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Install Kaemika
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Infinite Loop #1

« The first ever interesting "chemical algorithm'
that had nothing to do with actual chemicals

UNDAMPED OSCILLATIONS DERIVED FROM THE LAW OF MASS
ACTION.
By ALFrED J. LOTKA.
ed June 2, 1920.

o= Adz Ty
(Lj\.1 ! 1

T - N hXX x1 -> x1 + x1 {1} // prey reproduces
) = XX — e ﬂs x1 + x2 -> x2 + x2 {1} // predator eats prey
I . VWaida X2 -> # {1} // predator dies

* First theoretical proof of oscillation, 1920 [Lotka]

* First experimental (accidental) chemical oscillator, 1921 [Bray]
Ignored until the BZ reaction (accidental) discovery, 1958 [Belousov—Zhabotinsky]
First non-accidentally-discovered chemical oscillator, 1981 [De Kepper]
First protein/ATP-only oscillator, 2005 [Nakajima et al ]
First DNA-only oscillator, 2017 [Srinivas et al.] (a version of Lotka's)
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Try removing the prey (x1) (set prey reproduction rate, reaction #1, to 0)
Try removing the predators (x2) (set predation rate, reaction #2, to 0)

Try making predators immortal (set predator dieout rate, reaction #3, to 0)
Try doubling the predation rate (prey go down, but predators too!)

L otka Volterra

Try doubling the prey reproduction rate (prey go up, but predators go up more!)

Tutorial

Basic Models
StartHere
LotkaVolterra
RingOscillator
Reactions
EnzymeKinetics
ApproximateMajority
2AM Oscillator
Transporters
Differential Signals
SineWave
SquareWave
HighPassFilter

LorenzAttractor

©

LotkaVolterra

11

4

// Lotka 1920, Volterra 1926
// (simplified with all rates = 1)
177

number x1, =? uniform(0,1) // random x1,
number x2, =? uniform(0,1) // random x2,

species x1 @ x1, M
species x2 @ x2, M

x1 -> x1 + x1

x1 + x2 -> x2 + x2 {1}// predator eats prey

x2 -> #

equilibrate for 40

/1 prey
/1 predator

{1}// prey reproduces

{1}// predator dies

)

, 00 - (o)
Ne”
(2)o * = WMo o(k)="&

LotkaVolterra (2]

° x1, = 0.491
un‘i’fovm(O, 1)

— P x2,=0.819
uniform(0, 1)

y
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PID Cont
PosTestSignal Sine:
PosTestSignal Step
TestSignal Sine

1
(] x1e = 0.65. Drawn from unfom(0. 1)

]
[ x2- = 0.385. Drawn from uniform(0, 1)
v
Bpot < e Parameters ;E io»:;e;; v ::’ a]bzha: e L=9=w
25 — X1
— X2
2
= 15
z
05
0 10 20 30
Time (s)
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Yaemika

/’kimika/

Tutorial g
Basic Models
StartHere

RingOscillator
Reactions
EnzymeKinetics
ApproximateMajority
2AM Oscillator
Transporters
Differential Signals
SineWave
SquareWave
HighPassFilter
LorenzAttractor

Derivativel

[ac — 2
|

Splash!

Translation of “chimica” — Italian-English

chimica

noun «[feminine] /’kimika/

Tutorial Examples
and Docs

01:05 0 B @ -

(scienza)
chemistry

Add new

2AM Oscillator (copy)
6/1/2019 12:37:18 AM
PID Controller
6/1/2019 12:37:18 AM

=) =

User files

Edit  Clipboard
tutorials paste/copy

StartHere .
7
;
; :

11 Declare some species a
11 their molarity (M, i, ...)

species a,b @ 11
/7 Make some reactions (# is ‘nothing')

av2b>a
a4

11 Decide what to plot
report a, b, b-a, sin(time)

77 Run a simulation
/7 (or nothing much will happen)

equilibrate for 2+p1
| 11 optionally select notse (u, 10, ...)
7--

v
=

Text size Play -

Text
outputs
Graph
outputs

=]

StartHere
sanple vessel+1 {IL, 293.2k {

b=tM
¥

amount a @ 1 M in vessel:1
amount b @ 1 W in vessel+1
atbrb->a

equilibrate vessel := vessel+1 for 6.283
=> sample vessel {IL, 293.2K} {
a = 1.896mM,
b = 333800

}
Elapsed Time: 0.0030935

(00). ~ (>
e ad

Current model

Reaction and
protocol
graphs

Hybrid system
kinetics

Rotate

° o Chemical Traz <

General output

Output and Export

Chemical Trace
Computational Trace
Reaction Graph

Reaction Complex Graph
Protocol Step Graph
Protocol State Graph
System Reactions
System Equations

CANCEL

..and export

Export text
or GraphViz

Solvers
o)
k (\(,
3¢

—lo1 =i
e 102 ge‘ mz:
lo1 gage\ed hit +o
lo2 1o hi2 2o
|
e |
| 3@& (0.5, 1.5)
| > Se\ed Li:rnlléf(enfgs, 03) |

Play

S o\

— -‘

; Stop

Chart output

..and noise/LNA
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Interaction (Windows

tutorial examples import/export special start/stop stochastic less/more
i Kaemika and docs your models chars simulations options text outputx
zsuemi"“ . — e 3 - SUVD ,II - B 77 LA ® Chemical Trace
Version 6.022623 fuond ¥ — | — =[5 l j — O Computational Trag
;.; Build a reaction network sample veSsehill, 293 2K1{
1 a=1M
2 b=1M
A ——
species a,b @ 1 M a->%
// Make some reactions (# is 'nothing') i §
amounta @ 1 Min vessel
a+2b->a amountb @ 1 M in vessel
el a+b+b->a
// Decide what to plot a->#
report a, b, b-a, sin(time) main edltlng area ‘“:'}"2;:‘1:’:3::'5;}_1]‘{‘1‘7_“525;3’"’2""5}'{2“
// Run a simulation a=12896mM
// (or nothing much will happen) b=3338mM
FaubraTe Tor e }Elapsed Time 11734530 CONtrol model control graph
// Optionally select noise (u, #o, ...)
PR parameters graph snapshot
// Press the Play button — : 1re Solvers " o = +:\ control
L other outputs: Bxpot v Copy Parameters (7] |RKssTM 5 - A | (e legend
export to tools
export to GraphViz i 2
analyze model 1 _: i
copy text ouput e
_—— graph output
z A legend
2 07
(O\\
0.5 A L [ sin(time) [x=3.723,y = -0.5493] |
2"
-1 ra\ : E 1 = .
07 10° p y datatooltips
Time (s)
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PID Controller

P K.EQ
I K E@a
D K, dE@)/dt

PID Controller

& 9
(0.5, 1)
1
¢ (0.1,1)
34
. (0.01,1)
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MATLAB YouTube Video

https://www.youtube.com/watch?v=wkfEZmsQgiA

drore will stort 4o full

O n/oﬁ propellers will 540.’_)

Control:

pronHers Wwill spin up

drore will rise, reduc'.nj He error

propllers Wil spin up

drore will rFise, redunlr\i $a error

Command = 50 xete

Proportional
Control:

.
Lets assume

Propeller speed = Error * Gain
hovering speed => Error =/= 0

10 % 16 = 100 rpm

D x 100 = 100 rpm

,\\ Error wont go awey, -_S"‘S-Jr

geks smaller!



MATLAB YouTube Video

0 50 meter +gau;1 5—}‘-.»311: error Increasing
Proportional SR b L) Td .
+|ntegral (

Control: __ — D e
removes the steady state ¥ :jf:l "o the

error (eventually) input over Fime

[‘en”j small small error

errof

but may overshoot:




Proportional
+|ntegral
+Differential

Control:

i the error is decreasing fast
a large negative derivative
will be added

slowing down the ascent

and preventing overshooting

PID: present + past + future

MATLAB YouTube Video

50 meters

Ector qu}r_kfj Cle_re&‘flﬁfj ﬂgﬁa}}ve vmlme

rakop/—ii‘_\c f'—D

chovyge

——f e —s

- look o He Curr!'_n# ra\\'c of Chmf‘at of error

- Determine how we ore o.PPf‘oar_hing He chﬂJ

- F’rer"la-\mrtltj clow down e pmp:“efi




Positive Arithmetic

// copy // add // copy and add
species a @ 2 M species a @ 2 M species a @ 2 M
species a' @ 0 M species b @ 3 M species b @ 3 M
report a, a' species c @ O M species c @ O M
report a, b, c report a, b, c
a->a+ a'
a' > # a -> C a->a+cC
b -> c b ->b + c
equilibrate for 5 c > #

equilibrate for 5
equilibrate for 5

da =20
da' = a - a'
da =20

' ' ob = 0

aa = 0 = a = a
’ oc=a+b -c

Try increasing the alevel
How much longer will it d3c =0 = oo aran

take to reach steady state?



Positive Arithmetic

//mult //div

species a @ 2 M species a @ 2 M
species b @ 3 M species b @ 3 M
species c @ O M species c @ O M
report a, b, c report a, b, c
a+b->a+b+c a->a+cC

c > # b+c->b
equilibrate for 5 equilibrate for 5
da =0 oa =0

ob =0 ob =0

oc =a *b -c oc =a-b *c
oc =0 == c=a b ocC 0 = c=a/b

(b

e Luca Cardelli 2019-07-10



Ditferential Signals

L _

But ERRORS in the PID controller //a=a" -a
can be positive or negative, N species a* @ 1 M
while concentrations can only be positive. species a~ @ 3 M
report a*, a-
: : report a* - a-
Solution: encode an integer number P
_ as the difference of two # -> a' !

natural numbers (concentations) # o> a

: = — = // normalization:

g o —— ~ 2 // at + a -> #

L -

/

° equilibrate for 5

Time (s) Time (<)

Without normalization With normalization
(they keep growing) (we are still producing a~, so it does not go to zero, but it stabilizes)

L € _



Addition of Differential Signals

(a* - a’) + (b* - b)) species a* @ 2 M

@ +b*) - (a + b)) species a- @ 0O M

ct - C

C species b* @ 0O M
species b~ @ 3 M
species c* @ 0O M
species ¢ @ 0O M

report a* - a-, b* - b", ¢t - c

at -> ct
b* -> ¢*
a -> C
b- -> ¢

equilibrate for 5



Subtraction of Differential Signals

(a* - a) - (b* - b) species a* @ 2 M

(@ + b)) - (a + b") species a- @ 0 M

ct - c

C species b* @ O M
species b~ @ 3 M

species c* @ 0O
species cC @ 0O M

report a* - a-, b* - b™, ¢ - c

a* -> ¢t
b- -> ¢
a -> Cc
b* -> ¢

equilibrate for 5



Multiplication of Difterential Signals

a*b=(@ -a)* (b" - b) species a* @ 2 M
= a**b* - a**b” - a *b* + a *b"- species a~- @ 0O M
= (@a**b* + a™*b™) - (@**b™ + a *b*)
=c" - C species b* @ O M
= C species b~ @ 3 M
At this point we would want to use some species c* @ 0 M
species cC @ 0O M

"subroutines”, since se have already seen

how to multiply and add positive quantities

and we need to do a whole bunch of those.
equilibrate for 5

Fortunately we will not need this multiplication

for the PID controller, but we will still need

to modularize reactions.



Modular Chemical Programs

function add([species a* a™], [species b* b™]) {

function signal(number n) {
define
[species c* c7] signal (0)

define
species n* @ pos(n) M =
species n- @ pos(-n) M a* -> c*; bt -> ¢*
nt + n -> # a ->c; b > c
yield yield
[n*, n7] [c*, c7]
} }
function copy([species a* a’]) { function sub([species a* a™], [species b* b™]) {
define define
[species b* b™] = signal(0) [species c* c] = signal(0)
at -> a* + b*; bt > # at -> c*; b- > c*
a- > a + b b > # a- -> c; bt -> c
yield yield
[b*, b7] [c*, c7]
}



Modular Chemical Programs

Tist a = signal(3) // [a*, a7]
Tist b = signal(-2) // [b*, b7]
Tist d = copy(a) // [d*, d7]
1ist ¢ = add(a, b) // [c*, c7]
Tist e = sub(d, ) // [e*, e7]

report a(0) - a(l) as "a"
report b(0) - b(1) as "b"
report c(0) - c(1) as "c"
report d(0) - d(1) as "d"
report e(0) - e(l) as "e"

equilibrate for 5



PID Controller

P K.E®
I K[ E@d
D K, dE(tyadt
i i (Pt —> & % e (% Bt e A* >0 D'y

M»o DD >{¢.g

E—t—e P — E-——e | i-le A gy Do
\ J"I'S,

Y'+_‘_. § ' s 4 ¢

) i Y —8 YE—pg
Re——e Et—p O Y ;
= q»ﬂ @9 "'}’g
S — Y’ Y
- — g

PID Controller

— Kp = 0.769
uniform(0.5, 1)
o Ki=-1.61
normal(0.1, 1)
2 Kd =-0.334
normal(0.01, 1)

Luca Cardelli
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Proportional Block

L

» Amplify the error E = (E* - E7) into P = (P* - P7) by a tunable "gain" Kp

e Proportional Block ------------—---
network PBlock (species E* E- P* P, number Kp) {
Et* -> E* + P* {precision * Kp}
E- -> E- + P {precision * Kp}
P* -> # {precision}
1 P~ > # {precision}
P~ + P* —> # {precision}

You may recognize the pattern:

E* 1s copied into P* (reaction 1 & 3)
E~ 1s copied into P~ (reaction 2 & 4)
P*-P~ 1s normalized (reaction 5)

But the "copying" adds an amplification Kp
(rates of 1 & 2)

r's

E* —— P' — O

Moo

B ——e® >0



Unit Testing the P-Block

» Change Kp
« Change the "DSignal" function

e Luca Cardelli 2019-07-10 21 N



Integral Block

L

B Integrate the error E = (E* - E7) into I = (I* - I7) with a tunable "gain" K1

e e Integral Block --------------——-—-
network IBlock (species E* E- I* I7, number Ki) {

Et* -> E* + T* {Ki}

E- > E + I- {Ki}

I+ I > # {precision}
}

This is even easier:

E* accumulates into I* (reaction 1)
E- accumulates into I- (reaction 2)
I*-T~ is normalized (reaction 3)

But the "accumulation" adds an amplification K1
(rates of 1 & 2)

Et — ]t

:;>> %,

E——e]



Unit Testing the [-Block

» Change Ki
« Change the "DSignal" function

e Luca Cardelli 2019-07-10 23 N



Derivative Block

L |
r a
. . . + —_ . . + —_ . 1 N 11
» Differentiate the error E = (E* - E7) into D = (D* - D7) with a tunable "gain" Kd
Retwork Dilock(species E £ D0, mumber K {
R R PID Control of Biochemical Reaction Networks
-># {precision}
->E + A {precjsjon}
o E{%:icgis;i(:)r;}*precision*Kd} Max Whibyl. Luca Cardelli', Marta Kwiatkowska', Luca Laurenti', Mirco Tribastone”, Max Tschaikowski®

{precision*precision*Kd}
{precision}

D {precision*precision*Kd}

D~ {precision*precision*Kd}
{precision}

# {precision}

QO>XrmMO>mM>m>m
e S R T
N4
>
+
o

« E*,E- 1s copied into A", A°

« E*,E- is also copied into D*,D- ,f"""""?ﬁ?\.

« A",A” i1s swap-copied (negated-summed) into D*,D- rv A VY S

« So D is the difference of two copies of E Ef —8 A" =0 DY =0
taken at different times t and t+s
(because E->D is faster than E->A->D)

« Appropriate rates ensure that N | . 1

D(t) = (E(t)-E(t-s))/s E- -9 A =0 D =0

which converges to the deriviative for s->0
(where s is a rate)

q %,

I'vs

L e Luca Cardelli 2019-07-10 24



Derivative Block

L

* Informal argument

[mrmmmmmmmmmssass=s Derivative Block ---------------——-
network DBlock(species E* E- D* D, number Kd) {

° aA+ = SE+ - SA+ species A*, A~ @ OM // D block auxiliary species
_ a a E:—TE* + A* {SS}
y aA - SE - SA é: —>§’ + A” {{s}i»
« oD* = ks2E* + ks2A™ - sD* - sD'D- A .
« oD = ks?E” + ks2A* - sD™ - sD'D- A -
E- -> E" + D s¥*s*
A" -> A" + D” {s*s*k}
D~ > # {s}
« 0(D"-D7) = ks(sE*-sE”) + ks(sA™-sA*) - s(D*-D7) P Do

- e 0(D*-D7) = ks(sE*-sA*) - ks(skE™-sA) - s(D*-D)
« 0(D*-D) = kso(A* - A") - s(D*-D?)

« at "steady state" (when 0A* = A~ = 9(D*-D7) = 0)

AT = E°
- A =F
« D* - D = ko(E* - E7)

« (but o(D*-D7) may never reach steady state, so this needs a more formal argument)

L e Luca Cardelli 2019-07-10 25



Unit Testing the D-Block

« Increase the precision (say, to 100) for better fidelity

» Change the function to differentiate

« 2*time, whose derivative is constant 2

* time” 2, whose derivative is 2 (slope 2)

« exp(time), whose derivative is exp(time)! (STOP it before it crashes!)
-« the second derivative of sin(time) by using two D-Blocks

L

L e Luca Cardelli 2019-07-10 26



Finally, the whole PID controller

//======================================
// PID Controller Block
R(1) E(t) I r
network PIDController( a K, [, E()dt
species R* R, D K, dE(t)/at

number Kp Ki Kd,
hetwork Plant){

species E*,E~,P*,P~,I*, I, D*,D7,U",U7,Y,Y", Y @ OM

PBlock(E*, E-, P*, P7, Kp)

IBlock(E*, E-, I*, I-, Ki)

DBlock(E*, E~, D*, D, Kd)

SumBloc(P*, P~, I*, I-, D*, D=, U*, U")
Plant(U*, U™, Y)

DualRail(Y, Y*, Y)

SubBlock(R*, R™, Y*, Y7, E*, E)

e Luca Cardelli 2019-07-10 27



The Trivial Plant

network Plant(species U* U Y) {
ur -> U* +Y
Uu- +Y -> U

-+ U" increases the output Y
» U™ decreases the output Y

« However it is not symmetrical:
=l - Y * U
so, although we can control the plant, we do not have direct control of Y
and the control task is still mildly non-trivial

L e Luca Cardelli 2019-07-10 28



L

» Oscillating reference signal

(I

Testing the Controller

» Just click the Play button a few times
The parameters Kp, Ki, Kd are drawn from uniform random distributions.

They can be individually frozen by checking the checkboxes

[ Kp = 0.691. Drawn from uniform(0, 2)

[ Ki = 1.86. Drawn from uniform(0, 2)

[] Kd = 0.651. Drawn from uniform(0, 2)

e Try to find and freeze some good parameters

104

ﬁ

oy

20

€

40

60

- R - R~

— Y

Luca Cardelli
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Testing the Controller

L _

 Constant reference signal

* This is easier
Try changing the parameters by hand in this line (these are already pretty good):

PIDController(R*,R™, Y, 0.1, 0.02, 0.02, Plant)

35+ —R R

3

25—

2

1.5+

F

0.5

0

10 20 30 40

* Likely, you will need a different set of parameters here.

L e Luca Cardelli 2019-07-10 30



Biochemical Plant

L
= . _ i
network Plant(species U* U™ Protein) { ] Kp =0.628. Drawn from uniform(0, 2) A
species mRNA @ O M [ ]
species microRNA @ O M
U* -> U* + mRNA ;
U- -> U~ + microRNA |:]IG=:313.D'awnfmunrfumiﬂ.2)
mRNA -> mRNA + Protein
Protein-> # [] Kd =0.259. Drawn from uniform(0. 2)
mRNA + microRNA -> # v
} Solvers tre
- ™ iph:
Export v Copy Parameters . RKS4TM .;:zs 332 a: Snap Legend
// OSCILLATING REFERENCE 40+ . L
- number Kp =? uniform(0,2) —_—
number Ki =? uniform(0,2)
number Kd =? uniform(0,2) 304
DSignal(R*,R™, fun(){1.5+sin(0.25*time)}) § 20-
PIDController(R*,R™, Y, Kp, Ki, Kd, Plant) ;5
10
G_
0 20 40 60

« Random sampling: Not so easy!

L e Luca Cardelli 2019-07-10 31



Biochemical Plant - my PD strategy

L

* 1. Adjust Kp until the amplitudes match
(with Ki, Kd zero)

|>

e 2. Adjusting Ki does not seem to help at all,
leave it at zero

» 3. Adjusting Kd gives better results
to put the oscillation in phase

L N ° & _ih “ Luca Cardelli 2019-07-10 32



Automatic Parameter Search

L _

~» Kaemika has a multi-dimensional gradient descent search
(the "argmin” primitive, implementing the BFGS algorithm)

* Gradients (partial derivatives) must be provided for Kp, Ki, Kd;
see the "PIDController Optimization" tutorial about how to do that

L_1main =0 Nsusm
[] Kp = 0.628. Drawn from uniform(0. 2)

- ’ 2

[] K = 0.313. Drawn from uniferm(0, 2)
¥
[] Kd = 0.259. Drawn from uniform(0, 2)
v v Solvers iph
N e N ) R Was asked to zero-out error already at time 20.
i e —rers-ws So it overshoots a bit to get there in time.
_ 25 It is using each of B |, and D.
i Found (local) minimum in only 5 tries.

L ’ o Luca Cardell 2019-07-10 33



Chemical Perceptron

y; = max(0, wj1 1 + wizxz + b; 1
species a @ 0.01 M : ey it £ 00 b ‘ + . - .
number bias = 0.3 T b > 0|
number pw = 1.1 b File|
number nw = 0.9 .b'é >0 . . T .
species exc @ 1.5 M , , w1 > 0
species inh @ 0.4 M w“yw<0 A—I_.‘ ’._1_. -I_A

S a -> a {1} ;ElA vmg v_l_ .\’w,;g <0|v

a->a+ a {bias}
exc + a -> a + a + exc {pw}
inh + a -> 1inh {nw}

equilibrate for 40

Nanoscale artificial intelligence: creating artificial neural
networks using autocatalytic reactions

Filippo Simini!

e Luca Cardelli 2019-07-10 34



Conclusions

L

K Programming chemistry is fun. But it is no fun without modularization!
Chemical reactions provide a nice almost-high-level language if
properly modularized.

» There will always be "cheaper" ways of implementing those programs
by direct "low-level chemical hacking" (c.f. trade-off between high-level
and assembly languages).

-+ But a compiler could optimize higher-level programs for specific
architectures (e.g. DNA strand displacement).

» There are already higher-level languages. Synthetic biology "programs"
(gene assemblies) can be compiled from libraries of standard parts into
molecules (plasmids). Chemical reactions there figure prominently as
an "intermediate language" between gene specification and analysis.

 Control of biochemical "plants" is a major issue in synthetic biology.
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