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Advantages of chemical computing
¢ High storage density
¢ High energy efficient

High parallelism

Recyclable
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Mass-action Kinetics

Assumption: number of effective reactant collisions Z proportional
to reactant concentrations (Guldberg 1867)
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Assumption: number of effective reactant collisions Z proportional
to reactant concentrations (Guldberg 1867)

A+BK5 C...Zc ~[A] and Zc ~ [B]
= Zc ~ [A]- 8]

Production rate generating C:

Vprod ( [C] ) =

Consumption rate of C
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VconS([C]) =0
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Mass-action Kinetics: General ODE Model
Considering scheme of r reaction and p involved species

k
317151 + 327152 +...+ ap715p —1>b17151 +b27152 e +bp715p

k;
317251 + 327252 +...+ ap725p —2>b17251 +b27252 e +bp725p

kr
317,51 + 327r52 + ...+ ap,,Sp —>b17r51 +b27,52 c. —|—bp7,5p

Results in system of ordinary differential equations (ODEs):
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Considering scheme of r reaction and p involved species

k
317151 + 327152 +...+ ap715p —1>b17151 +b27152 e +bp715p

k;
317251 + 827252 +...+ ap725p —2>b17251 +b27252 e +bp725p

kr
317,51 + 327r52 + ...+ ap,,Sp —>b17r51 +b27,52 c. —|—bp7,5p

Results in system of ordinary differential equations (ODEs):

) r P
[Si] = dr Z <kh - (bih — ain) - H[Sj]aj‘h> withi=1,...,p
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Chemical Calculations: Addition

[Xi] =0
[Xo] =0
[Y]  =ki[Xi] + ko[ Xo] — ks[Y]
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Chemical Calculations: Addition

[X] =0
[Xo] =0

[Y]  =ki[Xi] + ko[ Xo] — ks[Y]

asymptotic solution in a stationary state with k; = k» = k3

[Y](e0) = lim (1 —e™%) - ([Xa](2) + [Xe](£)) = [X0](0) + [X2](0)
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asymptotic solution in a stationary state with k; = k» = k3

[Y](e0) = lim (1 —e™%) - ([Xa](2) + [Xe](£)) = [X0](0) + [X2](0)

t—oo

= [Y] =[Xi] +[Xo]
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Chemical Calculations: Non-negative Subtraction

—ka[Y][Z] = ka[Y] + ka[X1]
ki[X2] — ke[ Y][Z]
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Chemical Calculations: Non-negative Subtraction
.
[X1] =[X2] = 0

—ka[Y][Z] = ka[Y] + ka[X1]
ki[X2] — ke[ Y][Z]

asymptotic solution in a stationary state with k; = ko

[X1](0) — [X2](0) if [X1](0) > [X2](0)

[¥](e) - {0 else
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Chemical Calculations: Non-negative Subtraction

[X1] =[X2] =
Y= —klY][Z] - kY] + ka[Xi]
[Z] = ki[Xe] — ke[ Y][Z]

asymptotic solution in a stationary state with k; = ko
if [X1](0) > [X2](0)

Vi) = {([)x1]<0> ~ [%](0) ‘L
=[] =Dal-x]
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Chemical Calculations: Multiplication

[Xi] =0
[Xo] =0
[Y] =ki[X1][Xo] — ko[ Y]

asymptotic solution in a stationary state with k; = ko

[Y](e0) = lim (1 —e™"%) - ([Xu](¢) - [Xa] (1)) = [X1](0) - [X2](0)

t—o0
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[Xi] =0
[Xo] =0
[Y] =ki[X1][Xo] — ko[ Y]

asymptotic solution in a stationary state with k; = ko

[Y](e0) = lim (1 —e™"%) - ([Xu](¢) - [Xa] (1)) = [X1](0) - [X2](0)

t—o0
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Chemical Calculations: Division

] =0
[X2] =0
Y] =kelXo] - ki[X1][Y]

asymptotic solution in a stationary state with ky = k

V]@e) = t:;rgo ((1—e—k1t) : %) if [X2](t) >0
im (§ ko[ X2](t)d t) else

t—00
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] =0
[X2] =0
Y] =kelXo] - ki[X1][Y]

asymptotic solution in a stationary state with ky = k

lim ((1 _ehaty. M) if [Xo](t) > 0

_ ) fim, Ao
Y1) lim (ke[ Xe(£)d 8 else

[Y] =[X1]/[X2] if[X2] > 0
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Chemical Calculations: IF-ELSE

* [T][FI€{(1,0),(0,1)}
° je if [T]=1:][C]=[A][B],else: [C] = [A]

if [T] then
| [CI=[A]-[B]

else
| [C]=1Al
end
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Chemical Calculations: IF-ELSE

* [T][FI€{(1,0),(0,1)}
° je if [T]=1:][C]=[A][B],else: [C] = [A]
if [T] then
| [Cl=1A]-[B]

else

| [C]=TA]

end
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Copasi: Software for Chemical Reaction’s Simulation

Chemical Analog Computing with Negative Numbers

thermorezeptor150102 - COPASI 4.14 (Build 89) /home;.../project-brusselator/thermorezeptor150102.cps

OH®§F v 5B 2=

v copas
~ Model
v Biochemical
» Compartments (1)
» Species (17)
v Reactions (21)

R10
RI1

R12

RI3
R14
RIS
R16
RI7
RIS
R19

Global Quantities (0)
Events (0)
Parameter Overview
Parameter sets (0)

v Mathamatical

Particle Numbers
Reaction [R1
Details | Notes Annotation RDF Browser
Reaction [A->X
() Reversible () Multi Compartment
Rate Law | Mass action (irreversible) New Rate Law
Particle Flux (1/s) Edit Rate Law

Ssymbol Definition

Role Name | Mapping  Value Uit
Parameter k1 —local- /24767 1/s
*— Substrate i substrate A mmol/ml
Commit || Revert New copy || Delete

Copasi: Complex Pathway Simulator

Freely available at www.copasi.org

Very stable and reliable tool, convenient user interface

Particle numbers (multiset of molecular counts) as output

Hendrik Happe 11/ 30
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thermorezeptor150102 - COPASI 4.14 (Build 89) /home;.../project-brusselator/thermorezeptor150102.cps

I - R

R9
Global Quantities (0)
Events
Parameter Overview
Parameter sets (0)

v Mathematical
Differential Equations
Matrices

> Steady-State
> Stoichiometric Analysis
» Time Course
» Metabolic Control Analysis
» Lyapunov Exponents
» Time Scale Separation Analysis
> Cross section
Parameter Scan
» Optimization
» Parameter Estimation
» Sensitivities
» Linear Noise Approximation
» Output Specifications
> Functions (38)

Particle Numbers :

Time Course
Duration (s) |5

Interval Size (s) [ 5e-06

Negative Numbers

Conclusion
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Estimation of Time Course using Copasi

7] update model [ executable

Intervals (1000000

Suppress Output Before (s)

[ Output Events

Integration Interval (s) 0to’s

Method | Hybrid (Runge-Kutta)

Parameter | max internal Steps
Lower Limit
Upper Limit
Runge Kutta Stepsize
Partitioning Interval
Use Random seed
Random seed

Run Revert

High internal numerical precision

Chemical Analog Computing with Negative Numbers

Output Interval (s) 0to's

1000000
800
1000
0.001

1

[

1

Report.

Hendrik Happe

Continue on Simultaneous Events

Output Assistant

Numerical ODE solver based on adaptive Runge-Kutta method

Variable time discretisation stepsize according to volatility

Output rounded to obtain integer numbers for molecular counts

12/ 30
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Problem With This Model

¢ Representation of negative numbers

® What happens if you want to calculate 2 — 37
¢ | developed two possible representation forms

® Signed Number Representation
® Bi-Concentration Representation
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Signed Number Representation

Idea
* Use two substances (P/N) for the sign

0 else
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Signed Number Representation

Idea
* Use two substances (P/N) for the sign
. [P] = {1 if [X1] > [Xe]

0 else

. [N = {1 if [Xo] > [X1]

0 else
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Signed Number Representation

Idea
* Use two substances (P/N) for the sign
. [P] = {1 if [X1] > [Xe]

0 else
-y 4o

* Use another substance (YY) for the number
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Signed Number Representation

Idea
* Use two substances (P/N) for the sign

0 else

R
* Use another substance (YY) for the number
[Xa] = [Xe] if [Xa] > [Xe]
° Y= Dl -[X] if [X] > [Xi]

0 else
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Signed Number Representation

Idea
* Use two substances (P/N) for the sign

0 else

R
* Use another substance (YY) for the number
[Xa] = [Xe] if [Xa] > [Xe]
° Y= Dl -[X] if [X] > [Xi]
0 else

= —¢: (RT)2 - R* x {(1,0),(0,1)}

Chemical Analog Computing with Negative Numbers Hendrik Happe
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Signed Number Representation: Reactive Network

X1

X2

[A](0) = 1
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Signed Number Representation: Reactive Network

S:

2 2 A2

X

X
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Signed Number Representation: Example

Concentrations, Volumes, and Global Quantity Values 1

mmol/ml
w
1

-m [Fl —Da] b2 [¥]

[X1]=5 [X2] =3
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Signed Number Representation: Addition
Input : X; = ([X1],[X1P],[X1N]),
Xz = ([X2],[X2P], [X2N])
Output: Y = ([Y],[YP],[YN]) = X1 + X2

if [X1P] AND [X2P] then

| [Y] = [X1] + [X2), [YP] = 1, [YN] = 0
end

if [X1IN] AND [X2N] then

| [Y]=[X1] +[X2],[YP] =0,[YN] =1
end

if [X1P] AND [X2N] then

| [Y]LIYPLIYN] = [X1] —s [X2]

end

if [X1N] AND [X2P] then

| Y] [YN] [YP] = [X2] =5 [X1]

end

return O[mYul, lYPJd,g];YNAJu
Chemical Analog Computing with Neégative Numbers Hendrik Happe 17/ 30
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Signed Number Representation: Subtraction
Input : X; = ([X1],[X1P],[X1N]),
Xz = ([X2],[X2P], [X2N])
Output: Y = ([Y],[YP],[YN]) = X1 — X2

if [X1P] AND [X2P] then

| [Y]IYPLIYN] = [X1] — [X2]

end

if [X1IN] AND [X2N] then

| [YLIYN],[YP] = [X2] - [X1]

end

if [X1P] AND [X2N] then

| [Y]=[X1] +[X2],[YP] =1,[YN] =0
end

if [X1N] AND [X2P] then

[Y] = [X1] +[X2],,[YP] =0,[YN] =1

end
return O[mYul, lYPJd,g];YNAJu
Chemical Analog Computing with Neégative Numbers Hendrik Happe 18/ 30
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Signed Number Representation: Multiplication

Input : X; = ([X1], [X1P], [X1N]),
X» = ([X2], [X2P], [X2N])
Output: Y = ([Y],[YP],[YN]) = X1 - Xo

[Y]=[X1]-[X2]

[YP] = [X1P] - [X2P] + [X1N] - [X2N]
[YN] = [X1P] - [X2N] + [X1N] - [X2P]
return [Y],[YP],[ YN]

Chemical Analog Computing with Negative Numbers Hendrik Happe 19/ 30
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Signed Number Representation: Division

Input : X; = ([X1], [X1P],[X1N]),
X2 = ([X2], [X2P], [X2N])
Output: Y = ([Y],[YP],[YN]) = X1/X

[Y] = [X1]/[X2]

[YP] = [X1P] - [X2P] + [X1N] - [X2N]
[YN] = [X1P] - [X2N] + [X1N] - [X2P]
return [Y],[YP],[ YN]

Chemical Analog Computing with Negative Numbers Hendrik Happe 20/ 30
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Bi-Concentration Representation

Idea
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Bi-Concentration Representation
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* [YP] = [Xi]-[X2]
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Bi-Concentration Representation

Idea
* One substance (YP) for the positive part
° [YP] = [Xi]-[X:]
® One substance (YN) for the negative part
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Bi-Concentration Representation

Idea
* One substance (YP) for the positive part

* [YP] = [Xi]-[X:]

|
® One substance (YN) for the negative part
2] -

°* [YN] = [Xo]=[Xi]
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Bi-Concentration Representation

Idea

* One substance (YP) for the positive part

° [YP] = [X]=[X]

® One substance (Y ) for the negative part
2] -

°* [YN] = [Xo]=[Xi]
= —p: (R)? - (R*)?
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Bi-Concentration Representation: Reaction Network

[@‘ 72 | XI‘S{YP‘*{@]
[i; YN | X, |

Chemical Analog Computing with Negative Numbers Hendrik Happe 22/ 30
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Bi-Concentration Representation: Example

Concentrations, Volumes, and Global Quantity Values

mmol/ml
w
1

— k] Bal ) [¥e]

[X1]=5 [X2] =3
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Bi-Concentration Representation: Example

Concentrations, Volumes, and Global Quantity Values

w
1

™~
Lov v b by by v by 1
—~

T T T T T 1
0 10 20 30 40 50

s
— k] Bal ) [¥e]

[X1]=3 [X2] =5
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Bi-Concentration Representation: Addition

Input : X; = ([X1P],[X1N]),
Xo = ([X2P], [X2N])
Output: Y = ([YP],[YN]) = X1 + X

[YP],[YN] = (|X1P] + [X2P]) —p (| X1IN] + [X2N])
return [YP],[YN]

Chemical Analog Computing with Negative Numbers Hendrik Happe 24/ 30



Introduction Conclusion

Bi-Concentration Representation: Subtraction

Input : X; = ([X1P],[X1N]),
Xo = ([X2P], [X2N])
Output: Y = ([YP],[YN]) = X1 — X2

[YP],[YN] = (|X1P] + [X2N]) —p ([ XIN] + [X2P])
return [YP],[YN]

Chemical Analog Computing with Negative Numbers Hendrik Happe 25/ 30
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Bi-Concentration Representation: Multiplication

Input : X; = ([X1P],[X1N]),
Xo = ([X2P], [X2N])
Output: Y = ([YP],[YN]) = X1 - X

[YP] = [X1P] - [X2P] + [X1N] - [X2N]

[YN] = [X1P] - [X2N] + [X1N] - [ X2P]
return [YP],[YN]

Chemical Analog Computing with Negative Numbers Hendrik Happe 26/ 30
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Bi-Concentration Representation: Division

Input : X; = ([X1P],[X1N]),
Xo = ([X2P], [X2N])
Output: Y = ([YP],[YN]) = X1/ X2

[Z] = ([X1P] + [X1N])/([X2P] + [X2N])
if ([X1P]-[X2P] + [X1N]-[X2N]) > 0 then

| [YP] =[Z]
else

| [YN] =[Z]
end

return [YP],[YN]

Chemical Analog Computing with Negative Numbers Hendrik Happe 27/ 30
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Conclusion

Both models can represent negative numbers

all elementary arithmetic can be calculated

Problem with calculations near zero (further researches)

Bi-Concentration is better than Signed Number

Thank you for your attention
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