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I X7 Chemistry conveys a “chemical advantage” for
¥

3

68 kJ/mol in one second Potential of “Chemical advantage” meets the high-
Glucose Biochemical Pathway performance requirements for scientific

OPS: ~10723 workflows:
Energy/s: ~68 kW Scalable

Massively concurrent
Continuous (time) representation

Frontier (ORNL, 2021) -~ oW energy

FLOPS: ~10*18

Energy/s: ~29,000 kW Beneficial to applications:
- Continuous systems such as ODEs as

natural representation
Neural networks/NLP as massively
concurrent inference

Potential Gain -
in OPS/W

Pyruvate
~4x1077 X
Glucose + 2 ATP — 2 Pyruvate + 6 ATP

Rules are ‘simple’
compared to biology
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Ordinary Differential

Chemical Reactions

Equations
Mass Action Kinetics Law j S Compiler J
Ordinary Differential : :
y L Chemical Reactions
Equations
D. Soloveichik, et.al. - Turing completeness [Natural Computing 2008] S. Shah, et.al. - CCompiler [arXiv 2008]
M. Matejak, et.al. — Modelic Lib of Chem Processes [Modelica Conf 2015] M. Vasic, et.al. - CRN++ [Natural Computing 2020]

W. Poole, et.al. - BioCRNpyler [PLOS Computational Biology 2022]
R. Rendal, et.al. - Chemilang [Github 2023]

RW does not consider:
« Concrete chemical reactions
» Tracking species over time
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| o M _ _p 4]
Using the Law of Mass Action kinetics: o aen 11» - dﬁé]
] % = —k,[A][B]
d
pr( ) | k2 C2 — ki[A)[B] - ks[C]
IlTX OTX r2: C =p D dﬁt)]
—— = ky[C]
. dt
dXi 0.8 1

= Z(Oz” — ID)pe(X)

0.2 1

Chemical concentration

I] : Number of input species i in reaction r
M 0. : Number of output species i in reaction r

0.0

d0.-(x): Propensity or Rate of the reaction r

T T T T T T
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Time
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I 7 Reservoir computing can harness real world

: * Provide problem as input signal

« Map the signal onto a higher dimension physical
system

« Dynamical system performs some process
function

T (t) F (.CE . t) y (t) « Perform measurements of system states and
L% )

form weighted combination of measurements

« Use linear least squares optimization of output

A range of dynamical systems have been considered: weights

« Optofluidic systems (Gao et al., 2022)

Water waves (Maksymov and Pototsky, 2023)
Ecosystems of Unicellular organisms (Ushio et al., 2023)
Ferromagnetic materials (Everschor-Sitte et al., 2024)
Formose reaction network (Baltussen et al., 2024)
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Input: ODEs Compiler

ODEs to CRN

ay %/ 4 = osin(Bot + 6p) + Ag
ay Y 4p = ausin(Bst +6,) + A4

d : .
— Y2/ 1 = apsin(Bat + 6,) + 4, Abstractions

Develop a compiler using MLIR [1] to capture
ODE and realistic chemical and biologiCal | !
processes

Create a compilation flow to convert ODEs into - C ________________ —

: : _ | onfiguration
Egcewrcrl]c?r: cgztﬁc:ratlons from a curated database of Output: Concentrations & Reaction Databases |

Implement CRNCMs, leveraging the BiGG [2]
database and respective mass action kinetics

o O N N N Emulator
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Timel[t]
[1] C. Lattner, et al. "MLIR: Scaling compiler infrastructure for domain specific [2]Z. A. King, et al,, “BiGG Models: A platform for integrating, standardizing
computation." 2021 IEEE/ACM International Symposium on Code Generation and sharing genome-scale models, Nucleic Acids Research’, Volume 44

and Optimization (CGO). IEEE, 2021
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. , _
* Introduce a new dialect to  Compiler
represent chemical reactions . Transformations

|ldentify mathematical patterns

* Using MLIR, implement lowerings
of mathematical patterns to
abstract chemical reactions

Generate abstract chemical reactions
Compose abstract chemical reaction network

Canonicalize

* Incorporate concrete chemical

reactions in the flow Generalize CRN

Translate for emulation

| S .

» Abstract CRN » Concrete CRN » Device/Emulator » y(t)

8 dy Mathematical
pramRAGE) » patterns
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( | | // Define reaction 1: 2H2 + 02 -> 2H20
// Reaction 1 adjusts concentrations of H2, 02, and H20
acr.reaction @reaction_1(%h2: lacr.species,
%02: lacr.species,
%h20 :lacr.species,
%rate_constant: f32)

-> (lacr.species, lacr.species, lacr.species) {
// Define the stoichiometry: 2H2 + 02 -> 2H20
%h2 _stoich = acr.stoich_coeff-2:f32
%02 _stoich = acr.stoich_coeff-1:f32
%h20_stoich = acr.stoich_coeff 2 : f32

%h2_0, %02 _0, %h20_o = acr.react(%h2, %02, %h2o,
%h2_stoich, %02 _stoich, %h2o_stoich,
%rate_constant) : (lacr.species, lacr.species, lacr.species,
f32, f32, f32,
f32) -> (lacr.species, lacr.species, !acr.species)
return %h2_o, %02_o, %h20_o

Define reaction 2H,+ O,

2H,0

Northwest ~ Approach to compiler support

| .
' Compiler
' Transformations

|ldentify mathematical patterns

Generate abstract chemical reactions

Compose abstract chemical reaction network

Canonicalize

Generalize CRN

Translate for emulation




Pacific

Northwest ~ Approach to compiler support

// Declare reactions that were defined elsewhere

acr.reaction private @reaction_1( %h2: lacr.species, %02: lacr.species,
%h2o0 :lacr.species, %rate_constant: f32)
-> (lacr.species, lacr.species, !acr.species)

acr.reaction private @reaction_2(%02: !acr.species, %co: !acr.species,
%co2: lacr.species, %rate_2: f32)
-> (lacr.species, lacr.species, lacr.species)

// Use reactions in a network
acr.crn @reaction_network(%h2: lacr.species, %02: lacr.species,
%h20 : lacr.species, %co: lacr.species,
%co2: lacr.species,
%rate_1: f32, %rate_2: f32)
-> (lacr.species, lacr.species, lacr.species, lacr.species, lacr.species) {
// Instantiate reaction 1 within the network
%h2_0, %02_0, %h20_o = acr.reaction_instance @reaction_1(%h2, %02,
%h20, %rate_1)
: ('acr.species, lacr.species, !acr.species, f32)
-> (lacr.species, lacr.species, lacr.species)

// Instantiate reaction 2 within the network
%02_o_final, %co_o, %co2_o = acr.reaction_instance @reaction_2(%02_o, %co,
%co02, %rate_2)
: (lacr.species, lacr.species, lacr.species, f32)
-> (lacr.species, lacr.species, lacr.species)

// Return updated concentrations for all molecules: H2, 02, H20, CO, and CO2
return %h2_o, %02_o_final, %h20_o, %co_o, %co2_o

2H, + O,
2CO + 0,

Instantiate CRN

2H,0
2CO,

Compiler
Transformations

|ldentify mathematical patterns

Generate abstract chemical reactions

Compose abstract chemical reaction network

Canonicalize

Generalize CRN

Translate for emulation
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// Also declare @reaction_1 and @reaction_2 in canonical form
// Omitted here for conciseness...

// Define the CRN operation
acr.crn @reaction_network(%species_vec: vector<5x!acr.species>,
%rate_vec: vector<2xf32>)
-> (vector<5x!acr.species>) {
// For these 5 species: H2, 02, H20, CO, CO2
// Define the stoichiometry: 2H2 + 02 -> 2H20
// and the stoichiometry: 02 + 2CO ->2C02

// Select the subvector for reaction 1
%subvector_rl = vector.gather %species_vec, [0, 1, 2]
: vector<5x!acr.species>, vector<3xindex>
// Instantiate reaction 1 with the rate constant as an input
%subvector_rl_out = acr.reaction_instance @reaction_1(%subvector_r1,
%rate_vec[0])
: (vector<3x!acr.species>, f32)
-> vector<3x!acr.species>
// Update the original species vector with the output subvector
%species_vec_outl = vector.scatter %species_vec, %subvector_rl_out, [0, 1, 2]
: vector<5x!acr.species>, vector<3x!acr.species>, vector<3xindex>

// Select the subvector for reaction 2
%subvector_r2 = vector.gather %species_vec_outl, [1, 3, 4]

: vector<5x!acr.species>, vector<3xindex>
// Instantiate reaction 2 with the rate constant as an input
%subvector_r2_out = acr.reaction_instance @reaction_2(%subvector_r2,

%rate_vec[1])

: (vector<3x!acr.species>, f32)

-> vector<3x!acr.species>
// Update the original species vector with the output subvector
%species_vec_out = vector.scatter %species_vec_outl, %subvector_r2_out,

[1, 3, 4]
: vector<5x!acr.species>, vector<3x!acr.species>, vector<3xindex>

return %species_vec_out }

Compiler
Transformations

|ldentify mathematical patterns

Generate abstract chemical reactions

Compose abstract chemical reaction network

Canonicalize

Generalize CRN

Translate for emulation

Canonicalize chemicals into concentration vector
H,, O,, H,0, CO, CO,
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// A generic operation that can represent any CRN
acr.crn_generic {stoich_matrix =

// With the following order of species:
// H2, 02, H20, CO, CO2
[-2,-1,2,0,0],//2H2 + 02 -> 2H20
[0,-1,0,-2,2] //2CO + 02 -> 2CO2
] : tensor<5x2x>
} (%species_vec: vector<5x!acr.species>, %rate_vec: vector<2xf32>)
-> (vector<5x!acr.species>)

Represent with the generic CRN format

H,0
co,

\__° Y

| .
' Compiler
' Transformations

|ldentify mathematical patterns

Generate abstract chemical reactions

Compose abstract chemical reaction network

Canonicalize

Generalize CRN

Translate for emulation
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// Reactions are written in a list.
// Species follow the order: H2, 02, H20, CO, CO2
"reactions": [
{
// 2H2 + 02 -> 2H20
/] 2A+B->2C
”SpeCieS" . ["A", an’ "C", IIDH’ "E"],
"reactants" :[2,1,0,0, 0],
"products" :[0,0, 2,0, 0],
"rate": 0.1,
Ilnamell: IIR1I|

// 02 +2CO -> CO2
// B+2D->2E
Ilspeciesll : [llAlI’ IIBII’ IlCll) IIDII’ llEII]’
"reactants" : [0, 1, 0, 2, 0],
"products” :[0,0, 0,0, 2],
"rate": 0.05,
Ilnamell: IIR2II
}
],

// Initial concentrations
”concentrations": {
|IAII: 1’ |IBII: 1’ "C": 0’ IIDII: 1’ IlEll: O
b
// List of species to track on the simulator,
// this is the concentration that should implement our ODE
"tracked_species": ["'02"]

| .
' Compiler
' Transformations

|ldentify mathematical patterns

Generate abstract chemical reactions

Compose abstract chemical reaction network

Canonicalize

Generalize CRN

Translate for emulation
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Problem Abstraction

Mathematical Reaction(s)
X + [
pattern y [ @

Reaction network

Scientific problem f(x) — ®
@
\_';;
Instantiated Transformed

Generic form

2H,0 2H, + O, | | 2C 2A+B
2C0O, 2C0O + O, 2E 2D +B
' Species/Chemical concentrations Reactions

8000 +
FO00 T “
6000 “
5000 -~ “
4000 T H

|

|

[ 1]
3000 H H
2000 4 H “

Number of Reactions

1000 A
D-JIIII‘I‘I‘I‘IIHHAT ........

e

Number of Chemicals

Concrete Reaction (Motifs)
H,S + 20, = 2H + SO,
2H,0 — 2H, O,

NH; + H20 — NH,OH

Possible Abstract Reaction
A,B +2C, = 2A +BC,
2A,B — 2A,+B,

AB;+ B2C — AB,CB
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f : II_I_H_I_\

* Model device using Reservoir 4 \
Computing o9 O I
d |
Y_ (it ) —..4\: | ® | y(t)

. . dt ®
* Model reactions using e 0 0 0!
continuum well-stirred system <. — ")
@ Poblem!/O @ Mapped /0 @ Chemical concentrations Reactions

* We can emulate both abstract
and continuous reaction forms but
are currently not considering noise

1.0 /-\

A+B C [
C D » Prediction
Analytic
Generic form ' | | | | 4
0 200 400 600 800 1000

Modeled CRN Simulated Time (s)
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(a)
Reactor-based device
N

aA+bB -> cC+dD www.gaudi.ch/OpenDrop

(b)

Microfluidic device based

BB+ > gG+hH on electrochemistry
\_ J Advective flow (C)
Input ~ —————> Outout Chemical logic Qevice ba§ed
A —p ——» A ONn macroscopic properties
Channel e

B m—p — B

Feasibility

Gasdpsi LONDs26uLmin-1 50kfps x10lens.webm

50kfps recording of droplets avoiding

a bubble
Interposer board
+ Transparent glass or plastly il i :
e Q&pmﬂ'"\ M Electrical I/O
(Bx2 em) \ = Si micrafiui idics \

+ Contacts for pumpsivalves
+ Signals to Silicon chip

Fluidic /O

+ Liquid reservoirs
. el

Opticall0  /

+ External or embedded light sources
*  Microfiuidic channels + External or embedded imagers

N, B 5k 3T
& I i

Blue = 1x, Yellow = 1x, Red = 2x

Content-, Size-, and rate- controlled
microfluidic flow-focusing droplet
generation


https://en.wikipedia.org/wiki/File:Gas4psi_LONDs26uLmin-1_50kfps_x10lens.webm
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Concrete CRN CRN Dynamics Abstract CRN ODE-representation

Glucose ATP
Ordinary Differential EADP

Equations - d(Glucose)dt =
‘é:} ADP . O z U d_y L yq;g
' dt
ADP O —_— V

k‘:ﬁg;’, ) — —> 5 b

F'ATP ' 2U +V —» 3U a—yx — X+

T :

! d(Pyruvate)dt =

K‘ ADP

® ATP

Pyruvate

Sel'’kov-Schnakenberg  Lower-dimension

Glycolysis pathway Complex ODE reaction system model
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.

- Chemistry can be utilized for
‘unconventional’ computation with a
‘chemical advantage’

Chemical concentration

1.0 4

0.8 4

0.6

0.4 4

0.2 4

0.0

T T T T T T
0 20 40 60 80 100

Time
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.

- ChemComp developed the necessary
compilation and emulation frameworks

Input: ODEs

dyﬂ/dt = aosin(ﬁot + 90) + A’O
dyl/dt = aisin(ﬁlt + 91) + /11
dY2/dt = azsin(ﬁzt + 92) + 12

Output: Concentrations

Compiler

——————————————————————————————————————————————

ODEs to CRN

Abstractions

Configuration
& Reaction Databases i

CRN Modeling

Emulator
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(@)

Reactor-based device

A
>
2
= (b)
© Microfluidic device based
5] on electrochemistry
» Advective flow
Input _ Qutput
A —p — A (c)
Channel » ¢ Chemical logic device based on
macroscopic properties
B —— — B

- Feasibility of a CRNCM needs to consider A
the physics, chemistry, and math: enter { e &
Chemical Information Science (CIS)

Feasibility
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