a clock:
1C,1F . nh B
F+C, - F+C, B+C, - B+C,
F+C, - F+C, B+C,-B+C,
@ae C, appears after
expected time = n?
n n
reverse-biased random walk
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How to slow down reaction L2 R Ll’?

Use a clock:
C32+L2 R CO+L
1C,,1F 'nB

F+CO—>F+C1 B+C1—>B+CO
F+C, - F+C, B+C,-B+C,
@6@ C, appears after
expected time = n?
n n
reverse-biased random walk
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How to slow down reaction L2 R Ll’?

Use a clock:
C32+L2 R CO+L
1C,,1F 'nB

F+C, - F+C, B+C, - B+C,
F+C, - F+C, B+C,-B+C,
1 1
Q'Q‘@ C, appear§ after
expected time = n?
n n
reverse-biased random walk  EftimeforL,+ R - L] <n
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Summary

rate
dependent




rate
independent

rate
dependent

Summary

integer-valued
(stochastic) CRN

semilinear

f(x) )

[Chen, D, Soloveichik, DNA 2012, NaCo 2013]
[Angluin, Aspnes, Eisenstat, PODC 2006]

real-valued
(mass-action) CRN
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rate
independent

rate
dependent

Summary

integer-valued real-valued
(stochastic) CRN (mass-action) CRN
semilinear . continuous piecewise linear

f(X) O min(x1,max(2 *xl—xf,{;i/*ilJrXZ))

@
@
@
L ororeore- >

[Chen, D, Soloveichik, DNA 2012, NaCo 2013]
[Angluin, Aspnes, Eisenstat, PODC 2006] [Chen, D, Soloveichik, ITCS 2014]
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rate
independent

rate
dependent

Summary

integer-valued
(stochastic) CRN

semilinear

f(x) )

[Chen, D, Soloveichik, DNA 2012, NaCo 2013]
[Angluin, Aspnes, Eisenstat, PODC 2006]

Turing computable

f(x)

01234567 891011 A

[Soloveichik, Cook, Winfree, Bruck, NaCo 2008]
[Angluin, Aspnes, Eisenstat, DISC 2006]

real-valued

(mass-action) CRN

continuous piecewise linear

min{x1,max(2*x1-%x2,-2*x1+x2))

[Chen, D, Soloveichik, ITCS 2014]
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rate
independent

rate
dependent

Summary

integer-valued real-valued
(stochastic) CRN (mass-action) CRN
semilinear . continuous piecewise linear
f(X) O min(x1,max(2 *xl—xZ,{;%*lerXZ))
@
@
@
L ororeore- > x
[Chen, D, Soloveichik, DNA 2012, NaCo 2013]
[Angluin, Aspnes, Eisenstat, PODC 2006] [Chen, D, Soloveichik, ITCS 2014]
Turing computable
f(x)
’ 2?27
5 _deee -t
3 00
200

01234567 891011 A

[Soloveichik, Cook, Winfree, Bruck, NaCo 2008] 185
[Angluin, Aspnes, Eisenstat, DISC 2006]
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- allowing small probability of error vastly
expands abllity (all computable functions)
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Conclusion

- chemical reactions can be programmed to process
iInformation encoded in counts/concentrations

- error-free computation is limited in ability
(piecewise linear functions)

- allowing small probability of error vastly
expands abllity (all computable functions)

- key challenge Is representing information
without geometry 001101110001110101

AN /!

this bit is next to this one, and not this one
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