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ABSTRACT

Grizzell, Elise, Intrinsic Universality in Tile Automata and Related Results. Master of Science (MS),

August, 2024, [235|pp., 1 table, 37 figures, 30 references.

The Tile Automata (TA) model describes self-assembly systems in which monomers can
build structures and transition with an adjacent monomer to change their states. This paper shows
that seeded TA is a non-committal intrinsically universal model of self-assembly. We present a
single universal Tile Automata system containing approximately 4600 states that can simulate (a)
the output assemblies created by any other Tile Automata system I, (b) the dynamics involved in
building I"’s assemblies, and (c) I"’s internal state transitions. It does so in a non-committal way:
it preserves the full non-deterministic dynamics of a tile’s potential attachment or transition by
selecting its state in a single step, considering all possible outcomes until the moment of selection.

The system uses supertiles, each encoding the complete system being simulated. The
universal system builds supertiles from its seed, each representing a single tile in I', transferring the
information to simulate I" to each new tile. Supertiles may also asynchronously transition states
according to the rules of I'. This result directly transfers to a restricted version of asynchronous

Cellular Automata: pairwise Cellular Automata.
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CHAPTER 1
INTRODUCTION

The molecular programming field is a new frontier of research in which we explore the
possibilities of using molecules to compute. In particular the area of the field known as self-assembly
studies how individual monomers may come together to form larger structures.

My thesis primarily focuses on the topic of Intrinsic Universality in the self-assembly model
Tile Automata but also covers other work in the aTAM, Chemical Reaction Networks, and surface
Chemical Reaction Networks models. The majority of results are in the design of an intrinsically

universal tile set.

Shared Work. All of this work was done in conjunction with Dr. Robert Schweller and
Dr. Timothy Wylie. Additionally, I have worked with other authors in these papers such as Micheal
Alaniz, Rachel Anderson, Alberto Avila, Josh Brunner, David Caballero, Sonya C. Cirlos, Michael
Coulombe, Erik D. Demaine, Jenny Diomidova, Bin Fu, Tim Gomez, Markus Hecher, Ryan Knobel,
Jayson Lynch, Aiden Massie, Gourab Mukhopadhyay, Tom Peters, Andrew Rodriguez, Adrian

Salinas, Armando Tenorio, and Evan Tomai.
1.1 Overview

Chapter @ includes the current manuscript of the Intrinsic Universality in Active Tile Self-
Assembly paper which is set to be submitted to a conference within the next month, as such it is
currently incomplete and a final version will be uploaded with the final manuscript of this thesis.
Here, we build an intrinsically universal tile set for the seeded Tile Automata model. Chapter

covers other work in the Tile Automata model. Chapter E’] covers the construction of covert tile



assembly computers using the abstract Tile Assembly Model (aTAM). Next, Chapter [V| covers
Chemical Reaction Networks (CRNSs) particularly. Finally, covers my work in the surface

Chemical Reaction Networks model.



CHAPTER 1II

INTRINSIC UNIVERSALITY IN ACTIVE TILE SELF-ASSEMBLY

The concept of intrinsic universality is that we not only want to simulate computation to
receive the output of another system but also do what the system we are simulating does in the
way that it does it. In the case of tile self-assembly this means having a single universal tile set
that can not only build anything any other tile set can build but also with the same construction
process. To do so we use supertiles, built from the universal tile set and programmed with the
necessary information to simulate another tile set or itself. We store that information, the affinities

and transitions of the other system, inside of a lookup table within the supertile.

My Contributions. I worked on this project alone for two years. During my first year
on this project, I created an initial overview of a supertile and attempted to program those gadgets
into AutoTile, spending a substantial number of hours doing so; however, I had to return to the
drawing board on many of the gadgets later when I began to actually write the paper. In terms of the
initial design, outside of the state transmission wire configuration, I did all of the work including
macrocells, active state column, table door edge, doors, the exact function of the lookup table,
how affinities are stored and transmitted, etc. I wrote the rough drafts of the abstract, introduction,
temperature simulation, attachment, transition, metrics, and conclusion sections. I did assist in the
writing of the seeded results and asynchronous cellular automata sections. I also wrote overviews
for several sections in preliminaries as well as compiled and merged them from the [5] and [20]
papers. I made the original versions of all of the figures and counted states. I also did the previous

work reading and large portions of the original version of the table. I also coordinated the later work



with my co-authors and conducted meetings.

Abstract. The Tile Automata (TA) model describes self-assembly systems in which
monomers can build structures and transition with an adjacent monomer to change their states. This
paper shows that seeded TA is a non-committal intrinsically universal model of self-assembly. We
present a single universal Tile Automata system containing approximately 4600 states that can
simulate (a) the output assemblies created by any other Tile Automata system I, (b) the dynamics
involved in building I”s assemblies, and (c) I"s internal state transitions. It does so in a non-
committal way: it preserves the full non-deterministic dynamics of a tile’s potential attachment or
transition by selecting its state in a single step, considering all possible outcomes until the moment
of selection.

The system uses supertiles, each encoding the complete system being simulated. The
universal system builds supertiles from its seed, each representing a single tile in I', transferring the
information to simulate I" to each new tile. Supertiles may also asynchronously transition states
according to the rules of I'. This result directly transfers to a restricted version of asynchronous

Cellular Automata: pairwise Cellular Automata.



2.1 Introduction

Tile self-assembly is a model that attempts to exploit the computational capabilities of
nucleic acids. DNA molecules can form complex structures, and in controlling the growth of those
structures, we can utilize their powers to perform computations. In recent years, a diverse set
of new abstractions and models have been conceived, the most prominent of which has been the
(two-dimensional) abstract Tile Assembly Model (aTAM) [28]. In this model, a tile is a non-rotatable
unit square with specified glues on each side, modeling a single monomer. Two tiles can attach if
their glues match. A tile assembly system is a set of these tile types and a temperature 7. Research
into these models usually revolves around the types of assemblies that can be created with specific
sets of tile types.

In this paper, we work in a related model, derived by combining elements of tile self-
assembly and the local state changes of asynchronous Cellular Automata: seeded Tile Automata

(TA) [5]. A Tile Automata system I" has a set of states X.. These states contain no glues, contrary to

the aTAMs tile types. Instead, tiles with an initial state 6 € A (A C ¥) can attach to the seed s if the
system contains an affinity rule for their respective tile types that has an equal or higher strength
than the system temperature tT. Should a single pair of tiles lack sufficient strength to bind to the
assembly, they may bind cooperatively by adding the strengths of affinities of neighboring tiles to
reach 7. Contrary to the passive aTAM, tiles in the active TA system can change their state. More
restricted than most Cellular Automata systems, only two tiles directly adjacent to one another can
transition their states if the system contains the corresponding transition rule.

Here, we study the creation of an intrinsically universal (IU) Tile Automata system [y,
a system with a finite s tate set c apable of creating not only the final as semblies of any other
arbitrary Tile Automata system I" but also replicating the exact assembly process and any additional
computations achieved via transitions. Our universal tile assembly system can simulate systems

that contain more states than Xy does and even simulate itself. To do this, we sacrifice scale. We



use many tiles to create a supertile, that simulates a single tile in I'.

In this paper, we show that non-committal intrinsic universality is impossible in any passive
system, such as the aTAM. This means that the dynamics of attachment and transitions of a tile
assembly system cannot be faithfully simulated by achieving the final determinations of each in
a single step. Instead, they are committal intrinsically universal, meaning that they need multiple
attachment and or transition steps to replicate the decision process of a single step in the target
system. On first sight, this appears to contradict previous work showing the aTAM is intrinsically
universal [8]. However, that paper contained a subtle error which was later addressed by making the
definition of intrinsic universality (IU) slightly weaker [20]. We will refer to this weakened version
as committal IU. Besides our negative result, we show that the seeded Tile Automata model with its
infinite state changes is, in fact, non-committal intrinsically universal, using approximately 4600
states.

Intrinsic universality is motivated by creating a universal tile set small enough to be stored
in a lab refrigerator for real-world experimentation. Although 4600 tiles is still a large number
of states and is not optimal, 4600 tiles is about ten million tile types less than the previously
stated committal intrinsic universality result for two-dimensional aTAM [8]]. Importantly, our
initial state set A is only a single tile type. While current laboratory capabilities lag the ability to
implement this universal tile set as of today, there have been recent advancements in for example
the ability to replace tiles experimentally [26,27]] and in the aTAM a tile set capable of universal
6-bit computation was created [29]. The aTAM has also been proven to be intrinsically universal in
3D [[13]], and synchronous Cellular Automata have been shown to be intrinsically universal in 1D,
2D, and 3D [2,11,/19].

The question of whether 2D asynchronous Cellular Automata is intrinsically universal is
currently open, though work towards a 1D version has been done [30]]. Tile Automata can be viewed
as a restricted version of asynchronous Cellular Automata in which the neighborhood size is 2, the

radius is 1, the system is non-deterministic, and the updating is asynchronous. Therefore, our results



directly carry over to this restricted version of Cellular Automata.
2.1.1 Previous Work

Cellular Automata. The study of self-simulation, and new types of universalities is as
old as the field of Cellular Automata itself, with von Neumann introducing the model to build a
self-replicating machine [21]]. Though it was Banks in 1970 who explicitly coined the term intrinsic
universality [2], von Neumann’s initial construction was later proven to be intrinsically universal.
Conway’s famous Game of Life cellular automaton was proven to be intrinsically universal [[10].
Intrinsic universality in CA has been extensively studied [3}/11,/12}|15,22-25,30]. Specifically, four
different updating schemes for Asynchronous CA were shown to be IU in [30]. These updating
schemes restrict which cells can be updated at each time step. The closest related updating scheme

to Tile Assembly is “fully asynchronous” where only one cell may update at a timeE]

Passive Self-Assembly. Intrinsic universality first crossed into the self-assembly world
in [9]], where a universal tile set was introduced for systems with tiles that bond with exactly strength
2. Two years later, the first properly intrinsically universal tile set, one that can simulate the full
aTAM at any temperature, was presented in [8]]. These papers both used the definition of intrinsic
universality that we call non-committal. However, these definitions were later corrected to the
version that we call committal [20]. It was also shown that a single polygon tile type with the
ability to flip, translate, and rotate can simulate any aTAM system through several intermediate
simulations [6]]. The aTAM was found not to be committal intrinsically universal at Temperature-
1 [20], and in directed and non-directed planar systems [13]]. Directed 3D and Spatial aTAM
were proven to be IU [13]. The 2-handed self-assembly model is, in general, not intrinsically
universal; however, there are intrinsically universal tile sets for each temperature [7]. Work towards
a universal tile set in Wang Tiles, which studies whether a given tile set can infinitely, and potentially

periodically, tile a plane, has also been investigated [16-18]].

IFor the case of Tile Automata and Surface Chemical Reaction Networks it better stated as “one rule” can be applied
at a time because two cells can be updated in one update.



Simulation between Tile Assembly and CA. The aTAM can simulate some versions of
CA. In particular, it was found that the aTAM can simulate only finite CA [[14]. The TA model
does not have this restriction, as we can infinitely tile the plane with our seed assembly and use
transitions to simulate infinite CA. Where the aTAM is asynchronous, nondeterministic, and finite,
Cellular Automata is potentially generally synchronous, deterministic or nondeterministic, and
infinite. Tile Automata is asynchronous, deterministic or nondeterministic, and finite. Additionally,
Tile Automata is restricted to a neighborhood size of two.

Notable, IU in CA is usually possible with systems that contain a very limited number
of states. However, in self-assembly, the simulating system does not only need to simulate the
local interactions between existing states, but importantly also build new tiles in valid locations.

Therefore, IU systems in tile self-assembly tend to use a lot more states.
2.1.2 Our Contributions

In this paper, we push forward the study of IU systems in a few ways. First, we prove
that any passive self-assembly model (such as the aTAM) and variants of active self-assembly
with bounded state changes cannot adhere to the stronger non-committal definition of intrinsic
universality for self-assembly initially presented in [8]. However, this was later corrected and since
then, a slightly more permissive definition for the simulation of dynamics for intrinsically universal
systems has been used within self-assembly [20]. Although this is indication that the problem with
modeling dynamics within passive models is known, to our knowledge, this has not been formally
proven before.

Then, we show that in 2D, the seeded Tile Automata model, with unbounded state changes,
does indeed adhere to this stronger non-committal definition of intrinsic universality. We do this by
presenting a temperature-1 seeded TA system, and configuration of an initialized seed assembly,
that 1s IU for all seeded temperature-1 systems in approximately 4600 states. We then show that any

temperature TA system can be simulated by a temperature-1 TA system. We also prove that the



effect of temperature simulation on the scale of the system’s supertiles is bounded. No additional
states in the IU system’s state set are required to simulate systems greater than temperature-1,
extending our result to all seeded TA systems. Following this, we show that, due to the mechanics
of TA, our construction can be adapted to prove that 2D Asynchronous Cellular Automata, with
a cardinal radius of 1 and neighborhood size of 2, is also IU in approximately 2600 states, which
although inefficient, is the first 2D ACA IU result. These positive results are summarized in Table[2.]]
together with other known IU results.

Section [2.2] starts by giving precise definitions of the model. Then, we show that bounded
state change systems can never be IU in Section[2.3] Opposing this negative result, we continue to
show that Tile Automata systems with their unlimited state changes are IU. Due to the volume of
necessary details, the paper first gives a high-level overview in Section [2.4] that discusses the main
gadgets and the framework of how the pieces work together. We reference the more detailed later
sections that follow the overview.

Section [2.5|then covers the temperature simulation part of the IU framework in depth. Next,
sections[2.6] [2.7] and 2.8 detail the supertiles, their construction and how they transition respectively
in full detail. We analyse the number of states in Section [2.9] and proof the correctness of the
simulation in Section We continue to show how our result transfers over to Cellular Automata

in Section 2. 111 We then summarize the conclusion with Section 2.12)



Intrinsic Universality Across Models \

Model D N |I|T|/|E Scale (S) Reference
aTAM 2D [ 5 | > 10M O(n*log(n)) 18]
aTAM 3D | 7 | 152000 | O(nlog(nt)) 113
Seeded TA Temp-1 2D | 5| 4600 o(n?) Theorem [2.4.1
Seeded TA 2D | 5| 4600 | O(min((tn)?,n’)) | Theorem[2.4.4
Async. Cellular Automata | 1D | 3 | O(1) unknown (30]
Block-Pairwise ACA 2D | 2| 2600 o(n?) Theorem [2.11.1
Pairwise ACA 2D | 2| O1) on?) Theorem 2.11.3

Table 2.1: An overview of known and new simulation results for types of asynchronous cellular
automata including tile assembly models. D is the dimension, N is neighborhood size of the input

system, |T'| and || are, respectively, the number of tile or state types in the universal system, S is
the scale factor, n is the number of states in the input system, and 7 is the system’s temperature.

2.2 Preliminaries

In this section, we cover the basics of the Tile Automata model. We use many of the same

definitions as in [1, 5]. An example of a Tile Automata system can be seen in Figure

Tiles. Let X be a set of states. A tile t = (0, p) is a non-rotatable unit square placed at point
p € 77 and has a state of 6 € X. Let o(¢) be the state of . Let ¢ denote a special state called the
empty state.

Affinity Function. An affinity function I1 over a set of states ¥ takes an ordered pair of
states (07,02) € £ x ¥ and an orientation d € D, where D = { L, -}, and outputs an element of Z°*.
The orientation d is the relative position of 0] to 0>, with - meaning horizontal and | meaning
vertical. State o7 is the west or north state, respectively. We refer to the output as the Affinity
Strength between these two states.

Transition Rules. A Transition Rule consists of two ordered pairs of states (07,07),(03,04)
and an orientation d € D, where D = {_L,I-}. The rule denotes that if the tiles with states (o7, 02)
are next to each other in orientation d (o7 as the west/north state) they may be replaced by the states
(63, 64).

Assembly. An assembly A is a set of tiles (with states in X), such that no two tiles occupy

10



Temperature States/Initial States  Affinities Transitions
8 [c]—[a]c]

.DD 5

E D D
— —
B p||B

4

. i

Strength =1 Strength =2 Strength =3

Seed Terminal
Assembly Assembly

Figure 2.1: Example of a Tile Automata system with 6 states, a system temperature of 4, affinities
of strengths 1, 2, and 3 vertical and horizontal transitions, and a seed assembly. The assembly
sequence to a terminal assembly is also shown with the changes highlighted. Due to the affinity
strengthening restriction, there is no detachment.

the same position, i.e., for every pair of tiles t; = (o1, p1),t2 = (02, p2), it holds that p; # p;. For
an assembly A, let A(x,y) denote the state of the tile with location (x,y) € Z? in A if such a tile
exists and ¢ (the empty state) otherwise. For a set of states X, let A¥ denote the set of all assemblies
over state set X.

Let the bond graph Bg(A) be formed by taking a node for each tile in A and adding an
edge between neighboring tiles t; = (01, p1) and t, = (03, p») in orientation d with a weight equal
to I1(o7, 02,d). We say an assembly A is 7-stable for some 7 € Z°* if the minimum cut through

Bg(A) is greater than or equal to 7.
2.2.1 The Seeded Tile Automata Model

In this paper, we investigate the Seeded Tile Automata model, which differs from the non-
seeded Tile Automata model defined above, by only allowing single tile attachments to a growing
seed, similar to the aTAM. Here we use many of the same definitions as in .

Seeded Tile Automata. A Seeded Tile Automata system I is a 6-tuple {£, A, IT,A,s, T}
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where X is a set of states, A C X a set of initial states, I11is an affinity function, A is a set of transition
rules, s is a stable assembly called the seed assembly consisting of tiles in states contained in X, and
T € Z™ is the temperature (or threshold). When we refer to a tile set (or equivalently rule set) we
mean the four parameters (X,I1,A, 7), that is, the states, the affinity function, the transition rules,
and the temperature. A system I' = {X, A, T, A s, t} is said to use rule/tile set (X,I1,A, 7).

Attachment Step. A tile r = (0, p) may attach to an assembly A at temperature 7 to build
an assembly A’ = AJr if A" is T-stable and 0 € A. We denote thisas A —5 ; A”.

Transition Step. An assembly A can transition to an assembly A’ if there exist two neighbor-
ing tiles 11 = (01, p1),t2 = (02, p2) € A (Where ¢, is the west or north tile) such that there exists a tran-
sition rule in A with the first pair being (01,0,) and A’ = (A\ {r1,62}) U{tz = (03, p1),ta = (04, p2) }
We denote this as A —p A'.

Affinity Strengthening. We only consider transition rules that are affinity strengthening,
meaning for each transition rule ((0y,02),(03,04),d), the bond between (03,04) must be at
least the affinity strength of (07,0) and it must also maintain or increase any other neighbor
affinities. Formally, I1(03, 04,d) > I1(01, 02,d) and I1(03, 0;,d) > I1(01,0;,d) and I1(04, 0;,d) >
I1(02,0j,d) Vi, j € X. This ensures that transitions may not induce cuts in the bond graph.

Producibles. We refer to both attachment and transition steps as production steps and say
that A —1 A’ if either A —5 A’ or A —p A’. For any sequence of assemblies {A1,As,...A;} such
that A; —>{ Ajyq for all 1 <i <k, we say that Ay is producible from A, and write A —T A;. Note
that for any assembly A, A =T A. We say A —>£] Bif A —! B and A # B. For a Tile Automata
system I' = {Z, A, T1,A, s, T} we refer to the set PROD(I") = {s} U{A|s —! A} as the producible
assemblies of T

Terminal Assemblies. The set of terminal assemblies for a Tile Automata system I" =
{E,A,I1,A,s,t} is written as TERM (T'). This is the set of assemblies that cannot grow or transition
any further. Formally, an assembly A € TERM(T") if A € PROD(I") and there does not exists any
assembly A’ € PROD(T") such that A —! A,
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Unique Assembly. A Tile Automata system I' = {X, A, I, A, s, T} uniquely assembles an

assembly A if A € TERM(T), and for all A’ € PROD(T"),A” -1 A.
2.2.2 Simulation

In this section, we formally define the concept of one tile automata system non-committally
simulating another. We use a standard m-block simulation in which each tile of an assembly is
simulated by a larger m x m block of tiles in the simulating system. The definition presented here is
the same as that originally presented in [8], which we call non-committal IU. However, as stated
before, that paper contained a subtle error that was later corrected to become committal IU.

The difference lies in the models concept, see Definition @ In non-committal IU,
this definition contains a universal quantifier, whereas the committal version contains a weaker
statement. From here on, we focus on two tile Automata systems I'r and I's, where I's denotes a
system that purports to simulate system I'7. Let X7 and Xg denote the set of states used in I'7 and
[s, respectively.

m-block Supertiles. An m-block supertile over a set of states ¥ is a partial function A : Z,, X Z,,, — £,
where Z,, = {0,1,...,m — 1}. Let B> be the set of all m-block supertiles over . The m-block
with no domain is said to be empty. For any assembly < over state space X, define "} to be the
m-block defined by 7"\ (i, j) = & (mx+i,my + j) for 0 < i, j < m.

Supertile representation and mapping. We refer to a function R : BEE —XrU{o} as
an m-block representation function. We require R(B) = ¢ for the empty m-block, and for any
non-empty m-block B for which R(B) = ¢, we say B maps to a ghost tile. For a given m-block
representation function R, define the partial function R* : A¥ — A*" such that R*(&/) = &/’ if and
only if A'(x,y) = R(AY!,) for all (x,y) € 72,

c-Fuzz. The concept of c-fuzz is basically that a macroblock may have a bounded number
of “extra” tiles attached to it without altering its mapping. This allows a simulating system to make

minor intermediate attachments while enacting the simulation. Another way to think of c-fuzz is as
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a reasonable allowance for limited-size non-empty macro-blocks (that map to an empty tile in the
simulated system) to be used in the simulation process. Formally, a mapping R*(A) = A’ is said
to map to A with at most c-fuzz, for some ¢ € Z*, if and only if for all non-empty blocks AYy it
is the case that R(AY!,, ,.,) # ¢ for some integers u,v such that [u| +[v| < c. In other words, any
non-empty macroblocks that map to ¢ (i.e., ghost tiles) are only at most ¢ macroblocks away from a
macroblock that maps to a real (non-empty) tile. We say a Tile Automata system achieves c-fuzz
under mapping R* if each producible assembly of the system achieves at most c-fuzz when mapped

by R*.

Definition 2.2.1 (Equivalent Productions). We say I's has equivalent productions to I'r (under R)

with up to c-fuzz, and write s <. U'r, if the following hold:
1. {R*(A")|JA’ € PROD(T's)} = PROD(I'r).
2. s achieves c-fuzz under R*.

Definition 2.2.2 (Follows). We say that I'r follows T's (under R), and write T'r =g Ts, if A’ —=Ts B/,

for some A’ B' € PROD(Ts), implies that R*(A’") =17 R*(B').

Definition 2.2.3 (Non-Committally Models). We say that I's (non-committally) models I'r, and
write Us =g 7, if A =17 B for some A, B € PROD(T'7), implies that for all A’ such that R*(A") = A,

A" —Ts B for some B' € PROD(Ts) with R*(B') = B.

Definition 2.2.4 (Non-Committal Simulation). We say I's (non-committally) simulates Ut if for
some ¢ € 7", T's <. Ut (equivalent productions), U'r —g U's and Us =g U'r (equivalent dynamics).
We say the simulation is clean if it holds for ¢ = 1, and we say the simulation achieves c-fuzz more

generally.

Definition 2.2.5 (Non-committal Intrinsic Universality.). A rule (tile) set I = {X,I1,A, t} is said

to be intrinsically universal for a set of systems U if for all I't € U, there exists a system I's =
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{X,A7,IL A, s7,1} that non-committally simulates Ur. The set U itself is said to be intrinsically
universal if there exists a rule set I used by some system within U such that I is intrinsically universal
for U. A model is said to be intrinsically universal if the set of all systems within that model is

intrinsically universal.

We use the term non-committal simulation to emphasize that the simulation definition we
use is stronger than what is used in prior work, which we call committal. For the remainder of this
paper, we deal exclusively with non-committal simulation and will just use the term simulation

when not directly comparing with previous versions of simulation.
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2.3 Impossibility for Passive or Bounded State Change Systems

In this section, we show that systems lacking the full state changing capability of the seeded
Tile Automata model cannot achieve intrinsic universality under non-committal simulation. This
includes well-studied models such as the Abstract Tile Assembly Model (aTAM) [28] and freezing
variants of the seeded Tile Automata Model [5]. The key aspect of non-committal simulation that is
impossible for these models is the non-committal modeling requirement of our simulation definition.
In this section we show the impossibility of simulating a specific passive system, with the key use

of the non-committal modeling requirement being used to prove Lemma

Definition 2.3.1 (k-burnout, bounded, unbounded, passive, f reezing). For a non-negative integer k,
a system is a k-burnout system if each tile in an assembly is restricted to only changing state at
most k times. A system is called bounded if it is k-burnout for some k, and unbounded otherwise.
0-burnout systems are termed as passive. A freezing system [5] is one in which state change rules

are such that a tile can never return to a previous held state.

Observation 2.3.2. Any aTAM system is a passive (0-burnout) system, and any freezing seeded TA

system that uses |L| states is bounded and a |X|-burnout system.

Definition 2.3.3. Define X,, to be the passive seeded Tile Automata system consisting of states L = {S,ay,a, . ..

with seed tile in state S, and east-west affinity between S and each a; of strength equal to the system
temperature T. Let s - a; denote the producible assembly of this system obtained by attaching a tile

of state a; to the east of the seed tile.

For the remainder of this section, let R denote a proposed m-block mapping function from

macro blocks from a proposed simulator system to tiles from the system X,.

Lemma 2.3.4. For any system Y that simulates X,, under mapping R, and for any valid assembly

sequence (Ag,,...,Ag,) of Y such that for all 1 <i<m, R*(Ay,) =s, either:
1. Forall 1 <i< nthere exists an assembly A; such that Ar,, —>’1/ A; and R*(A;) = s xj, or
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2. there exists an assembly Ay, . such that Ay, —>11/ Az, ., and R*(Ag, . ) =s.

Proof. Suppose constraint (1) does not hold for such a sequence (Az,,...Ay,) of Y, i.e. suppose
that for some 1 <i < n there does not exists an assembly A; such that Ay, —>¥ Ajand R*(A;) = s-a;.
Since Y =g X, (Y non-committally models X,,), and s —%n 5. q;, it must be that there exists some
assembly A; such that Ay —Y A; and R* (A;) = s-a;, which by definition means there exists an
assembly sequence (Az, ,B,...,A;). Therefore, Az, —Y B, and since X,, 4g Y (X, follows Y), we
know that R*(B) = s, which means the sequence (Az, ,...,Az,) can be extend with assembly B to

satisfy constraint (2). L]

Lemma 2.3.5. For any bounded system Y that simulates X, under mapping R there must exist

A,Ay,...,Ay € PRODy such that R*(A) = s, and for all 1 <i<n, R*(A;) =s-a; and A —>’1/ A;.

Proof. Suppose a bounded system Y simulates X,,. Since Y is bounded, there must exist M € Z*
such that for all assembly sequences (Az,,...,Az,) of Y where R*(Ay,) = s, itis the case that m < M.
This is the case since each assembly Az, maps to a single tile under R*, thereby limiting the size of
each Az to a finite integer based on the (finite) scale-factor of the simulation and the (finite) fuzz
factor ¢ of the simulation. The number of state changes and tile attachments for each assembly Ay,
therefore has a finite bound in a system with a finite burnout number.

Since the length of such sequences cannot be extended infinitely, there must exist a sequence
(An,,...Ag,) for which no additional A, , exists for which A, —>11/ Az, , and R*(Az, ) =s. For
this sequence that must exist, Lemma[2.3.4]implies that for all 1 <i < n there exists an assembly A;
such that A, —>’1/ A; and R*(A;) = s - x;. Therefore, there must exist A = Az ,Aj,...,A, € PRODy

that satisfy the requirements of the lemma. 0
Lemma 2.3.6. A bounded seeded TA system with fewer than ns states cannot simulate X

Proof. 1f a bounded system Y simulates Xj,, then by Lemma [2.3.5] it must be the case that there

exists A,Aq,...,A, € PRODy such that R*(A) = s, and for all 1 <i < n it holds that R*(A;) =5 a;

17



and A —>11/ A;. Since A —>11/ A, for each A;, we know that each pair of assemblies A; and A ; differ at
either a single point or two adjacent points (corresponding to a tile attachment or a pairwise state
change). We now consider two cases:

Case 1: Suppose there exists an i and j such that A; and A; differ at non-overlapping points.
In this case, we know that the rule or attachment applied to A to attain A; is also applicable to
Aj, and vice versa. This implies there exists a common assembly A;q; such that A; —Y Ajejand
Aj —Y Ajgj. Butsince X, g Y (X, follows Y), it must then be the case that R*(A;) —Xn R* (Aig))
and R*(A;) =% R*(Aj»;). This implies that R*(Ae;) = s-a; and R*(A;s;) = s - a;, which is a
contradiction.

Case 2: Suppose the points of difference for all assemblies A; overlap each other in at least
one of their points. Since each assembly’s pair of points are adjacent (in the case that there are
two), this implies that the union of all such points of difference is at most 5 points. If Y has |Zy|
states, then there are at most |Zy|> distinct state assignments possible for this 5-tile region. Thus, if
|Zy| < n%, then there are fewer than n distinct 5-tile regions, implying that A; = A ; for some i # j,

which is a contradiction since R(A;) # R(A}). O
Lemma 2.3.7. A passive seeded TA system with fewer than n states cannot simulate X,.

Proof. Suppose a proposed system Y with fewer than n states simulates X, with representation
function R*. By Lemma[2.3.5]there exists A, Ay, ...,A, € PRODy such that R*(A) = s, and for all
1<i<n,R"(A;) =s-a;and A —>)1’ A;. As each A; is attained by attaching a single tile to A, let
point p; denote the point of this attached tile in assembly A;. Now consider two cases:

Case 1: Suppose there exist 1 <i, j <n such that p; # p;. In this case the tile attached to
form A ; from A can also be attached to A;, and vice versa, implying that the assembly consisting of
attaching both such tiles, call it A;s ;, is such that A; —Y Aigjand A; —Y Ajgj. Butsince X, 1 Y
(X,, follows Y), it must be that R*(A;) =% R*(A;;) and R*(A;) —*" R*(A;s ), which implies that

R*(Aigj) = s-a; and R*(A;ej) = s-aj, which is a contradiction.
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Case 2: Suppose instead that p; = p; forall 1 <i, j <n. Since Y has less than n states, there
must exist some 1 < i, j < n such that A; and A; use the same state at point p; = p;. This implies

that A; = A, which is a contradiction since R*(A;) # R*(A;). O

Lemmas [2.3.6| and [2.3.7] show that without the unbounded state change capability of the

full seeded Tile Automata model, there exists a simple class of passive systems that cannot be
simulated under non-committal simulation without arbitrarily larger state spaces. This gives us
the following negative results for two established models in regards to non-committal simulation,

directly following from Lemma [2.3.7]and [2.3.6}

Theorem 2.3.8. The Abstract Tile Assembly Model (aTAM) is not intrinsically universal under

non-committal simulation.

Theorem 2.3.9. The Freezing Seeded Tile Automata model is not intrinsically universal under

non-committal simulation.
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2.4 Overview of Intrinsic Universality in TA

Now that we have shown that any bounded system cannot be intrinsically universal under
non-committal simulation, we will show that Tile Automata (TA), with its unbounded state changes,
is non-committal intrinsically universal. We do so by characterizing a TA system that can simulate
any other TA system. For ease of presentation, we first give a high-level overview of the framework
and some of the main techniques used to achieve the simulation of any TA system with the one
presented. Both a detailed exposition of the techniques, as well as any proofs omitted in this section
can be found in the later sections covering the details.

We show that seeded TA is IU by first showing that temperature-1 seeded TA is IU at
scale O(|Z]?) with constant states. We then show how we can simulate a seeded TA system at any
temperature with a temperature-1 system at scale-1 with O(min(|Z|3, 7|Z|)) states. These combine
to create a general IU result for any seeded TA system by bounding the number of states to a

constant for any temperature, or by scaling based on the temperature.
2.4.1 Temperature-1 Seeded TA is Intrinsically Universal

Section [2.5| gives the full details for the 1U results with temperature-1. We show that there
exists an intrinsically universal temperature-1 system with a constant number of states if we increase

the scale factor to O(|Z|?). Here, we give an overview of the framework used to prove the following.

Theorem 2.4.1. There exists a tile set (Xy, Ay, Iy, Ay ) such that, for all systems T = (£, A, TL A, s, 1),

there exists aT" = (Xy, Ay, My, Ay, sy, 1) that simulates T at scale O(|Z]?).

Supertiles. Supertiles are m x m blocks that map to a specific tile in some state from the
original system that is being simulated. Each supertile contains all information necessary for the
simulation. For specifics, please refer to the detailed walk-through of the operations in Section [2.6]

Figure 2.2]shows a simplified diagram of a single supertile. Every supertile has binding sites
on each of the four sides, and wires on each side that lead to a central lookup table corresponding

to valid affinities and transitions for the system being simulated. Within the table each column
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represents a state in the system being simulated and each row a state and direction of a neighboring
supertile. There are datacells at each intersection.

The supertile makes use of several small gadgets for effective and correct communication
and information transmission, as well as ensuring non-committal simulation. The most important

gadgets are listed here. For a complete explanation of their workings and purpose, see Section 2.6

* Lookup Table. Each supertile contains a lookup table that contains all the affinity and
transition information of the system to be simulated. Thus, every tile has all information

necessary to update itself from its neighbors.

* Transition Storage Area. All of the transitions for a pair of states are stored within a storage
area in ordered data strings. For each transition rule, only the halves of pairs pertaining to the

current supertile are stored.

* Datacells. For each directed pair of states in the system, a datacell stores the possible
transitions and affinity status between them. The datacell is a compound gadget comprised of
a transition storage area, and a single tile containing the affinity and current state status. For
non-committal IU, the affinity must be chosen in one step, which is why the affinity is stored

in a single tile.

* Transition Selection. For non-committal IU, any change to the mapping of a supertile
must occur with a single tile placement or transition. This requires careful collaboration
and ordering around the tiles that can change this mapping. Most of the information must
be obtained from the lookup table and brought to the edge. The transition selection gadget
contains this reversible process of getting the supertile (or supertiles) ready to change the
mapping (or mappings) irreversibly in such a way that it could be reversed at any point up
until the single mapping transition. Once the state mapping has changed, it must communicate

this information to the rest of the supertile.
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Attachments. The attachment process for a new supertile works approximately as follows,
the details of which can be found in Section Attachment is triggered by a supertile, when it
discovers that no neighbor exists adjacent to it. The builder supertile finds that an affinity in that
direction exists, it prepares itself for construction, by locking its outer edge, wiping its wires, and
deactivating its gadgets.

Next, it starts building the new supertile. Should the supertile find a competitor trying to
build in this spot, one of the two nondeterministically prevails. The builder supertile then copies
over each part of the supertile one by one.

Once built, the new supertile requests the states of all its neighbors to select its own state.
From the valid states, one is chosen nondeterministically, and the representative state column is

activated. Finally, the new supertile’s state is sent to its neighbors.

Transitions. The process of transitioning happens in seven general phases. The full details

can be found in Section

1. The existence of one or more transitions between two neighboring supertiles is confirmed,

and each supertile’s table is locked for the duration of the transition process.

2. The data strings within the transition storage area of the datacell at each supertile’s respective

intersections are copied and transmitted to the transition selection gadget.

3. Agents within the transition selection gadget nondeterministically select the new states

associated with a transition rule or abort the transition altoghether.

4. Once a transition has been chosen, the new states are copied and transmitted to each supertile’s

respective tables for updating.
5. In the table, the old state is deselected, and the new state is activated.

6. The transition selection gadget is wiped.
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7. The tables are unlocked, and new states are transmitted to neighboring supertiles.

2.4.2 Temperature Simulation at Scale-1

Using these techniques we will show that seeded TA at temperature-1 is intrinsically
universal. We also show that at scale-1, we can simulate a seeded TA system at any temperature
if we scale the number of states in the system. We provide two bounds on the scale factor:

O(min(7|Z|,|Z}3). Resulting in the following two Lemmata.

Lemma 2.4.2. For all Tile Automata systems I't = (X, A, I, A,s,7T) there exists a system I'| =
(X1,A1,I11,Ay, 51, 1) that simulates it with 1-fuzz at scale-1 such that |X1| = O(t|Z|).

Lemma 2.4.3. For all Tile Automata systems I'r = (X, AT, A,s,7T) there exists a system I'| =

(Z1,A1,T11, Ay, 51, 1) that simulates it with 1-fuzz at scale-1 such that |£1| = O(|Z]?).

2.4.3 Seeded TA is Intrinsically Universal

By taking Theorem [2.4.1]in conjunction with Lemmas [2.4.2] and [2.4.3] we achieve the

desired result that seeded Tile Automata is non-committal intrinsically universal. This follows by

directly plugging in the state-scaling into the temperature-1 construction.

Theorem 2.4.4. There exists a tile set (Xy,Iy, Ay, 1) such that, for all systems T’ = (£, A, TL,A, s, T),

there exists aT’ = (Xy, Ay, Ty, Ay, s', 1) that simulates T with 1-fuzz at scale factor O(min((t|Z|)?, |Z|°).
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2.5 Temperature Simulation

We now give a detailed construction of our universal Tile Automata system. We show
how any Tile Automata system I' = (X,A, I, A,s, 7) of any temperature T can be simulated by
temperature 1 with 1-fuzz by using ghost tiles and adding intermediary states.

In order to attach tiles that require cooperative binding, the necessity of needing multiple
neighbors to attach a single tile in order to reach necessary affinity strength, we use intermediary
states to add together the affinity strengths of surrounding tiles to the interim state tile that is
attempting to be placed at that location, see Figure for an example, and Figure @ for the

assemblies it produces.

Lemma 2.4.2. For all Tile Automata systems I't = (X, A, I1,A,s,T) there exists a system I'y =

(Z1,A1,111,Ay, 51, 1) that simulates it with 1-fuzz at scale-1 such that |Z| = O(t|Z|).

Proof. The set of states X contains 7T states for each o € X. We simulate the system in Figure

with the one in Figure which contains the following states:

* An unlocked state ¢ for every o € X.

* Locked states oz for d € {N,S,E,W} for the directions. The lock L is represented by a lock

icon in Figure 2.3
+ Counting states o; 9 numbered from 1 to T — 1, where Q is all subsets of {N,S,E,W}.
* Success unlocking neighbor states op ..
e Failure unlocking neighbor states op .

* An empty state g, which we call a ghost tile.

Empty States. The state g has affinity with all non-ghost tiles o, the states which map to

something. This ghost state transitions with unlocked tiles adjacent to it to enter a counting state
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representing a tile which may attach. This process is outlined in Figure If the strength of the
affinity is greater than or equal to the input system temperature, then the counting tile immediately
transitions to a success state and starts unlocking its neighbors. If the sum is not yet 7 the neighbor
state is transitioned to locked and the counting tile increased based on the new binding strength.

Additionally, the attachment may nondeterministically choose to fail and begin the unlocking
process of all locked surrounding states at any time. This has two functions. First, if the tile does
not have 4 neighbors and it cannot reach the affinity strength, then it would be unable to detect the
lack of neighbor on its own. The second reason is to ensure that the strict definition of simulation
can be met.

Simulation. A ghost tile may not attach to another ghost tile or to a tile with a temporary
state, nor can a temporary state affect its own affinity strength count. This ensures the system has
1-fuzz. A tile can only transition from a ghost tile to simulate attachment if there exists enough
locked neighbors which reach 7 so we know every assembly in PROD(I'}) maps to something in
PROD(I"). This shows equivalent production.

For following and strongly modeling we note that transitions are simulated in one step so
the rules in A C Aj. For every attachment that could take place in I we simulate this via the adding
states. The failure states serve two purposes, first if we select a tile that does not have enough affinity
it will eventually be abandoned and another will be selected. Second it allows us to satisfy the
Strongly Models definition as when an assembly A’ € PROD(I"}), which represents A € PROD(T),
can abandon any attachment step to circle back and reach an assembly which represents any B such

that A —1 B. O

2.5.1 Alternate Upper Bound

The dominating factor of the tile set is the adding tiles. We may replace these by instead of

storing the temperature we may store the current neighbors. This is a better bound in the case that

> 0(%?).
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Lemma 2.4.3. For all Tile Automata systems I't = (X, A, I1,A,s,T) there exists a system I'y =

(Z1,A1,T11, Ay, 51, 1) that simulates it with 1-fuzz at scale-1 such that |£1| = O(|Z]?).

Proof. Consider an alternate set of adding states, which store the current neighbors of the ghost tile
instead of adding the strength. This encodes IT into A directly without adding up 7. We only need

to store up to 3 neighbors as the fourth neighbor will be read in the final transition. 0
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2.6 Supertiles

A supertile is a block of m by m tiles that maps to a single tile in the system it is simulating
via the m-block representation function. Each supertile contains the complete rules of the system it is
simulating and, hence, can perform attachment and transition operations locally with its neighboring
supertiles. To do this, the supertile contains a lookup table that stores the possible transition rules
and affinities for each combination of states and neighbor directions.

Each state of the system to simulate is first mapped to a unary encoding. The table contains
four smaller subtables, one for each neighboring direction. Each of these subtables is constructed as
a matrix. The column indicates the state this supertile represents, and the row the states the neighbor
can represent. We call an entry in this matrix a datacell. A datacell that is part of the East subtable
stores at position (i, j) the affinities and transition rules that apply if this supertile represents state
Jj and the East supertile would represent state i. Lastly, each supertile has an active column. This
column indicates which state the supertile currently represents.

Besides the lookup table, a supertile contains wires that connect the table to the edges of the

supertile and gadgets for reading, writing, and locking the table.
2.6.1 Agents & Gadgets

A supertile is comprised of several gadgets, groups of tiles that together perform a specific
function, such as facilitating data traversal or table lookup queries. Agents are small packets of
information encoded by tile states that traverse a supertile and can transport information from one
part of the system to another. Figure @ shows a single agent that has traversed from the supertile
neighboring to the south to perform a lookup in the table. Other tasks specific agents can perform
include locking the edges of a supertile or its table, clearing wires, or coordinating construction
functions.

Gadgets are groups of tiles that together serve a specific purpose. They are reset after each

use and are, therefore, reusable. Whereas agents move through the system, gadgets are largely
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stationary. Agents can interact with gadgets, and each gadget serves a specific purpose.

Wire. The simplest gadget is the wire. The only purpose of a wire is to allow the one-way
traversal of an agent from one part of the system to another. A wire is a one-wide string of tiles.
The states of the wire tiles not only indicate it is a wire tile, but also indicate which direction the
wire is going. An agent can traverse a wire by swapping states with a neighboring wire tile if the
direction of that wire tile allows it.

Wires connect supertiles and allow them to communicate. Since a supertile has a wire
connected to its neighbor for each state it can be in, the specific wire on which a supertile S

communicates with its neighbor is an implicit communication of the state of S, see Figure[2.2]

Data Strings. Data strings are a series of tiles carrying data capable of traveling down
wires. Transition related data string consist of a start data string tile, a string of unary 1 tiles, an end

data string and on occasion a prepended instruction.

Door. Doors are tiles placed along wires to control the flow of data and construction. They
consist of two parts. The first part is the actual door, placed on the wire in question. The other is its
handle. When an agent or data string reaches a door, it can pass if the door allows it.

Each door has a specific direction dependent on the wire it is on. If the wire the door is on
switches directions, then the door’s direction will also flip. An agent trying to pass an open door
swaps states with the door as if it were a normal wire. The door then enters a reset state, indicating it
recently let an agent through and is currently not connected to its handle. No other agent is allowed
to pass in this state. Once the agent has moved on, the door can swap states with the new wire tile
on its original spot, resetting the door. This prevents doors from getting lost or mis-matched to the
wrong handle, see Figure[2.5]

When a door swaps with a wire tile, the wire tile will be transitioned to a blank wire tile and
take on the wire state of the next wire tile it encounters. Agents may swap with blank wire tiles but,

due to the lack of direction, may also swap back if a normal wire tile state has not been selected.
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The copy director may also copy into blank wire tiles. This blank wire tile method ensures that
wires will not become inappropriately shuffled during traversal.

Additionally, agents or data strings may occasionally swap with the wire tile a door needs
to return to its normal position, blocking it from doing so. In this case the door sends a repelling
signal to the offending tile making it traverse with a wire tile backward once, if there is not a wire
tile behind it and instead another agent or data string tile the repel state will be passed from tile to
tile until one is able to swap. Then, all of the previous tiles still in the repelling state may return to

normal by swapping with this wire tile until it reaches the door in need of resetting.

Crossover Gadget. When wires crossover within the table, at the edge of the supertile, and
within construction wires, we require a gadget to control the flow of information across these wires,
see Figure 2.6 The crossover gadget has 3-4 doors arranged with crossover gadget handles at each
corner, all around a center wire tile. In most cases, a locking/unlocking agent or the agent’s own
transition rules ensure it passes through a crossover gadget in the appropriate direction; however, in
a few rare instances, the agent will need to signal through the crossover gadget to lock other doors

within the crossover before traversing, unlocking them upon exit.

Punchdown Gadget. The punchdown mechanism allows the distance between datacells
to be calculated by decrementing a data string representing the necessary number of columns to
traverse in the table. See Figure [2.7|for how decrementing works with the punchdown gadget. When
a data string comes along a wire, the punchdown gadget will “delete” one of the unary digits by
transitioning it into a normal wire tile. The rest of the data string is allowed through the door as

normal. The end-of-string tile resets the punchdown gadget.

Transition Selection Gadget. On each of the four edges of the supertile, directly next to
the wires, lies a Transition Selection Gadget, see Figure Upon initiation of a transition with a
neighboring supertile, this gadget and its mirror on the neighboring side together determine which

transition to take. The gadget is filled with the transition rules when a transition is initiated. Once
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this is done, each supertile initiates a nondeterministic selection agent to walk up and down the
border between the two selection gadgets. When they meet at a rule, they may or may not transition
with one another to select that transition rule to be executed on the two supertiles. The newly
selected states are then returned to the tables of the two supertiles to update their respective active

columns. The complete workings of supertile state transitions are explained in Section [2.8]
2.6.2 Table & Wiring

Table. The table is the primary gadget of the supertile. It stores the affinities and transitions
of all possible pairs of states in the system and the functional state of the supertile.

The rows are ordered to prevent the crossing of wires at the border of supertiles. Hence, the
rows are ordered in reverse for the North and West subtable, as shown in Figure [2;2} The columns
are ordered normally.

A datacell is a single cell in a subtable and stores both the affinity and transition information
for a specific neighbor direction, see Figure [2.9] It is a compound gadget comprised of an incoming
wire, an outgoing wire, wire traversal doors, a punchdown gadget, an affinity door, and the transition
storage area. It can interact with data strings, and agents can use it to get information about the state
of the supertile.

Since we use temperature 1, affinities stored in a datacell are simply a Boolean; a combina-
tion of two states either has an affinity in this orientation or not. Each column in the table has a
vertical wire next to each datacell. On this wire, for each datacell, this door indicates if this specific
datacell has an affinity or not. If there is no affinity, the door is a normal door. Otherwise, the door
is a special affinity door, indicating the affinity.

Transition rules are stored in a transition rule storage compartment at the bottom of each
datacell. They are stored as follows. If the combination of the supertile state and the neighboring
supertile state corresponding to this datacell has a transition rule, the storage contains only the new

state this supertile would become if this transition is taken. If the system we are simulating allows
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for multiple transitions for this pair of states, we define a fixed order for these transitions prior
to the simulation. The resulting states are then stored in the transition storage area according to
this order. The rules always match up because we predefined this order and because the supertile
template is copied every time. The storage is templated to be the size that is necessary to store
the maximum number of transition rules of any state pair in the system, such that all transition
storage compartments have the exact same size. If a compartment contains fewer transitions than

the maximum, it is filled with blank transitions.

Table Locking. The wires enter the table from the left. Each wire has a special table
locking door and corresponding handle, that is situated at the edge of the table. If an agent tries to
act on the table, it first must pass its corresponding door. If that door is open, two locking agents
move up and down along the left edge of the table. These signals lock all other doors corresponding
to incoming wires, allowing for only one operation on the table at a time. If two of these locking
agents meet, only one is allowed to continue on while the other disappears. Once the locking agent
reaches either the top or bottom of the left edge, it transforms into a successful locking agent and
moves back toward its door. A door that sent out locking agents and that sees another locking agent
coming by, knows that its own locking agent was the one that failed, and the door will lock itself.
Even if multiple doors try to lock the table at the same time, only a single door will receive its
corresponding successful locking agents coming back from both the top as well as the bottom. This
door then allows the waiting agent to enter the table. An agent trying to enter a locked table will
simply wait. This does not lead to deadlocks, since the origin table of this agent was not locked

when this agent left it.
2.6.3 Outer Shell

The outer frame of both the table and the supertile are comprised of outer frame tiles, with
the appropriate doors along wires to access the supertile or table, see Figure [2.2] Inside, they contain

an inner wire for traversing the boundary, and then inner frame tiles, again with the appropriate
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doors. Initially, supertiles are built with doors that indicate that no neighbor is present. Once a

neighbor is found, they transition to their regular counterparts.
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2.7 Attachment

The attachment process consists of several phases. First, if the supertile detects it has a spot
next to it without a supertile build, it checks if there is an affinity in that direction. Next, the supertile
is copied piece by piece into the neighboring spot. Lastly, when the construction is completed, this

newly built ghost tile sends a signal to all neighboring tiles to select an actual state for itself.
2.7.1 Initiation

Whenever a supertile changes state, either via transition or via attachment, it sends out state
transmission agents to all four directions. When such an agent reaches an edge of its supertile
and finds no neighbor, the process of determining whether to attach a new supertile starts, see
Figure The state transmission agent is not able to reach the true edge of the supertile if there
is no neighbor present. Instead, it reaches the inner row of doors on the edge of the supertile that
controls access to the outline wire. Since there is no neighbor, the agent changes state to a lookup
state, enters the outline wire, and goes to the affinity selection wire, see Figure Initially, all
outline wires on the edges are directed such that if no neighbor is found the state transmission agent
will be directed to the affinity selection wire.

The affinity selection wire wraps around the outside of the entire subtable for its given
direction (E/N/W/S) allowing for the agent to drop into the active state column wire and search
every possible state in the system for an attachment. For example, if the missing tile is to the West

of the supertile then the wire runs above West and its outgoing wire is below West 1.
2.7.2 Checking Attachment

Each datacell has an affinity door in the vertical active column wire next to it, indicating that
there is an affinity between these two states in this direction. If there is no affinity, there is a door
with a no affinity state. The initially selected possible state may not be the final state of the supertile
so as not to preclude every possible state that the supertile may end up in. This initial lookup is just

to ensure we do not begin construction of a neighboring supertile if no tile can attach there in the
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system we are simulating.

Lookup in Table Section. Once the signal reaches the edge of the table it will initiate the
standard table locking process described in Section[2.6.2] and visible in Figure[2.11] The signal will
then traverse the table until reaching the active state column and begins its descent down the active
state column wire with the affinity doors; see figure|2.12

The lookup agent may nondeterministically transition with any affinity door to a found state
so that the construction process can begin. It will traverse down to the state lookup exit wire and
to the edge of the supertile. The table stays locked. Upon reaching the edge of the supertile, the
agent transitions into the Copy Checkpoint. The Copy Checkpoint is a stationary tile on the edge of
the supertile, orchestrating the copy process. See Figure for the state lookup process at a high
level. If there are no affinities in that direction or the lookup agent never transitions with an affinity
door, the agent will not change to the found state and simply unlocks the table after exiting from the
bottom of the state lookup wire. No attachment is started in that case; see Figure [2.13

We only begin construction if there is a possible attachment in that particular direction. This
does give a slight fuzz advantage over previous builds. A ghost tile (if simulating a system that

requires or includes them) will not begin growing if the state has no affinities in that direction.
2.7.3 Preparing for Copying

In order to properly copy the tile, we need to clear the interior wires, lock any further outside

communication from coming in, and activate a number of processes.

Locking the Supertiles Outer Frame for Construction. First, the Copy Checkpoint
sends a locking agent around the outer supertile wire, which locks every outer door on the edges of

the supertile, preventing any further agents from entering the supertile.

Clearing Table and Wires. Once the locking agent returns to the Copy Checkpoint, it
will turn into a wiping agent. The main wiping agent will traverse the edge wire and spawn minor

wiping agents to sweep every wire. They delete any waiting agents outside of the table. Moreover,
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the interior and edge of the table are reset to be entirely inactive. This process is shown in figure
[2.14] Should an agent trigger a locking process before it is wiped, the locking agents spawned will
transition into wire tiles upon contact with an inactive door. The active state of the current supertile

is stored within a containment area at the top of the active column to ensure it is spared from wiping.
2.7.4 Copying Supertile Outline

Now, the supertile is ready to start the copy process. We will copy the supertile in several
steps, piece by piece. We start with the outline, then the table, and then the wires. It could be that
multiple adjacent supertiles are trying to build in the same location. In this case, it is necessary to

ensure that only a single supertile gains construction jurisdiction over this spot.

Claiming Mirror Side. The mirror edge is the edge of the tile under construction that is
immediately adjacent to the supertile initiating construction. Once the wiping agent reaches the
Copy Checkpoint, the Copy Checkpoint will spawn 2 claiming agents sent along the outer wire
to the adjacent corners. If building to the West, these claiming agents go to the North and South.
The purpose of these agents is to place and claim the mirror edge corners. These are important
to prevent construction conflicts. Once the agents reach the corners, the northwest and southwest
corners in our example, as seen in Figure [2.15] they open the supertile corner doors and try to build
the corner of the neighboring tile.

They build the corner of the neighboring tile as follows. The agent first goes through the
door in the direction it wants to build. Then, it attaches the first empty construction tile and then
a second, transitioning the first into a door as it swaps into the second. Whenever we say that a
certain tile is attached or built, we mean that an empty construction tile is attached, which is then
transitioned into the correct state. After the wire tile is built, the agent swaps with the wire tile, and
tries to build the crossover gadget. It marks the crossover gadget as claimed by the East side where
it came from.

It could also be the case that there already exists a corner crossover gadget. This gadget can
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then either be claimed, or unclaimed. If it is unclaimed, it is claimed, otherwise, the agent goes
back to the Copy Checkpoint to report a failure. If the crossover corner is successfully claimed, the
agent also goes back, but this time to report a success. If the Copy Checkpoint receives at least one
failure, it relinquishes its claim to any successful corners (via agent) and aborts construction.

To abort a construction at this point, the only thing necessary is to unlock the doors on the
outline wire, set the active state column in the table, and finally unlock the table. These processes
are the same as their counterparts at the start of construction.

When the Copy Checkpoint receives two successes, it knows that from the three other
supertiles that could potentially try to build in this spot, only one might still be trying. In this case,
we initiate construction of the full mirror edge. This is done as follows. One mirror edge agent is
sent to one of the corners that has just been claimed. This agent will then build the outline wire of
the mirror edge. At the same time, it will attach (via a blank construction tile) mirror tiles. These
tiles then transition with the tiles in the original supertile to mirror their state. Should the corner it is
attempting to mirror be a crossover gadget door, the mirror tile will spawn a crossover copy agent,
which when the subordinate copy agent recognizes this will instead back up, transitioning the tiles
it traverses back from into blank construction tiles. When the crossover is activated, it will continue.
In this way, the doors get placed in the correct positions. Moreover, the mirror edge agent ensures
intersections are properly constructed and construction doors are activated, see Figure [2.15] Once it
has reached the other corner, it goes back to the Copy Checkpoint, which can then initiate the next

phase.

Copying Placement General Notes. Before explaining the next phase, we will first detail
the standard copy procedure. This procedure is used to copy the rest of the supertile. It uses a Copy
Director, which acts in the original supertile and sends copies of tiles to the Placement Director,
which is located in the newly constructed tile, and places the copies on the correct locations. The
copies are send over the outline wires and/or construction wires of the tiles. For this to work, the

route from the Copy Director to the Placement Director needs to be clear and doors along this path
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need to be set correctly to ensure copies of tiles end up in the correct spot.

The setup is done by a copy agent send out from the Copy Checkpoint. It first places the
Placement Director in the appropriate spot. Then, it goes to place the Copy Director. It takes the
same path as the copied tiles will take. While going over this wire, it ensures all wire tiles are
pointing in the correct direction and doors that lead in the wrong direction are closed.

Once at the correct spot, it transitions into the Copy Director and starts copying tiles and
send them to the Placement director via the path it just created. As soon as all tiles of this part are
copied, it goes to the Placement Director, deletes it, and finally returns back to the Copy Checkpoint,

which can then start the next phase of copying.

The Copy Process. For each tile that needs copying, the Copy Director follows the
following scheme, visualized in Figure 2.16] First, the Copy Director sends a direction to the
Placement Director (North/South/East/West). Then, it swaps with the tile that needs copying. This
tile then spawns a copy of itself on the wire that also goes to the Placement Director. Lastly, the
Copy Director swaps back with the tile that now has copied itself.

The Placement Director ensures it is always at the end of the part that is built. It first receives
a direction. It then swaps with that direction tile which attaches an empty construction tile. Then,
when the copy arrives, the Placement Director swaps with the copy, and the copy can transfer its
state to the newly attached empty construction tile. Then, the Placement Director swaps back with
the now copied tile and deletes it in the process. This process is shown in Figure

Not every tile is copied over individually, to reduce the number of states, we copy the
crossover gadget in one go. Instead of sending a copy of every tile in the crossover gadget, we
send a single tile containing a template of full information of the crossover gadget. To stop the
directionality from being an issue our copy director will send a second special direction tile before
a crossover gadget. This way the agent may be in the middle of the gadget attaching blank tiles
and transitioning the surrounding doors into them without knowing the direction from which the

crossover came. Each door remain in waiting state until it has attached its handle. The placement
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director will lock any necessary doors when construction is complete.

Constructing Adjacent Supertile Outline Wires. This copy process is used to build the
other edges of the supertile, see Figure[2.18] At this point, only the mirror edge has been constructed.
We use the copy process to build one edge at a time. For horizontal attachments, we first build the
top edge, then the bottom edge. For vertical attachments, we first build the left edge, then the right
edge. This is to ensure that if there is still another supertile that is trying to build in the same spot,
we recognize this situation and deal with it accordingly.

To build these edges of the supertile, the Copy Checkpoint spawns a new copy agent. This
agent will put a Placement Director at the corner that was already built, then moves over the outline
wire of the original supertile to the other side, where it will transfer into a Copy Director.

If there is still another supertile building in this spot, the two Placement Directors will
eventually meet. Nondeterministically, one of the two continues, while the other is removed. The
losing Placement Director sends a signal to its respective Copy Checkpoint, which then starts the
abortion process similar as before. The Placement Director that is left over will ignore and remove
any copied tiles intended for the now removed Placement Director.

Along with the outline wire the transmission selection gadgets are added.

For a tile to start internal construction it must verify it has claimed all 4 corners. Only doors

on its side are active all others are blocked.

Building the Far Side of the Outline. Once we have confirmed claim of all four corners
we then can build the opposing edge starting at the designated corner. This again uses the normal
copy process. The Copy Checkpoint sends out a copy agent, which places a Placement Director.
Then, this copy agent traverses the outline wire to the appropriate place, locking doors on the way
if necessary. Lastly, it will transition into the Copy Director and start copying the last edge of the

supertile, see Figure|2.19
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2.7.5 Construction Wires

Once construction of the outline of the new supertile is complete and confirmed by an agent
at the Copy Checkpoint, we start copying the table. Each table has eight construction wires. These
wires extend from the corners of the table, and mark the width and height of the table, plus its
position within the supertile.

To copy the table, we first copy the construction wires. For horizontal copying, we start by
copying the horizontal construction wires, then the vertical ones. For vertical copying, we do the
opposite. These wires are not only used to indicate the placement of the table within the supertile,
but they will also be used to copy the contents of the table.

To copy them, we first open the doors connecting the respective wires to the outline wire.
We then copy the wires using the normal copy process, starting at the far end. The horizontal and

vertical process can be seen in figure [2.20|and figure 2.21]
2.7.6 Copying Table

The construction wires already contain the outer edges of the table, including the table
control edge on the eastern side of the table. Once these are in, we build the rest of the table.
Importantly, the only variable aspects of a datacell are the width and the height of the transition

storage. These depend on the system we are simulating.

Copying Horizontal Table Wires. To transfer this information over to the new supertile,
we first copy all the horizontal wires in the table. These already contain the transition, affinity,
and state lookup chute crossover doors. We copy these over using the normal copy procedure, see
Figure Both the Copy and Placement Directors start this procedure on the East side of the
table, and the route that the copies take is via the construction wires.

Every time the Copy Director has finished a horizontal wire, it moves down to the next
horizontal wire. For every step that it takes, it sends a token to the Placement Director.

For every one of these tokens that the Placement Director receives, it goes one step forward.
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The height of a datacell is implicitly transmitted by the distance between the transition storage door

on one wire and the end of transitions tile along the wire just below.

Constructing Datacells. Next, the placement director will send subordinates down each
table input row to construct datacells, reporting back as each is completed until it reaches the end of
the table. Within the row, when the placement subordinate meets the datacell punchdown door it will
traverse through the transition storage door adding doors to the west, wires to the south, and border
tiles to the east, until it reaches the end of transitions tile below it. It will add the transition exit door
to its east before returning to the top of the datacell, traversing through the affinity crossover to

begin constructing the next datacell. This can be seen at a high level in Figure [2.23]

Copying Transition Rules. The process of copying datacell transition rules works as
follows: Our agent transitions the transition row door into a copy activation state, which will swap
with every unary tile, the end of data string state, and border tile state behind to transition each into a
copy yourself state. Each will copy themselves onto the wire and then flip backwards until reaching
the door and transitioning back into a normal state. The door will stay at the back of the row until
the border tile returns, signifying it has copied itself. At this point, the door will traverse to the front
of the row and activate the door below it to begin the same process. The door will also copy buffer
tiles and includes rows that have no transitions in them and are comprised of filler blocks.

When this is complete the fill marker is moved to the next datacell. When the row is
completed the copy agent will confirm its completion to the copy director indicating that the next
row can be started.

On the opposite side the data strings are activated for placement, and due to special placement

states this allows them to attach their own blank construction tiles to the east.

Copying Vertical Table Wires. As all of the necessary information has already been
copied into the table, what is left is to copy the vertical wires, see Figure [2.25] The placement

director simply sends filling agents down the top of each column that will traverse south and place
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south wires and protective border tiles to their side as they go. When these agents reach the bottom
of the table they reverse walk north until it reaches the top of the table where the placement director
will absorb and check it off. As the placement director was at the final vertical wire when it finished
sending the agents down it will wait there until the agent returns with confirmation that it has
completed filling the southern wires. The placement director will then wait to proceed at each
intersection until it has reached the control edge of the table. Once this occurs, the placement
director will send a signal to the Copy Checkpoint that the copying of state transmission wires may
begin. When a placement subordinate is traversing northward on the state lookup chute wires it
will lock the appropriate doors to shut down the construction wires connecting chutes of different

directions.

Copying State Transmission Wires. After the table is complete the state transmission
wires are copied, see Figure[2.26] After the appropriate wires are set and locked, we begin with the
wires entering from the east of the tile. The Copy Directors for any direction will skip copying any

vertical/horizontal construction wire and tile/table edge crossovers.
2.7.7 Activating Tile and Determining State

Once the supertiles construction has finished the process of activating the supertile for use

begins. First, the construction wires must be deactivated.

Construction Wire Deactivation. After construction phase 10, phase 11 is started. To
begin, phase 11 locking unlocking agents are dispersed throughout both tiles with the copy and
placement directors, checking off their respective tiles intersections after each phase 11 locking
unlocking agent reports back from the construction wire it was sent down until it returns to where it
started. The copy and placement directors will not unlock the outer edges of their respective tiles

yet.

Reporting Construction Completion to Neighboring Construction Tile. After the tile

is confirmed to be complete, construction wires are deactivated, and table is activated, a signal is
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sent to the neighboring tile that was in charge of construction that it may reactivate most of its

non-construction functions and its active state column, see Figure

Activating Table. When it is confirmed that the construction wires have been locked,
state transmission wires appropriately unlocked, and neighboring wires reactivated, the placement

director will move into phase 12 where it activates the table edge and punchdown gadgets.

Requesting Tile State From Neighbors. After the supertiles construction is complete it
will send out a Requesting State Agent to its neighbors along its state lookup output wire for each
direction. Upon reaching the edge of the supertile it will meet doors that indicate the supertile has
no neighbor but it may traverse through them anyway. After the supertiles state has been selected
and activated the has “no neighbor doors" will be transitioned to standard tile edge crossover doors.
If a transition request reaches these has no neighbor doors it will be dissolved on contact. Only the

newly constructed supertile can transition its has no-neighbor doors and that of the tile next to it.

Transmitting Neighboring Supertile States. Once a New State Requesting Agent has
entered the lookup chute in the active column in a neighboring supertile it will traverse to each row
until it reaches a self-intersection with the active state for that direction. It will report the state of

the neighboring tile back to the new tile table.

Selecting (and Deselecting) Possible States. After one of the New State Request - Neigh-
bor Reporting Agents have won the table locking race it will enter the table and traverse each
column. At the end of each datacell, in the southern slot of the vertical wire/datacell crossover
gadget, there is an affinity (or no affinity) door that the agent may transition nondeterministically
with to select the state of the new tile. This agent may traverse the row backward or forward at any
time and may even completely exit the table and restart the locking race so that another directions
New State Request - Neighbor Reporting Agent may enter the table and potentially select the state,

see Figure 2.28
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Activating Column and Regular Table. Once a state is selected state column activation
agents are sent to the north and south of the initial selection door, turning each incoming datacell
punchdown door/vertical intersection crossover into an active superstate mode and storing the state
in the state storage box at the top of the column, see Figure [2.29

Only after a state is selected and column confirmed to be activated in both directions does
the New State Request - Neighbor Reporting Agent Eraser Door Agent Activator spawn and traverse
to the top of the table and over to the left edge where it changes each of the table control edges
inner doors to its normal active state. This causes New State Request - Neighbor Reporting Agents
to dissolve upon contact (leaving an omni-directional wire tile behind) and triggers the table outer

doors to unlock.

Unlocking Neighboring Supertile and Testing for Neighbors. When the New State
Request - Neighbor Reporting Agent Eraser Door Agent Activator has reached the table’s south
marker tile it will send an Unlock Neighbor Outline and Test for Neighbors Agent. This agent
will also unclaim corners of the new supertile. The agent will traverse around the edges of both

supertiles unlocking them or testing for neighbors if the doors say they have none.

Sending Out New Supertile State. When the Unlock Neighbor Outline and Test for
Neighbors Agent returns through the southern construction wire door (which it may traverse due to
its special state) it will change to a State Transmission Trigger Agent that will traverse the active
state column and send out State Transmission Agents at each self-intersection. The first State

Transmission Agent to reach the inside edge of the table will unlock it, see Figure [2.31]
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2.8 Transitioning Tiles

The transition process starts once a state notification agent from a neighboring supertile
reaches another supertiles table. The table is locked by standard procedure, and if the lock is

successful, the agent is admitted into the table.
2.8.1 Finding Intersection

The wire this agent is entering on implicitly encodes the state of the neighboring supertile.
To determine whether there is a transition, it needs to find the active state column. The active state
column has special door states, so when the agent reaches the active state door, it is no longer able
to traverse further into the table. Reaching this door ensures that the agent will have the chance to
transition with the transition storage door below, which is only unlocked (if a transition exists) in
the active state column. If there are no transitions then the transition storage area door will be in a
no transitions available state, see Figure

If there are transitions and the state notification agent does not choose to back out of the
transition process and table altogether, then the process to prepare both supertiles for transitioning

begins.
2.8.2 Transmitting Intention to Transition

First, it must be confirmed that the neighboring supertile that sent the state notification agent
is still in the state it was when it sent the agent. The agent confirming the state locks the tile into its
current state.

This process starts with the State Notification Agent transitioning into a Transition Prepara-
tion Agent—Confirm Neighbor when swapping with the unlocked transition storage area door in
the active column. During the swap, the transition storage area door has “awaiting confirmation”
appended to its state.

The Transition Preparation Agent—Confirm Neighbor traverses down the storage area wire

and out the transition storage exit door. As it cannot swap with the south door of the datacell’s
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bottom crossover door, thus we can ensure it exits out of the output wire in the same state and in the
same direction it came from.

The Transition Preparation Agent—Confirm Neighbor will leave the table locked as it exits.
If we find the neighboring table locked, the transition is rejected, and an agent is sent to reset the

transition storage area door and unlock the table afterward.

Rejection of Neighbor Tile State Once the Transition Preparation Agent has locked the
neighboring supertiles table and traversed the columns to the active state, it will enter through the
transition storage door as within the other datacell. As the Transition Preparation Agent - Confirm
Neighbor became Transition Preparation Agent - Confirm Self-Intersection when swap-transitioning
with the current datacells transition storage door, it will then traverse to the bottom of the transition
storage area where the self-intersection marker tile sits. If the self-intersection marker tile is instead
a not self-intersection tile, the Transition Preparation Agent will reject the transition, traversing
back to the transition storage entrance door and deselecting it, then walking out of the datacell
and unlocking the table upon exit. Once it reaches the initial supertile, it will enter the table (still
unlocked at that particular door) and remove the “awaiting confirmation” designation from the

active states transition storage area entrance door, finally locking the table on its way out.

Confirmation Neighbor Tile State However, if the lookup is confirmed to be at the
“self-intersection,” we know the neighbor’s state has not changed. Thus we instead send a Transition
Preparation Agent - Neighbor Confirmed back to the originating supertile. In addition, we send a
wire setting agent to open the way from our datacell down to the state lookup chute exit wire for

the respective direction and an agent to follow that to trigger the transition selection gadget, see
Figure

Copying Transition Rules Each supertile begins copying its transitions largely using
the same method as during attachment. First, the door is activated, which activates the unary (or

filler) tile behind it, which then transition-swaps with the door into a spawn copy state, which will
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spawn into the wire outside the door. Once the number has successfully copied onto the wire it will
flip through its row until it hits the end of data row tile where it will return to its normal inactive
state. Once the door has cycled through all of the data string tiles, it will shift to a finish buffer
cycling state and stop opening, simply transitioning with buffer tiles so that they flip behind the data
string as before until the beginning of the data string reaches the door again. Once this occurs, the
current door will trigger the door below it to begin its copying process. This is continued until all

data strings have been copied into the wire and are heading to the transition selection gadget, as in
Figure[2.34]

Filling the Transition Selection Gadget. For supertiles transitioning with a neighbor
to their east or north, a wire setting/locking agent must be sent by the Transition Director upon
reaching the edge of the tile, as the transition selection gadget is on the opposite side of their lookup
chute exit.

Once the Transition Director reaches the transition selection gadget, the entrance door and
the first row will be activated to begin overwriting the blank filler tiles within the gadget rows. The
fill door will allow one data string to go through before it needs to be unlocked by the Transition
Director again. After each row is filled, the wire tile next to the door below it is unfrozen. As we

are filling top to bottom, this ensures data strings do not fill improperly to doors below.

Selecting the Transition. Once all of the data strings are properly in their rows the
transition director will activate the selection agent for its half of the transition selection. The agent
will traverse on the transition border wire parallel to (and touching) the other supertiles transition
border wire. The agents randomly walk up and down the transition selection wire.

Once both have been activated, it is possible for them to align next to one another at one of
the transition rules and have the chance to select, see Figure @ When a transition is selected, the
two agents must double transition, instantly choosing the new state of their respective supertiles

simultaneously. When determining the supertile of a state, the highest priority is if a row/column
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has been selected in the transition selection gadget, and then if there is none, the active state column
of the supertile.

The agents may also choose an abort transition row/column double transition option at any
time.

Once a transition is selected, the data string is copied out of the appropriate row/column it
was being held in and led by a transition director to the top state lookup chute wire. The transition
director has special override authority at the table border to open this top wire and allow the data

string to traverse through the table.
2.8.3 Transitioning States
Each supertile is in charge of completing its respective half of the transition rule.

Punch Down Mechanism and Data String Traversal. The data string will traverse
the input wire however many columns are specified by the data string. The punchdown tile will
transition with a 1 tile turning the 1 tile into an east wire tile, thus decrementing the data string, and
the punchdown tile will tell the door handle to unlock the door. Once the door swaps and transitions
with the end-of-data string tile, it will reset fully with its door handle, return to its locked state, and

tell the punchdown gadget to reactivate through its handle.

Deselecting the Previous State. The data string ends in an end-of-data string tile that,
when it is punched down, updates that column as the new state. Before this can occur, the old
column must be deactivated. Thus 2 agents are sent, one to the east and one to the west to search for
and deselect the old active column.

When one reaches the old active column, it will spawn agents to traverse north and south,
deactivating active state doors. When they reach the bottom of the table, they report back to the
Deselection Agent, who reports back to the state update pending door, waiting for confirmation of

deselection (and no column from the other direction).
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Activating New State Column. The activation of the column looks much the same as the
deselection of the state column; see Figure[2.36] The state update pending agent (waiting next to
the affinity door) sends agents north and south to activate each column door as the active state and
fill the state storage tile at the top with the new active state.

If the column selected is the current active state column, then only the wipe transition

selection gadget agent is sent.

Wiping Transition Selection Gadget. Once this has been reported to be complete, the
door will spawn a wipe transition gadget agent, which will traverse through the new active state
column to the bottom of the state lookup chute wire for its direction and travel to the transition
selection gadget. Upon arrival, the agent will enter the transition selection gadget and trigger the
rows/columns to cycle wipe each of the tiles in its slot. This works much like copying for the filler
tile cycling; except instead, it is erasing values. After the wiping agent has checked off all slots
to be complete, a recapture of the agent will be triggered. When recapturing the agent has been
confirmed it can then exit the transition selection gadget, resetting the gadget door and any wires

set/doors locked by the transition process at the edge of the tile.

Sending Out New State. Once the wiping agent has returned to the active state column,
the column is triggered to send out the new active state at each self-intersection. The table is

unlocked by the first state transmission agent that reaches it.
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2.9 Metrics

As the vast majority of states are dedicated to the operation and copying of crossover doors
we cover this aspect first. Next is agents and finally other gadgets states.

The number of states was calculated as follows:

Nearly all crossover gadgets have four doors, each of these four doors may have been set
to one of two directions (standard and reversed) each one of these doors has the following states:
active, waiting, open, reset, pushback, and locked. Thus, there are 7 states for standard operation
over 8 possible doors making 56 per crossover gadget type as standard. All doors use the same
handle set adding only 12 states to the total calculation. In total 42 crossover gadgets are necessary
coming to 2352 states for standard operation.

Additionally, during the copying process the majority of crossover gadgets have a copy
yourself state for each door (though the doors enter a state reset when complete unlike other copy
processes) and a copy agent for 9 additional states per type. For placement we transition with the
first blank tile it swaps with to a wire tile, then we overwrite the leftover second placement tile,
and lastly each of the four doors are put into their respective blank tiles, adding 5 additional states
(other agents will set them to standard or reverse as necessary). As such the copying process of each
crossover door requires 15 states and thus 630 for the entire construction.

There are 16 non-crossover doors in the system that each have the above standard operations
(and half have independent handles) adding to 120 states. Crossover doors have special states to
indicate that there is no neighboring door, adding 96 states to the incoming and outgoing state
transmission crossovers for each direction. Corner crossover doors can be claimed by a neighboring

supertile, adding 64 states.
2.9.1 Agents

Agents locking and unlocking the table requires 30 agent states and 5 additional door states.

Initiating transitioning, copying the data strings, and ensuring they reach the appropriate locations
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requires an additional 31 agent states, and 24 door states. Selecting the new state within the gadget,

copying out the data string for the new state, and wiping or aborting the transition requires 34 states.
2.9.2 Copying States

General Copy States and Agents. Each direction of placement tiles requires an inactive,

active, complete, and special crossover double state, adding to 16 states.

Copying Crossovers. Each of the crossover doors (regular and reversed) must have a
state indicating they should copy themselves, a state indicating to spawn the same agent, an agent
which must traverse 2 steps to the center of the crossover gadget then check off that the doors (not
reversed) have been attached at each side. As this requires 15 states and there are 42 crossovers, this

adds 630 states.

Locking Agents. Each step that requires a locking agent needs a spawn/waiting state
for the copy director and the locking agent itself needs an active, lock door 1, lock door 2, exit
crossover, and locking complete state. Nearly every locking agent also needs the copy director and
an unlocking agent with the same states for a total of 14 states. There are a total of 10 phases that
require locking agents, but the state transmission wire construction needs these for each side. In
addition, there are 30 other miscellaneous states that are used across various phases. This brings the

total of these to 212 states associated with copy locking.

Placement Director. The placement director has an awaiting direction tile, an overwrite
completed direction tile, a waiting state tile, an overwrite state tile, a waiting crossover agent
completion, overwrite crossover agent, lock door 1, lock door 2, exit crossover, and complete states,
making 10 states over 4 construction directions for 40 states. This standard version applies to 4
phases, but cycling is done 11 times due to subphases for a total of 462 states.

Additionally, the copy director and/or placement director will spawn placement directors or
subordinate placement directors and wait for their completion 22 times. Doing this for 4 directions

for 44 states per directions makes for 176 states added.
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Aborting Process. The abort construction process (not including reactivation) takes 10
states to overwrite, wipe, and inform the copy checkpoint/director for each direction, adding a total

of 40 states.

Traversing Opposite. In 13 phases and subphases the copy director must traverse to the

opposite side of the tile. Adding 52 states.

Datacell Outlines. The subordinate prime placement director must be spawned, place a
wire to the south, door to the west and a border tile to the east before moving on, when it runs into a
no state tile to its south it will instead place an exit door and mark itself complete. As this doesn’t

depend on the direction, it only adds 6 states.

Filling Datacell. Copying each transition rule requires the copy director to activate each
tile for copying, flipping through them without sending direction tiles at this phase; they will mark
themselves complete in addition to the copy director, the placement director and tiles do in this in

reverse on the opposite side. With the necessary checkpoints included this adds 22 states.

Vertical Table Wires. In addition to the check off states (counted above) the south traversal

agents need to skip crossovers and the final one needs to lock on the way up adding 6 states.

State Transmission Wires. As each copy and placement director needs to check off first

and last for each direction and crossovers need to be skipped there are 32 states added.

Reactivating Neighboring Supertile. The agent must delete the checkpoint, traverse to
the top of the table to spawn a generic sub-agent that doesn’t depend on construction direction,
unlock the table, check for where the active state column is, spawn an activation agent, and let the

newly finished tile know this process is complete adding 12 new states.

Activating New Table. In the new supertile the table doors must be moved into special
door states added to the east and west of each table edge state transmission wire crossover. This

adds 14 new states.
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Requesting, Receiving, and Selecting States. Requesting and receiving states requires
and agent to send them from each direction in the active state column, the state requesting agents
themselves, and special state transmission agents. Selecting the state requires abort and select, if

the state is not a full state then an additional special agent is required, adding 9 states.

Activation, Unlocking, and Transmitting. The activation of the new column, doing a
special unlock of the table the self and neighboring tiles outlines and transmission of the new state

adds 11 new states.
2.9.3 Final Count

There are an additional 40 miscellaneous states used in the construction bringing the total

number of states to 4600, including 2600 non-copy states for our final ACA state count.
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2.10 Correctness of Construction

Here we give proofs of correctness. We first (re)state our main lemma.

Theorem 2.4.1. There exists a tile set (Xy, Ay, Iy, Ay ) such that, for all systems T = (£, A, TL A, s, 1),

there exists a T’ = (Xy, Ay, My, Ay, sy, 1) that simulates T at scale O(|Z]?).

We prove this via the following lemmas which each satisfy a condition of simulation. We

start with a helper Lemma.

Lemma 2.10.1. For any assemblies A € PROD(T") and Ay € PROD(T'y) such that A = R*(Ay),

any assembly By such that Ay —1 By satisfies either R*(Ay) = R*(By) or R*(Ay) —1 R*(By).

Proof. An attachment can never change a mapping because if a supertile is incomplete it maps to
the empty state. Once the datacell has been built it sends a signal to it’s neighbors. Its neighbors
will respond by sending an agent which walks into the table. If it reaches an intersection in the table
where there is an affinity rule it immediately changes the mapping to the new state simulating an
attachment. The next available transitions mark the remaining tiles in the active state column.
Until a superstate transition is selected none of the changes that can be made in the supertile

change the mapping since they do not change the active state column. O
Equivalent Production.
Lemma 2.10.2. For any assembly Ay € PROD(I'y), the assembly R*(Ay) € PROD(T').

Proof. Any producible supertile either (1) maps to a empty state, (2) has only an active column
which signifies the state in X it represents, or (3) has an active column and a selected transition in
which case it maps to the state after the transition.

We will use induction along with Lemma [2.10.1]to prove that all assemblies are producible.
For our base case we consider the seed in both systems. We replace each tile in the seed s by

supertiles representing that tile to get seed assembly sy;. Then by Lemma [2.10.1| every move we
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make on assemblies Ay in PROD(I'y) creates an assembly By which represents an assembly B

that is reachable by A in I [
Lemma 2.10.3. For all Ay € PROD(I'y), Ay maps cleanly to R*(Ay) with 1-fuzz.

Proof. The seed sy we create maps cleanly to the original seed s as we only place supertiles in
locations where tiles take place.

Each ghost tile is built from a neighbor boundary first. Once the boundaries are built, the
ghost tile copies the contents of the supertile. It is not until the supertile is complete and has selected
a state that it begins to attempt to build neighboring ghost tiles. Therefore each ghost tile is adjacent

to at least one properly mapped tile. 0
Equivalent Dynamics.

Lemma 2.10.4. For all A,B € PROD(T) such that A —' B, it holds that for all Ay such that

R* (AU) = A, we have Ay —)rU By fOI” some By € PROD(FU) with R*(BU) =B.

Proof. Consider any pair of assemblies A,B € PROD(T') such that A —} B. Pick an arbitrary
Ay such that R*(Ay) = A. If this transition was achieved via an attachment the agent selects the
active tile column by traversing the datacells at an intersection. It may also chose to not stop at the
intersection and continue on or go backwards to select another tile. This allows Ay to achieve any
attachment performed by A.

For transitions, all available rules will be loaded up into the transition selection gadget. If
the two agents meet they may select the transition and instantly change the mapping of both tiles,
transitioning from Ay to By based on our mapping. However, the non-deterministic process may
not select a transition at all and will allow the agents to keep walking to select any transition, or

abort. L]

Lemma 2.10.5. If Ay —'V By for some Ay,By € PROD(I'y), then R*(Ay) —' R*(By) or

R*(Ay) = R*(By).
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Proof. 1f a attachment or transition does not change its mapping then we satisfy R*(Ay) = R*(By).
For a ghost tile to transition to a valid mapped tile, it must have an active state column. This active
state column is only build and actually activated if there was a neighboring supertile that had the
appropriate affinity.

For a transition the agents must both match and find the same transition in order to change
the mapping of the tile. Only proper legal transition may be placed in the table so all of these must

be valid transitions from R * (A”) to R*(B). O

Transitivity of Simulation. Here we show the definition of simulation is transitive, and
hence we may chain many simulations together. It is possible that chaining 1-fuzz simulations

results in an increase in fuzz by a constant factor. However, in our case we preserve 1-fuzz which

we prove in Theorem

Lemma 2.10.6. The definition of simulation is transitive. If each simulation is 1-fuzz and has scale

factor larger than 1 then the resulting simulation has at most 3-fuzz.

Proof. First consider a chain of k£ simulating systems where I'; simulates I'; | for 0 <i < k&.
Condition 1 from equivalent productions, and both the follows and models conditions of
equivalent dynamics are all preserved by the fact we may compose the representation functions.
The second condition of equivalent productions, namely the c-fuzz bound, requires more
care as the fuzz of a simulation is not immediately preserved. However, we can ensure that the fuzz
will be bounded by at most 3. At each simulation step, the size of a supertile is getting smaller
by a fraction o < % Since each simulation has at most one ghost tile next to its valid parts of the
assembly, every simulation can add at most one ghost tile neighboring the previous one, which is a
fraction o smaller than the previous. Since o < %, this geometric series in the plane can reach a

distance of at most 3 from the original supertile. 0

Even though chaining 1-fuzz simulations can lead to a simulation using 3-fuzz, chaining our

specific construction would never lead to more than 1-fuzz.
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Theorem 2.10.7. Chaining our simulations results in a 1-fuzz simulation.

Proof. The individual tiles of a supertile S would never go outside the boundingbox of S. Take
an individual tile 7 on the edge of S. If we would chain simulations, ¢ would be simulated using
a supertile S’. Supertile S’ would only build a new ghosttile outside of S if # would want to build

outside of S. Since this never happens, chaining our simulation only results in 1-fuzz. 0
Universality Results.

Theorem 2.4.4. There exists a tile set (Xy,I1y,Ay, 1) such that, for all systems T = (X, A, I1,A,s,T),

there exists al” = (Xy, Ay, Iy, Ay, s', 1) that simulates T with 1-fuzz at scale factor O(min((t|Z|)3,|Z|%).

Proof. Lemma|[2.4.1|states that temp-1 is IU for itself.

Chaining these two simulations will still result in a 1-fuzz simulation as ghost tiles are only
built where a new tile may attach. Our construction in Theorem [2.4.2]has 1-fuzz and the ghost tiles
that attach do not have any other affinities with neighboring tiles. Thus the supertile simulating
them in Lemma [2.4.T] will not place any additional ghost tiles. For the same reason any assembly

which has no attachments will not build any ghost tiles and thus have no fuzz. 0
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2.11 IU TA Simulates 2D Asynchronous CA N =2

Previously, a partial proof of 1D asynchronous cellular automata (ACA) being intrinsically
universal was shown in [30]. Here, we apply techniques used throughout this paper to show two
subsets of asynchronous cellular automata are intrinsically universal. We start by defining pairwise

and block-pairwise ACA.

Asynchronous Cellular Automata An Asynchronous Cellular Automata (ACA) system
is a 4-tuple I' = {X,N,A,C}, where X is a set of states, N € N is the neighborhood of ', A is a
mapping A : ¥V — ¥ and C is a configuration that is a mapping C : N> — X. We refer to each

mapping in A as a transition rule.

Pairwise ACA. A pairwise ACA is an ACA with one extra consideration. More formally,
it is defined as a 4-tuple I' = {£,S,A,C}, where S consists of all possible subsets of size 2 between
a cell ¢ and adjacent cells in each cardinal direction, and A is a mapping A : £* — X, where s € S. If
Ais a mapping A : ¥¥ — X*, we consider I a block-pairwise ACA.

Note that these automaton are a subset of radius-1 ACAs since we can transform each
transition rule in A into larger mappings that ignore the neighbors not included in the rule. However,
this increases the number of rules by a factor of || since we need to account for all possible

configurations of the neighborhood.
Lemma 2.11.1. Block-pairwise ACA is strongly intrinsically universal.

Proof. Let R be a representation function for a given block-pairwise ACA system I' = (£, S,A,C).
Map each cell ¢ € C to ¢’ such that R(¢") = C(c), including a mapping for empty cells, in the same
manner as a seeded TA system. As with the techniques described in earlier sections, each new cell
¢’ stores state information about each of its 4 neighboring cells and the transitional information
from I, ensuring cells are only able to change from some R(c’) = o to R(¢') = o’ if there exists a

valid transition rule from A to allow it. O]
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Lemma 2.11.2. Dual transitions in Tile Automata can be simulated by single-sided transitions at
constant scale with O(A,) additional states where A, is the number of dual-transition rules in the

system.

Proof. This was previously addressed in [4]] in relation to the signal tile model. Figure gives a
general overview of how to do this simulation at scale-3 with an additional 53 states. Basically, all
tiles around the two 3 x 3 macroblocks change before changing the states. This locks them into the
transitions, and is reversible until state bg changes to x;7. The x’s then change to y’s after the A — C

and B — D change. The y’s then turn to ¢’s and d’s. 0

Theorem 2.11.3. The Asynchronous Cellular Automata model with a cardinal-direction neighbor-

hood of size-2 and radius-1 (pairwise ACA) is strongly intrinsically universal.

Proof. Pairwise ACA 1is a special case of block-pairwise ACA. However, any cell transitions based
on its neighbors. Thus, all transitions are single-sided in terms of Tile Automata. Thus, we modify
the block-pairwise IU result from Theorem [2.11.1] to only use single-sided transitions through
scaling as shown in Lemma This means that there is a constant-size set of states that is

intrinsically universal. ]
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2.12 Conclusion

We showed that no passive or freezing tile assembly model can be non-committal intrinsi-
cally universal. However, we showed that the seeded Tile Automata model, with its unbounded
state changes, is non-committal intrinsically universal. This is done by showing TA is intrinsically
universal even under temperature 1 using 1-fuzz. Moreover, a Tile Automata system using tem-
perature T > 1 can be simulated using a system that uses temperature at most 1. Chaining these
two simulations shows that there exists a tile set that can simulate any Tile Automata system. This
intrinsic universality result has direct implications for certain Cellular Automata. Moreover, the
result directly implies that the original aTAM model can be simulated using Tile Automata.

There is significant room to optimize and minimize the tile set. For example, the number of
tile states necessary to copy a supertile is large, whereas big sections of the supertile will always be
the same, independent of what system we are simulating. Furthermore, the temperature simulation,
and consequently the universal simulation, uses a lot of states. It might be possible to combine both
simulations into one, by storing the affinity strength in the datacell. A ghost tile would then need to
check all neighboring supertiles for their affinity strengths and add them up, before deciding which
state it will become.

Another obvious open problem is that of dimensions other than two. It is still unknown
whether the Tile Automata model is intrinsically universal if you extend the model to one, or to three
or higher dimensions. Even though our simulation could technically simulate a one dimensional tile
set, the supertiles would still use two dimensions themselves.

Finally, as in the aTAM model, our construction heavily relies on the fact that (locally) only
a single tile can attach at a time. Because of this, our current construction only shows the seeded
Tile Automata model to be intrinsically universal. Hence, the question arises whether or not the

non-seeded Tile Automata model is intrinsically universal.
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Figure 2.2: An overview of a supertile. (1) An agent inside of the supertile. (2) Wires connecting
supertiles from each edge to the lookup table. West wires are drawn individually. (3) The lookup
table storing the information about the system being simulated. (4) A row containing the information
about the state of the east neighbor of the supertile. (5) The active column, representing the current
state of the supertile. (6) A group of datacells storing all information for the north side. (7) A single
datacell, in this case, storing the affinities and transitions for when both this supertile and the East
supertile are in state 1. (8) The table control edge, with an agent waiting to enter. (9) Transition
selection gadget at each edge, dictating the transition of this supertile with its east neighbor.
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Figure 2.3: The temperature-1 system that simulates the system in Figure
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Figure 2.4: The construction process that the Tile Automata in Figure |2.3|builds, representing the
same attachments and transitions as in Figure 2.1]

Figure 2.5: The door in action. Once an agent asks to pass the door, the door first confirms with
its handle, after which it goes into an open state. The agent can then pass the door. The door goes
into an orange warning state, after which it is only allowed to swap with a wire tile to go back to its

original position.

Figure 2.6: Left: Standard crossover gadget. Right: Agent traverses a crossover gadget horizontally.
The red doors are locked, and the green door is open.
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Figure 2.7: The punchdown gadget first decrements a data string by turning the 1 into a wire tile
(Left). Then, the associated door is unlocked, after the north and south crossover doors are locked
(Middle). Lastly, the punchdown door resets after the end-of-data string tile swaps with the door
(Right).
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Figure 2.8: The transition selection gadgets of two neighboring supertiles. The border between
supertiles is depicted in red. The agents non-deterministically walk up and down and can eventually
select a transition or abort by transitioning with each other.
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Figure 2.9: An overview of a datacell.

63



C

Hogr

I

East
"
East

I

rth
"
rt

I

South
B
South

oo oog |

I 1 L
| mm |

Figure 2.10: Left: The tile transmits its state to neighboring tiles and discovers it has no neighbors.
Right: The west agent has moved over to the affinity selection wire (in yellow).
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Figure 2.11: The lookup agent reaches table and locks the table
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Figure 2.12: The lookup agent reaches the intersection with the active state and confirms there is an
attachment possible for that direction.
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Figure 2.13: The lookup agent finds no attachment and unlocks the table, deleting itself when it
reaches the edge of the supertile.
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Figure 2.14: Copy Checkpoint (West) begins construction by locking then resetting/wiping the
supertiles interior.
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Figure 2.15: The Copy Checkpoint sends 2 claiming agents to claim the mirror edge. The Copy
Checkpoint then sends a mirror edge agent to place the mirror edge.
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Figure 2.16: The general copy process.
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Figure 2.17: The placement process of a border tile up to the arrival of a crossover construction
agent just before the previous border tile is deleted.
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Figure 2.21: Copying the vertical table outline.
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Figure 2.22: Copying the table row wires.
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Figure 2.23: Constructing Datacell outlines.
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Figure 2.24: Filling datacells with transition rules.
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Figure 2.25: Constructing vertical table wires.
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Figure 2.27: Locking construction wires and reactivating neighboring supertile.
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Figure 2.28: Receiving states from neighboring supertiles.
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Figure 2.29: Selecting the state of the supertile.
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Figure 2.30: Testing for neighbors and unlocking supertiles.
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Figure 2.32: An agent discovers the existence of a transition with its neighbor.
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Figure 2.33: The agent checks whether the neighboring supertile is still in the same state and locks
the neighbor’s table.
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Figure 2.34: The transitions are sent to the transition selection gadget.
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Figure 2.35: Left: The transition selection gadget is filled row by row. Right: Transition Selection
gadget selects a transition to take.
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Figure 2.36: The supertiles independently transition by first deselecting the old column and then
selecting the new one.
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CHAPTER III
OTHER TILE AUTOMATA RESULTS

3.1 Building squares with optimal state complexity in restricted active self-assembly

My Contributions In this paper I originally produced a lines result showing that of length
O(2") lines could be built using O(n) states which was later pulled from the paper. Additionally, I
helped program AutoTile, our Python simulator, especially the Universal Classes file. I also helped

create figure 1.

Abstract Tile Automata is a recently defined model of self-assembly that borrows many
concepts from cellular automata to create active self-assembling systems where changes may be
occurring within an assembly without requiring attachment. This model has been shown to be

powerful, but many fundamental questions have yet to be explored. Here, we study the state

complexity of assembling n X n squares in seeded Tile Automata systems where growth starts from
a seed and tiles may attach one at a time, similar to the abstract Tile Assembly Model. We provide
optimal bounds for three classes of seeded Tile Automata systems (all without detachment), which
vary in the amount of complexity allowed in the transition rules. We show that, in general, seeded
Tile Automata systems require ®(logj n) states. For Single-Transition systems, where only one
state may change in a transition rule, we show a bound of ®(log} n), and for deterministic systems,

where each pair of states may only have one associated transition rule, a bound of O(((, lolg" )1).

See Appendix [A] for full paper.
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3.2 Simulation of Multiple Stages in Single Bin Active Tile Self-Assembly

My Contributions I primarily worked on editing, wrote the abstract and made the first

figure of this paper.

Abstract Two significant and often competing goals within the field of self-assembly are
minimizing tile types and minimizing human-mediated experimental operations. The introduction
of the Staged Assembly and Single Staged Assembly models, while successful in the former aim,
necessitate an increase in mixing operations later. In this paper, we investigate building optimal lines
as a standard benchmark shape and building primitive. We show that a restricted version of the 1D
Staged Assembly Model can be simulated by the 1D Freezing Tile Automata model with the added
benefits of the complete automation of stages and completion in a single bin while maintaining bin
parallelism and a competitive number of states for lines, patterned lines, and context-free grammars.

See Appendix [B| for full paper.
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CHAPTER 1V

COVERT COMPUTATION IN THE ABSTRACT TILE-ASSEMBLY MODEL

My Contributions In this paper, my primary contribution to the results was in the "Ex-
ponential Assembly Covert Computer in 2D" section where I worked out the details of how to
properly propagate the result and stop the construction from growing infinitely. I was given an
initial construction for this section that was incomplete and then made figures 9, 10, and 11 from it.
I also wrote the Theorem 2 proof and large portions of this section.

Additionally, I wrote much of the introduction and motivation section. I recolored and edited
all of the 2D figures for figures 1-6 and I created figures 7 and 8.

I presented the paper at SAND 2023 in Pisa, Italy.

Abstract. There have been many advances in molecular computation that offer benefits
such as targeted drug delivery, nanoscale mapping, and improved classification o f nanoscale
organisms. This power led to recent work exploring privacy in the computation, specifically, covert
computation in self-assembling circuits. Here, we prove several important results related to the
concept of a hidden computation in the most well-known model of self-assembly, the Abstract
Tile-Assembly Model (aTAM). We show that in 2D, surprisingly, the model is capable of covert
computation, but only with an exponential-sized assembly. We also show that the model is capable
of covert computation with polynomial-sized assemblies with only one step in the third dimension
(just-barely 3D). Finally, we investigate types of functions that can be covertly computed as members
of P/Poly.

See Appendix [C|for the full paper.
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CHAPTER V

CHEMICAL REACTION NETWORKS

5.1 Reachability in Restricted Chemical Reaction Networks

My Contributions In this paper, I wrote the overview of section 5 Void and Autogenesis
Rules as well as the (3, 0) void rules / (0, 3) autogenesis rules are NP-Complete. I also created the
first figure of the paper and designed the example.

Additionally, I assisted in editing the paper.

Abstract In this work, we fully characterize monotone reachability problems based on
various restrictions such as the allowed rule size, the number of rules that may create a species
(k-source), the number of rules that may consume a species (k-consuming), the volume, and whether
the rules have an acyclic production order (feed-forward). We show PSPACE-completeness of
reachability with only bimolecular reactions in two-source and two-consuming rules. This proves
hardness of reachability in a restricted form of Population Protocols. This is accomplished using
new techniques within the motion planning framework.

We give several important results for feed-forward CRNs, where rules are single-source or
single-consuming. We show that reachability is solvable in polynomial time as long as the system
does not contain special void or autogenesis rules. We then fully characterize all systems of this
type and show that with void/autogenesis rules, or more than one source and one consuming, the
problems become NP-complete. Finally, we show several interesting special cases of CRNs based
on these restrictions or slight relaxations and note future significant open questions related to this

taxonomy.
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See Appendix @ for full paper.
5.2 Computing Threshold Circuits with Void Reactions in Step Chemical Reaction Networks

My Contributions. In this paper I did the previous work research. Reading and evaluating
two dozen publications as well as writing the introduction and general editing. In addition, I worked
on the development of several of the results and fine-tuning, including fanout and AND gates in
(3,0).

While unsuccessful, I also attempted fanout and assisted in the later fanout constructions in

(2,0) and (3,0).

Abstract We introduce a new model of step Chemical Reaction Networks (step CRNSs),
motivated by the step-wise addition of materials in standard lab procedures. Step CRNs have
ordered reactants that transform into products via reaction rules over a series of steps. We study
an important subset of weak reaction rules, void rules, in which chemical species may only be
deleted but never changed. We demonstrate the capabilities of these simple limited systems to
simulate threshold circuits and compute functions using various configurations of rule sizes and
step constructions, and prove that without steps, void rules are incapable of these computations,
which further motivates the step model. Additionally, we prove the coNP-completeness of verifying
if a given step CRN computes a function, holding even for O(1) step systems.

See Appendix [E] for full paper.

82



CHAPTER VI

SURFACE CHEMICAL REACTION NETWORKS

For both of these papers I attended the associated meetings and participated in discussion.
6.1 Complexity of Reconfiguration in Surface Chemical Reaction Networks

In this paper I made the example figures for the example as well as created the figures for
the burnout section, working out many of the details. I made figures 1, 2, 7, 8, 9, and 10. In addition,

I edited the paper.

Abstract We analyze the computational complexity of basic reconfiguration problems
for the recently introduced surface Chemical Reaction Networks (SCRNs), where ordered pairs of
adjacent species nondeterministically transform into a different ordered pair of species according to
a predefined set of allowed transition rules (chemical reactions). In particular, two questions that
are fundamental to the simulation of SCRNs are whether a given configuration of molecules can
ever transform into another given configuration, and whether a given cell can ever contain a given
species, given a set of transition rules. We show that these problems can be solved in polynomial
time, are NP-complete, or are PSPACE-complete in a variety of different settings, including when
adjacent species just swap instead of arbitrary transformation (swap sCRNs), and when cells can
change species a limited number of times (k-burnout). Most problems turn out to be at least NP-hard

except with very few distinct species (2 or 3).
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6.2 Reconfiguration of Linear Surface Chemical Reaction Networks

with Bounded State Change

In this paper I edited, had discussions with Ryan over naming and refining his algorithm

and I created all 3 figures in the paper.

Abstract We present results on the complexity of reconfiguration of surface Chemical

Reaction Networks (sSCRNs) in a model where surface vertices can change state a bounded number

of times based on a given burnout parameter k. We primarily focus on linear 1 x n surfaces. Without
a burnout bound, or even with an exponentially high bound on burnout, reconfiguration on linear
surfaces is known to be PSPACE-complete. In contrast, we show that the problem becomes
NP-complete when the burnout k is polynomially bounded in n. For smaller k = O(1), we show
the problem is polynomial-time solvable, and in the special case of k = 1 burnout, reconfiguration

can

be solved in linear O(n + |R|) time, where |R| denotes the number of system rules. We additionally

explore some extensions of this problem to more general graphs, including a fixed-parameter

tractable algorithm in the height m of an m X n rectangle in 1-burnout, a polynomial-time solution
for 1-burnout in general graphs if reactions are non-catalytic, and an NP-complete result for

1-burnout in general graphs.
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APPENDIX A

BUILDING SQUARES WITH OPTIMAL STATE COMPLEXITY IN RESTRICTED
ACTIVE SELF-ASSEMBLY
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Tile Automata is a recently defined model of self-assembly that borrows many concepts from cellular
automata to create active self-assembling systems where changes may be occurring within an assembly
without requiring attachment. This model has been shown to be powerful, but many fundamental
questions have yet to be explored. Here, we study the state complexity of assembling n x n squares
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Building Squares with Optimal State Complexity in Restricted Active Self-Assembly

1 Introduction

Self-assembly is the process by which simple elements in a system organize themselves into
more complex structures based on a set of rules that govern their interactions. These types
of systems occur naturally and can be easily constructed artificially to offer many advantages
when building micro or nanoscale objects. One abstraction of these systems that has yielded
interesting results is Tile Self-Assembly.

In the abstract Tile Assembly Model (aATAM) [35], the elements of a system are represented
using labeled unit squares called tiles. A system is initialized with a seed (a tile or assembly)
that grows as other single tiles attach until there are no more valid attachments. The behavior
of a system can then be programmed, using the interactions of tiles, and is known to be
capable of Turing Computation [35], is Intrinsically Universal [14], and can assemble general
scaled shapes [33]. However, many of these results utilize a concept called cooperative binding,
where a tile must attach to an assembly using the interaction from two other tiles. Unlike
with cooperative binding, the non-cooperative aTAM is not Intrinsically Universal [25,27]
and more recent work has shown that it is not capable of Turing Computation [26]. Many
extensions of this model increase the power of non-cooperative systems [4, 16, 18,22, 23, 30].

One recent model of self-assembly is Tile Automata [8]. This model marries the concept
of state changes from Cellular Automata [19,28,37] and the assembly process from the
2-Handed Assembly model (2HAM) [6]. Previous work [3,7,8] has explored Tile Automata
as a unifying model for comparing the relative powers of the many different Tile Assembly
models. The complexity of verifying the behavior of systems along with their computational
power was studied in [5]. Many of these works impose additional experimentally motivated
limitations on the Tile Automata model that help connect the model and its capabilities to
potential molecular implementations, such as using DNA assemblies with sensors to assemble
larger structures [21], building spacial localized circuits on DNA origami [10], or DNA walkers
that sort cargo [34].

In this paper, we explore the aTAM generalized with state changes; we define our
producible assemblies as what can be grown by attaching tiles one at a time to a seed
tile or performing transition rules, which we refer to as seeded Tile Automata. This is a
bounded version of Asynchronous Cellular Automata [15]. Reachability problems, which are
similar to verification problems in self-assembly, have been studied with many completeness
results [13]. Further, the freezing property used in this and previous work also exists in
Cellular Automata [20,29].! Freezing is defined differently in Cellular Automata by requiring
that there exists an ordering to the states.

While Tile Automata has many possible metrics, we focus on the number of states needed
to uniquely assemble n x n squares at the smallest constant temperature, 7 = 1. We achieve
optimal bounds in three versions of the model with varying restrictions on the transition
rules. Our results, along with previous results in the aTAM, are outlined in Table 1.

1.1 Previous Work

In the aTAM, the number of tile types needed, for nearly all n, to construct an n x n square
is O(loglfl%) [1,31] with temperature 7 = 2 (row 2 of Table 1). The same lower bounds
hold for 7 =1 (row 1 of Table 1). The run time of this system was also shown to be optimal

©(n) [1]. Other bounds for building rectangles were shown in [2]. While no tighter bounds?

1 We would like to thank a reviewer for bringing these works to our attention.
2 Other than trivial O(n) bounds.
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R. M. Alaniz et al

n X n Squares
Model T

Lower Upper | Theorem

aTAM 1| Qi) | O [31], [1]

aTAM 2 Sl ) [31], [1]

Flexible Glue aTAM | 2 O(log? n) 2]

Seeded TA Det. | 1 O((jeen)%) Thm. 2, 12
Seeded TA ST 1 O(log? n) Thm. 4, 12
Seeded TA 1 (9(10gi n) Thm. 3, 12

Table 1 Bounds on the number of states for n x n squares in the Abstract Tile Assembly model,
with and without cooperative binding, and the seeded Tile Automata model with our transition
rules. ST stands for Single-Transition.

have been shown for n x n squares at 7 = 1 in the aTAM, generalizations to the model
that allow (just-barely) 3D growth have shown an upper bound of O(logn) for tile types
needed [11]. Recent work in [17] shows improved upper and lower bounds on building thin
rectangles in the case of 7 =1 and in (just-barely) 3D.

Other models of self-assembly have also been shown to have a smaller tile complexity,
such as the staged assembly model [9,12] and temperature programming [24]. Investigation
into different active self-assembly models have also explored the run time of systems [32,36].

1.2 Our Contributions

In this work, we explore building an important benchmark shape, squares, in non-cooperative
seeded Tile Automata. We also consider only affinity-strengthening transition rules that
remove the ability for an assembly to break apart. Our results are shown in Table 1.

We start in Section 3 by proving lower bounds for building n x n squares based on three
different transition rule restrictions. The first is nondeterministic or general seeded Tile
Automata, where there are no restrictions and a pair of states may have multiple transition
rules. The second is Single-Transition rules where only one tile may change states in a
transition rule, but we still allow multiple rules for each pair of states. The last restriction,
Deterministic, is the most restrictive where each pair of states may only have one transition
rule (for each direction).

In Section 4, we use Transition Rules to optimally encode strings in the various versions
of the model. We use these encodings as gadgets to seed the future constructions. We show
how to build optimal state complexity rectangles in Section 5, and finally optimal state
complexity squares in Section 6. Future work is discussed in Section 7.

AutoTile. To test our constructions, we developed AutoTile, a seeded Tile Automata
simulator. Each system discussed in the paper is currently available for simulation. AutoTile
is available at https://github.com/asarg/AutoTile.

2 Definitions

The Tile Automata model differs quite a bit from normal self-assembly models since a tile
may change state, which draws inspiration from Cellular Automata. Thus, there are two
aspects of a TA system being: the self-assembling that may occur with tiles in a state and
the changes to the states once they have attached to each other. To address these aspects,
we define the building blocks and interactions, and then the definitions around the model
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23:4 Building Squares with Optimal State Complexity in Restricted Active Self-Assembly

ns  and what it may assemble or output. Finally, since we are looking at a limited TA system,
us  we also define specific limitations and variations of the model. For reference, an example
us  system is shown in Figure 1.

w 2.1 Building Blocks

us  The basic definitions of all self-assembly models include the concepts of tiles, some method
e of attachment, and the concept of aggregation into larger assemblies. The Cellular Automata
120 aspect also brings in the concept of transitions.

121 Tiles. Let ¥ be a set of states or symbols. A tile ¢t = (o, p) is a non-rotatable unit square
2 placed at point p € Z2 and has a state of o € X.

123 Affinity Function. An affinity function II over a set of states ¥ takes an ordered pair of
e states (01,02) € ¥ x ¥ and an orientation d € D, where D = {L,F}, and outputs an element
s of Z°. The orientation d is the relative position to each other with - meaning horizontal and
12 | meaning vertical, with the o7 being the west or north state respectively. We refer to the
127 output as the Affinity Strength between these two states.

128 Transition Rules. A Transition Rule consists of two ordered pairs of states (o1, 02), (03, 04)
s and an orientation d € D, where D = {L,F}. This denotes that if the states (o1,02) are
10 next to each other in orientation d (o as the west/north state) they may be replaced by the
w states (03,04).

132 Assembly. An assembly A is a set of tiles with states in X such that for every pair of
w3 tiles t1 = (01,p1),t2 = (02,p2), p1 # p2. Informally, each position contains at most one tile.
s Further, we say assemblies are equal in regards to translation. Two assemblies A; and As
135 are equal if there exists a vector ¥ such that A; = As + .

136 Let Bg(A) be the bond graph formed by taking a node for each tile in A and adding
1w an edge between neighboring tiles t; = (01,p1) and to = (02,p2) with a weight equal to
1 I(01,02). We say an assembly A is 7-stable for some 7 € Z° if the minimum cut through
1 Bg(A) is greater than or equal to 7.

w 2.2 The Tile Automata Model

w1 Here, we define and investigate the Seeded Tile Automata model, which differs by only
12 allowing single tile attachments to a growing seed similar to the aTAM.

143 Seeded Tile Automata. A Seeded Tile Automata system is a 6-tuple I' = {X, A, I, A, s, 7}
s where ¥ is a set of states, A C X a set of initial states, II is an affinity function, A is a set of
ws  transition rules, s is a stable assembly called the seed assembly, and 7 is the temperature (or
1 threshold). Our results use the most restrictive version of this model where s is a single tile.
147 Attachment Step. A tile t = (0, p) may attach to an assembly A at temperature 7 to
us  build an assembly A’ = A|Jt if A’ is 7-stable and o € A. We denote this as A —, , A’

149 Transition Step. An assembly A is transitionable to an assembly A’ if there exists
150 two neighboring tiles t; = (01,p1),t2 = (02,p2) € A (where t; is the west or north tile)
151 such that there exists a transition rule in A with the first pair being (o1,02) and A’ =
w2 (A\{t1,t2}) U{ts = (03,p1),ts = (04,p2)}. We denote this as A - A’

153 Producibles. We refer to both attachment steps and transition steps as production
e steps, we define A —, A’ as the transitive closure of A —5 ; A" and A -5 A’. The set
155 of producible assemblies for a Tile Automata system I' = {X, A, I, A, s, 7} is written as
s PROD(T). We define PROD(T") recursively as follows,

157 S € PROD(F)

158 A" € PROD(T) if 3A € PROD(T') such that A —4 » A’
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(e R ﬂ
(@) (b)

Figure 1 (a) Example of a Tile Automata system, it should be noted that 7 = 1 and state S
is our seed. (b) A walkthrough of our example Tile Automata system building the 3 x 3 square it
uniquely produces. We use dotted lines throughout our paper to represent tiles attaching to one
another.

= A’ € PROD(T) if 3A € PROD(T) such that A —A A’.

Terminal Assemblies. The set of terminal assemblies for a Tile Automata system
I'={%,A I, A, 7} is written as TERM (I"). This is the set of assemblies that cannot grow
or transition any further. Formally, an assembly A € TERM (T") if A € PROD(T") and there
does not exists any assembly A’ € PROD(T") such that A —, ; A" or A - A’. A Tile
Automata system I' = {X, A, I, A, s, 7} uniquely assembles an assembly A if A € TERM (T),
and for all A’ € PROD(T"), A’ —.. A.

2.3 Limited Model Reference

We explore an extremely limited version of seeded TA that is affinity-strengthening, freez-
ing, and may be a single-transition system. We investigate both deterministic and non-
deterministic versions of this model.

Affinity Strengthening. We only consider transitions rules that are affinity strengthen-
ing, meaning for each transition rule ((o1,02), (03,04),d), the bond between (o3, 04) must
be at least the strength of (01,02). Formally, II(o3, 04,d) > II(01, 02,d). This ensures that
transitions may not induce cuts in the bond graph.

In the case of non-cooperative systems (7 = 1), the affinity strength between states is
always 1 so we may refer to the affinity function as an affinity set A, where each affinity is a
3-pule (01, 02,d).

Freezing. Freezing systems were introduced with Tile Automata. A freezing system
simply means that a tile may transition to any state only once. Thus, if a tile is in state A
and transitions to another state, it is not allowed to ever transition back to A.

Deterministic vs. Nondeterministic. For clarification, a deterministic system in TA
has only one possible production step at a time, whether that be an attachment or a state
transition. A nondeterministic system may have many possible production steps and any
choice may be taken.

Single-Transition System. We restrict our TA system to only use single-transition
rules. This means that for each transition rule one of the states may change, but not both.
It should be noted that we still allow Nondeterminism in this system.

3 State Space Lower Bounds

Let p(n) be a function from the positive integers to the set {0,1}, informally termed a
proposition, where 0 denotes the proposition being false and 1 denotes the proposition being
true. We say a proposition p(n) holds for almost all n if lim, . = 37" | p(i) = 1.
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» Lemma 1. Let U be a set of TA systems, b be a one-to-one function mapping each element
of U to a string of bits, and € a real number from 0 < e < 1. Then for almost all integers n,
any TA system T' € U that uniquely assembles either an n X n square or a 1 X n line has a
bit-string of length |b(T')| > (1 — €) logn.

Proof. For a given i > 1, let M; € U denote the TA system in U with the minimum
value |[b(M;)| over all systems in U that uniquely assembly an i x ¢ square or 1 X i line,
and let M; be undefined if no such system in U builds such a shape. Let p(i) be the
proposition that [b(M;)| > (1 — €)logi. We show that lim, oo + 37 p(i) = 1. Let
R, = {M;|]1 < i < n,|b(M;)| < (1 —€)logn}. Note that n — |R,| < 3.7 | p(i). By the
pigeon-hole principle, |R,,| < 2(1=9logn — (1= Therefore,

1 ¢ 1 1
S Do) 2 Jim 00— R 2 i S =t =1

n—oo N

<

» Theorem 2 (Deterministic TA). For almost all n, any Deterministic Tile Automata system
that uniquely assembles either a 1 X n line or an n X n square contains Q(log’ign)% states.

Proof. We can create a one-to-one mapping b(I') from any deterministic TA system to
bit-strings in the following way. Let S denote the set of states in a given system. We encode
the state set in O(log |S|) bits, we encode the affinity function in a |S| x |S| table of strengths
in O(]S|?) bits (assuming a constant bound on bonding thresholds), and we encode the rules
of the system in an |S| x |S| table mapping pairs of rules to their unique new pair of rules
using O(]S|? log |S|) bits, for a total of O(]S|?1log|S|) bits to encode any |S| state system.
Let I';, denote the smallest state system that uniquely assembles an n x n square (or
similarly a 1 x n line), and let S,, denote the state set. By Lemma 1, |b(T',)| > (1 —¢€) logn for
almost all n, and so |S,,|?log |S,,| = Q(logn) for almost all n. We know that |S,,| = O(logn),

logn
loglogn

so for some constant ¢, |S,| > ¢( )z for almost all n. <

» Theorem 3 (Nondeterministic TA). For almost all n, any Tile Automata system (in

particular any Nondeterministic system) that uniquely assembles either a 1 X n line or an
1

n x n square contains Q(log? n) states.

» Theorem 4 (Single-Transition TA). For almost all n, any Single-Transition Tile Automata

1
system that uniquely assembles either a 1 X n line or an n X n square contains 2(log? n)
states.

4  String Unpacking

A key tool in our constructions is the ability to build strings efficiently. We do so by encoding
the string in the transition rules.

» Definition 5 (String Representation). An assembly A over states ¥ represent a string S
over a set of symbols U if there exists a mapping from the elements of U to the elements of %
and a 1 x |S| (or |S| x 1) subassembly A’ T A, such that the state of the i*" tile of A’ maps
to the it" symbol of S for all 0 < i < |S|.

4.1 Deterministic Transitions

We start by showing how to encode a binary string of length n in a set of (freezing) transition
rules that take place on a 2 x (n + 2) rectangle that will print the string on its right side.
We extend this construction to work for an arbitrary base string.
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Figure 2 States to build a length-9 string in deterministic Tile Automata.

4.1.1 Overview

Consider a system that builds a length n string. First, we create a rectangle of index states
that is two wide as seen on the left side of Figure 5c. Each row has a unique pair of index
states so each bit of the string is uniquely indexed. We divide the index states into two

groups based on which column they are in, and which “digit” they represent. Let r = fn%l

Starting with index states Ag and By, we build a counter pattern with base r. We use
O(n%) states shown in Figure 2 to build this pattern. We encode each bit of the string in
a transition rule between the two states that index that bit. A table with these transition
rules can be seen in Figure 5b.

The pattern is built in r sections of size 2 x r with the first section growing off of the
seed. The tile in state S4 is the seed. There is also a state Sp that has affinity for the right
side of S4. The building process is defined in the following steps for each section.

1. The states Sg,0p,1B,...,(r—1p) grow off of Sg, forming the right column of the section.

The last B state allows for a’ to attach on its west side. a tiles attach below a’ and below
itself. This places a states in a row south toward the state S, depicted in Figure 3b.

2. Once a section is built, the states begin to follow their transition rules shown in Figure 4a.

The a state transitions with seed state S4 to begin indexing the A column by changing
state a to state 04. For 1 <y < n — 2, state a vertically transitions with the other ¢/,
states, incrementing the index by changing from state a to state (y + 1) 4.

3. This new index state z4 propagates up by transitioning the a tiles to the state z4 as well.
Once the z4 state reaches a’ at the top of the column, it transitions a’ to the state /4.

Figure 4b presents this process of indexing the A column.

4. If z < n — 1, there is a horizontal transition rule from states (z/;,n — 15) to states
(#/y,n —1’5). The state Op attaches to the north of n — 15 and starts the next section. If
z = n, there does not exist a transition.

5. This creates an assembly with a unique state pair in each row as seen in the first column
of Figure 5c.

4.1.2 States

An example system with the states required to print a length-9 string are shown in Figure 2.

The first states build the seed row of the assembly. The seed tile has the state S4 with initial
tiles in state Sp. The index states are divided into two groups. The first set of index states,
which we call the A index states, are used to build the left column. For each i, 0 <1i < r, we
have the states i4 and ¢/,. There are two states a and o', which exist as initial tiles and act
as “blank” states that can transition to the other A states. The second set of index states
are the B states. Again, we have r B states numbered from 0 to » — 1, however, we do not
have a prime for each state. Instead, there are two states r — 1’5 and r — 1%, that are used
to control the growth of the next column and the printing of the strings. The last states are
the symbol states 0g and 1g, the states that represent the string.
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(a) Affinity Rules for Initial Tiles (b) Process of Building a section

Figure 3 (a) Affinity rules to build each section. We only show affinity rules that are actually
used in our system for initial tiles to attach, while our system would have more rules in order to
meet the affinity strengthening restriction. (b) The B column attaches above the state Sp as shown
by the dotted lines. The a’ attaches to the left of 25 and the other a states may attach below it
until they reach Sa.

_ — —>
_ >

(a) Transition Rules to Index the first section (b) Process of Indexing A column

Figure 4 (a) The first transition rule used is takes place between the seed Sa and the a state
changing to 04. The state 04 changes the states north of it to 04 or 0. Finally, the state 0’y
transitions with 25 (b) Once the a states reach the seed row they transition with the state Sa to go
to 04. This state propagates upward to the top of the section.

4.1.3 Affinity Rules/Placing Section

Here, we describe the affinity rules for building the first section. We later describe how this is
generalized to the other » — 1 sections. We walk through this process in Figure 3b. To begin,
the B states attach in sequence above the tile Sp in the seed row. Assuming 72 =n, n is a
perfect square, the first state to attach is 0. 15 attaches above this tile and so on. The last
B state r — 1 does not have affinity with 0g, so the column stops growing. However, the
state a’ has affinity on the left of 7 — 15 and can attach. a has affinity for the south side of
a’, so it attaches below. The a state also has a vertical affinity with itself. This grows the A
column southward toward the seed row.

If n is not a perfect square, we start the index state pattern at a different value. We do
so by finding the value ¢ = r? — n. In general, the state ip attaches above Sp for i = q%r.

4.1.4 Transition Rules/Indexing A column

Once the A column is complete and the last A state is placed above the seed, it transitions
with S4 to 04 (assuming r2 = n). A has a vertical transition rule with i4 (0 < i < r)
changing the state A to state i4. This can be seen in Figure 4a, where the 04 state is
propagated upward to the A’ state. The A’ state also transitions when 04 is below it, going
from state A’ to state 0. If n is not a perfect square, then A transitions to i4 for i = |¢/r|.

Once the transition rules have finished indexing the A column if ¢ < r — 1, the last state
1/, transitions with r — 1p changing the state r — 1p to r — 1%3. This transition can be
seen in Figure 4b. The new state r — 1’5 has an affinity rule allowing Op to attach above it
allowing the next section to be built. When the state A is above a state j%, 0 < j <r—1, it
transitions with that state changing from state A to j + 14, which increments the A index.
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Figure 5 (a) Once the last section finishes building the state N4 attaches above 2’4. Np then
attaches to the assembly and transitions with 2 changing it directly to 2% so the string may begin
printing. (b) A table indexing the string S = 011101100 using two columns and base |S\%. (c)
Transition Rules to print S. We build an assembly where each row has a unique pair of index states
in ascending order.

4.1.5 Look up

After creating a 2 X (n + 2) rectangle, we can encode a length n string S into the transitions
rules. Note that each row of our assembly consists of a unique pair of index states, which we
call a bit gadget. Each bit gadget will look up a specific bit of our string and transition the
B tile to a state representing the value of that bit.

Figure 5b shows how to encode a string S in a table with two columns using r digits to
index each bit. From this encoding, we create our transition rules. Consider the k** bit of S
(where the 0" bit is the least significant bit) for k = ir + j. Add transition rules between the
states i4 and jp, changing the state jp to either Og or 1g based on the k'™ bit of S. This
transition rule is slightly different for the northmost row of each section as the state in the
A column is ¢/4. Also, we do not want the state in the B column, r — 15, to prematurely
transition to a symbol state. Thus, we have the two states r — 1’3 and r — 1%4. As mentioned,
once the A column finishes indexing, it changes the state r — 15 to state r — 1’5, allowing
for Op to attach above it, which starts the next column. Once the state Op (or a symbol
state) is above r — 1’5, there are no longer any possible undesired attachments, so the state
transitions to r — 1%, which has the transition to the symbol state.

The last section has a slightly different process as 7 — 15 state will never have a O attach
above it, so we have a different transition rule. This alternate process is shown in Figure
5a. The state r — 1’y has a vertical affinity with the cap state N4. This state allows N to
attach on its right side. This state transitions with » — 15 below it, changing it directly to
r — 1’5, allowing the symbol state to print.

» Theorem 6. For any binary string s with length n > 0, there exists a freezing tile automata
system T's with deterministic transition rules, that uniquely assembles an 2 X (n+2) assembly
Ag that represents S with O(n?) states.

4.1.6 Arbitrary Base

In order to optimally build rectangles, we first print arbitrary base strings. Here, we show
how to generalize Theorem 6 to print base-b strings.
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Figure 6 (a) States needed to construct a length 27 string where »r = 3. (b) The index 0
propagates upward by transitioning the tiles in the column to 0p and 0p, and transitions a’ to 0%,,.
The state 0, transitions with the state 2¢,, changing the state 2¢., to 2¢,,, which has affinity with
Oc¢ to build the next section. These rules also exist for the index 1. (¢) When the index state 2p
reaches the top of the section, it transitions b’ to 2’5,. This state does not transition with the C
column and instead has affinity with the state a’, which builds the A column downward. The index
propagates up the A column in the same way as the B column. When the index state 04 reaches
the top of the section, it transitions the state 2z to 2%5. This state transitions with 2¢, changing it
to 2, allowing the column to grow.

» Corollary 7. For any base-b string S with length n > 0, there exists a freezing tile automata
system T with deterministic transition rules, that uniquely assembles an (n+ 2) X 2 assembly
which represents S with O(nz + b) states.

4.2 Nondeterministic Single-Transition Systems

For the case of Single-Transition systems, we use the same method from above but instead
building bit gadgets that are of size 3 x 2. Expanding to 3 columns allows for a third index
digit to be used giving us an upper bound of O(n%). The second row will be used for error
checking which we will describe later in the section. This system utilizes Nondeterministic
transitions, (two states may have multiple rules with the same orientation) and is non-freezing
(a tile may repeat states). This system also contains cycles in its production graph, this
implies the system may run indefinitely. We conjecture this system has a polynomial run
time. Here, let r = [n3].

4.2.1 Index States and Look Up States

We generalize the method from above to start from a C' column. The B column now behaves
as the second index of the pattern and is built using B’ and B as the A column was in the
previous system. Once the B reaches the seed row, it is indexed with its starting value. This
construction also requires bit gadgets of height 2, so we will use index states i4,ip,ic and
north index states iy, 4By, icy for 0 < i < r. This allows us to separate the two functions
of the bit gadget into each row. The north row has transition rules to control the building of
each section. The bottom row has transition rules that encode the represented bit.

In addition to the index states, we use 2r look up states, O¢; and 1¢g; for 0 < i < r.
These states are used as intermediate states during the look up. The first number (0 or 1)
represents the value of the retrieved bit, while the second number represents the C' index
of the bit. The A and B indices of the bit will be represented by the other states in the
transition rule.

In the same way as the previous construction, we build the rightmost column first. We
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include the C index states as initial states and allow 0¢ to attach above So. We include
affinity rules to build the column northwards as follows starting with the southmost state
OC,OCua 10, 1Cu7 e, T — 2Cu,r - 10,7” - 1Cu .

To build the other columns, the state b’ can attach on the left of r — 15,. The state b
is an initial state and attaches below b’ and itself to grow downward toward the seed row.
The state b transitions with the seed row as in the previous construction to start the column.
However, we alternate between C states and C'u states. The state b above i transitions b
to icy. If b is above ic,, it transitions to ic. The state b’ above state ip transitions to i'g,,.
If i < r —1, the state 7%z and r — 1¢,, transition horizontally changing r — 1,,,, which allows
Oc to attach above it to repeat the process. This is shown in Figure 6b.

The state a’ attaches on the left of r — 15,,. The A column is indexed just like the B
column. For 0 <i < r — 1, the state ¢4, and r — 1’5, change the state r — 1’5, to r — 1’5,
This state transitions with r — 1¢,, changing it to r — 1f,,,. See Figure 6c.

4.2.2 Bit Gadget Look Up

The bottom row of each bit gadget has a unique sequence of states, again we use these index
states to represent the bit indexed by the digits of the states. However, since we can only
transition between two tiles at a time, we must read all three states in multiple steps. These
steps are outlined in Figure 7a. The first transition takes place between the states i4 and
jB. We refer to these transition rules as look up rules. We have r look up rules between
these states for 0 < k < r of these states that changes the state jp to that state ko if the
bit indexed by i, j, and k is 0 or the state k¢ if the bit is 1.

Our bit gadget has Nondeterministically looked up each bit indexed by it’s A and B
states, Now, we must compare the bit we just retrieved to the C index via the state in the C
column. The states koo and k¢ transition changing the state ko to the 0i state only when
they represent the same k. The same is true for the state kcy except Cy transitions to 1i.

If they both represent different k, then the state ko goes to the state B,. This is the
error checking of our system. The B, states transitions with the north state jg, above it
transitioning B, to jp once again. This takes the bit gadget back to it’s starting configuration
and another look up can occur.

» Theorem 8. For any binary string S with length n > 0, there exists a Single-Transition
tile automata system T, that uniquely assembles an (2n + 2) x 3 assembly which represents S
with O(n3) states.

4.3 General Nondeterministic Transitions

Using a similar method to the previous sections, we build length n strings using (’)(n%) states.
We start by building a pattern of index states with bit gadgets of height 2 and width 4.

4.3.1 Overview

Here, let r = (nﬂ We build index states in the same way as the Single-Transition system
but instead starting from the D column. We have 4 sets of index states, A, B, C, D. The
same methods are used to control when the next section builds by transitioning the state
r —1p tor — 1, when the current section is finished building.

We use a similar look up method as the previous construction where we Nondeterminist-
ically retrieve a bit. However, since we are not restricting our rules to be a Single-Transition
system, we may retrieve 2 indices in a single step. We include 2 sets of O(r) look up
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(a) ST Bit Gadget look up (b) Nondeterminstic Bit Gadget look up

Figure 7 (a.u) For a string S, where the first 3 bits are 001, the states 04 and Op have |S\%
transition rules changing the state Op to a state representing one of the first |\S |% bits. The state is
ico if the it" bit is 0 or i1 if the " bit is 1 (a.v) The state Oco and the state Oc both represent the
same C' index so the Oc state transition to the 0s. (a.w) For all states not matching the index of Oc,
they transition to zp, which can be seen as a blank B state. (a.x) The state 0p,, transitions with the
state zp changing to 0p resetting the bit gadget. (b.a) Once the state Ag appears in the bit gadget
it transitions with Op changing 05 to 0. (b.b) The states 0 and 0c Nondeterminstically look up
bits with matching B and C indices. The state 0’; transitions to look up state representing the bit
retrieved and the bit’s A index. The state O¢ transitions to a look up state representing the D index
of the retrieved bit. (b.c) The look-up states transition with the states 04 and Op, respectively. As
with the Single-Transition construction these may pass or fail. (b.d) When both tests pass, they
transition the D look up state to a symbol state that propagates out. (b.e) If a test fails, the states
both go to blank states. (b.f) The blank states then reset using the states to their north.

states, the A look up states and the D look up states. We also include Pass and Fail states
Fp, Fo, Pao, Ppo, Pa1, Pp1 along with the blank states B, and C,. We utilize the same
method to build the north and south row.

Let S(a, 3,7, 0) be the i bit of S where i = ar3+pr2+~r+4§. The states 8% and ¢ have
r2 transitions rules. The process of these transitions is outlined in Figure 7b. They transition
from (B%,7¢) to either (aao,0po) if S(a, B,7,0) =0, or (awa1,dp1) if S(e, B,7,6) = 1. After
both transitions have happened, we test if the indices match to the actual A and D indices.
We include the transition rules (s, @a0) to (aa, Pao) and (aa, @ai) to (aa, Pai). We refer
to this as the bit gadget passing a test. The two states (Pag, Ppo) horizontally transition to
(Pao, 0s). The 0s state then transitions the state 0p to Os as well as propagating the state to
the right side of the assembly. If the compared indices are not equal, then the test fails and
the look up states will transition to the fail states Fg or F. These fail states will transition
with the states above them, resetting the bit gadget as in the previous system.

» Theorem 9. For any binary string S with length n > 0, there exists a tile automata system
T, that uniquely assembles an (2n + 2) x 4 assembly which represents S with O(n3) states.

5 Rectangles

In this section, we will show how to use the previous constructions to build O(logn) x n
rectangles. All of these constructions rely on using the previous results to encode and print
a string then adding additional states and rules to build a counter.

5.1 States

We choose a string and construct a system that will create that string, using the techniques
shown in the previous section. We then add states to implement a binary counter that
will count up from the initial string. The states of the system, seen in Figure 8a, have two
purposes. The north and south states (N and S) are the bounds of the assembly. The plus,
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Figure 9 (a) The process of the binary counter. (b) A base-10 counter.

carry, and no carry states (+, ¢, and nc) forward the counting. The 1, 0, and 0 with a carry
state make up the number. The counting states and the number states work together as half
adders to compute bits of the number.

5.2 Transition Rules / Single Tile Half Adder

As the column grows, in order to complete computing the number, each new tile attached in
the current column along with its west neighbor are used in a half adder configuration to
compute the next bit. Figure 8b shows the various cases for this half adder.

When a bit is going to be computed, the first step is an attachment of a carry tile or a
no-carry tile (c or nc). A carry tile is attached if the previous bit has a carry, indicated by a
tile with a state of plus or 0 with a carry (+ or Oc). A no-carry tile is placed if the previous
bit has no-carry, indicated by a tile with a state of 0 or 1. Next, a transition needs to occur
between the newly attached tile and its neighbor to the west. This transition step is the
addition between the newly placed tile and the west neighbor. The neighbor does not change
states, but the newly placed tile changes into a number state, 0 or 1, that either contains a
carry or does not. This transition step completes the half adder cycle, and the next bit is
ready to be computed.

5.3 Walls and Stopping

The computation of a column is complete when a no-carry tile is placed next to any tile with
a north state. The transition rule changes the no-carry tile into a north state, preventing the
column from growing any higher. The tiles in the column with a carry transition to remove
the carry information, as it is no longer needed for computation. A tile with a carry changes
states into a state without the carry. The next column can begin computation when the plus
tile transitions into a south tile, thus allowing a new plus tile to be attached. The assembly
stops growing to the right when the last column gets stuck in an unfinished state. This

column, the stopping column, has carry information in every tile that is unable to transition.

When a carry tile is placed next to a north tile, there is no transition rule to change the state
of the carry tile, thus preventing any more growth to the right of the column.
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» Theorem 10. For all n > 0, there exists a Tile Automata system that uniquely assembles
a O(logn) x n rectangle using,

Deterministic Transition Rules and (9(10g% n) states.
1
Single-Transition Transition Rules and ©(log? n) states.
1
Nondeterministic Transition Rules and ©(log? n) states.

5.4 Arbitrary Bases

Here, we generalize the binary counter process for arbitrary bases. The basic functionality
remains the same. The digits of the number are computed one at a time going up the column.
If a digit has a carry, then a carry tile attaches to the north, just like the binary counter. If
a digit has no carry, then a no-carry tile is attached to the north. The half adder addition
step still adds the newly placed carry or no-carry tile with the west neighbor to compute the
next digit. This requires adding O(b) counter states to the system, where b is the base.

» Theorem 11. For all n > 0, there exists a Deterministic Tile Automata system that
1
logolgogn

uniquely assembles a O(

) x n rectangle using © ((10235)2”)%) states.

6 Squares

In this section we utilize the rectangle constructions to build n x n squares using the optimal
number of states.

Let n’ =n— 4[101;]%) gn — 2, and I'g be a determinstic Tile Automata system that builds
an’ x (4(102)1%)271} + 2) rectangle using the process described in Theorem 11. Let I'y be a
copy of I'g with the affinity and transition rules rotated 90 degrees clockwise, and the state
labels appended with the symbol “*17. This system will have distinct states from T'g, and
will build an equivalent rectangle rotated 90 degrees clockwise. We create two more copies of
Iy (T2 and T'3), and rotate them 180 and 270 degrees, respectively. We append the state
labels of T's and I's in a similar way.

We utilize the four systems described above to build a hollow border consisting of the
four rectangles, and then adding additional initial states which fill in this border, creating
the n x n square.

We create I',,, starting with system I'g, and adding all the states, initial states, affinity
rules, and transition rules from the other systems (I'y,I'2,I's). The seed states of the other
systems are added as initial states to I',,. We add a constant number of additional states and
transition rules so that the completion of one rectangle allows for the “seeding” of the next.

Reseeding the Next Rectangle. To I';, we add transition rules such that once the
first rectangle (originally built by I'g) has built to its final width, a tile on the rightmost
column of the rectangle will transition to a new state pA. pA has affinity with the state
S4 * 1, which originally was the seed state of I';. This allows state S4 * 1 to attach to the
right side of the rectangle, “seeding” I'y and allowing the next rectangle to assemble (Figure
10). The same technique is used to seed I'; and I's.

Filler Tiles. When the construction of the final rectangle (of I's) completes, transition
rules propagate a state pD towards the center of the square (Figure 11). Additionally, we
add an initial state r, which has affinity with itself in every orientation, as will as with state
pD on its west side. This allows the center of the square to be filled with tiles.

» Theorem 12. For all n > 0, there exists a Tile Automata system that uniquely assembles
an n X n square with,
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Figure 10 The transitions that take place after the first rectangle is built. The carry state

transitions to a new state that allows a seed row for the second rectangle to begin growth

Figure 11 Once all 4 sides of the square build the pD state propagates to the center and allows

the light blue tiles to fill in

7

Deterministic transition rules and © ((log’i gn)%) states.

Single-Transition rules and @(log% n) states.

Nondeterministic transition rules and @(log4l n) states.

Future Work

This paper showed optimal bounds for uniquely building n X n squares in three variants of
seeded Tile Automata without cooperative binding. En route, we proved upper bounds for
constructing strings and rectangles. Serving as a preliminary investigation into constructing
shapes in this model. This leaves many open questions:
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Abstract

Two significant and often competing goals within the field of self-assembly are
minimizing tile types and minimizing human-mediated experimental operations.
The introduction of the Staged Assembly and Single Staged Assembly models,
while successful in the former aim, necessitate an increase in mixing operations
later. In this paper, we investigate building optimal lines as a standard benchmark
shape and building primitive. We show that a restricted version of the 1D Staged
Assembly Model can be simulated by the 1D Freezing Tile Automata model with
the added benefits of the complete automation of stages and completion in a
single bin while maintaining bin parallelism and a competitive number of states
for lines, patterned lines, and context-free grammars.

Keywords: Staged Self-assembly, Tile Automata, Context-Free Grammar, Freezing TA
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1 Introduction

Many molecular programmers dream of designing single-pot reactions in which system
molecules do the entirety of the computational work without any necessary inter-
vention by the experimenter. This is arguably true self-assembly. Yet the power of
experimenter intervention, in the form of mixing and splitting pots over a sequence of
stages, yields power and efficiency in both theory and practice [18] that is currently
unmatched even with some of the most powerful models of active self-assembly. This
paper aims to address this gap in the case of 1-dimensional (1D) assembly by show-
ing how an abstract modeling of operations of experimental stages, termed the Staged
Assembly Model (SAM) [12], can be efficiently simulated by an abstract model of
single-pot active self-assembly, termed Tile Automata (TA) [9].

Tile Automata generalizes passive tile assembly models (such as the two-handed
tile assembly model [7]) by giving tiles dynamic states that update based on local pair-
wise rules, thus making it a model of active self-assembly. The Staged Assembly Model
(SAM) generalizes tile assembly models by the modeling of experimenter-mediated
operations, including the ability to store different portions of the system particles in
separate containers or bins, and the ability to combine separate bins or split the con-
tents of a bin among multiple bins, over a sequence of distinct stages. Previous results
show that both models have substantially increased power over the basic tile self-
assembly models they generalize. In particular, by offloading some of the computation
onto an experimenter responsible for performing the required mixing operations of the
system between stages, SAM can build complex shapes and patterns in near-optimal
complexity with respect to tile types, bin counts, and stage counts [10-13, 20].

In answer to the long-standing open question of whether the substantial power of
the SAM could be efficiently encoded into the reaction rules of an active single-pot
system, this paper shows that in the case of 1-dimensional systems, any staged system
can be encoded into a single-pot TA system with a comparable state and rule space
to the tiles, bins, and stages of the SAM system it simulates. This result provides
a corresponding corollary in TA for any results in 1D staged self-assembly. Further,
this provides a new approach for programming 1D TA systems since designing staged
systems is relatively simple with strong timing guarantees based on separate bins and
stages, whereas programming complex TA systems from scratch can be daunting as
the single-pot nature of the system requires careful attention to race conditions. As
evidence of the power of this new result, we show how several previous results in TA
now become simple corollaries of this new result. Further, we show how a general
linear pattern can be constructed in TA using a number of states linear in the size of
the smallest context-free grammar that produces the target pattern.

1.1 Staged Self-Assembly and Tile Automata

Algorithmic self-assembly emerged from a formalization of Wang Tiles to explore self-
assembling structures. Defined by Winfree in [19], this was partially motivated by new
DNA techniques that allow for the creation of DNA-based ‘tiles’ that can assemble into
lattice structures at the nanoscale [22]. Further experimental work has investigated
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active DNA-based components capable of complex tasks such as sorting molecules
attached to a DNA origami surface [17].

The Staged Tile Assembly Model [12] generalizes the 2-Handed Assembly Model
to allow growth to occur in multiple bins, mixing in a sequence described as stages,
creating the capability to model experimental techniques, such as in [18] where 2D
patterns are built with DNA origami tiles in multiple stages.

Tile Automata was introduced in [9] as a combination of hierarchical passive self-
assembly systems and the active self-assembly of Cellular Automata systems where all
tiles have a transitionable state. Affinity rules define which tiles can bond with each
other based on their states and with how much strength. Starting from singleton tiles
with states, any two producibles in the system may combine if there is enough affinity
between adjacent tiles. Transition rules define state changes that may occur between
two tiles once they are neighbors in an assembly.

Efficient line construction in Tile Automata was briefly studied in [5].

1.2 Related Work

Shape building was the first problem explored when the staged model was introduced
[12]. In the staged model, a constant-sized set of glue types is sufficient to build any
shape by encoding the description in the mix graph. The trade-off between the number
of glues, bins, and stages was further investigated in later work with 1 x n, O(1) x n
[11], and general assemblies [10]. The complexity of verifying whether an assembly is
uniquely produced is PSPACE-complete [6, 15].

A restricted class of systems in SAM, called Single Staged Assembly Systems
(SSAS) in [13], requires each bin to only contain one terminal assembly built from two
input assemblies. This restriction eliminates having multiple assemblies built in the
same bin (bin parallelism). The size of the smallest SSAS that builds a 1D pattern P
is equivalent (up to constant factors) to the size of the smallest Context-Free Gram-
mar (CFG) that defines only P. However, when bin parallelism is allowed, staged is
more efficient than CFGs for a specific family of strings.

In [20], they built on previous results and define Polyomino Context-Free Gram-
mars (PCFG), which generalize CFGs to 2D. The size of the smallest staged system
that uniquely produces a patterned assembly is within a log factor of the smallest
PCFG. In some cases, staged is much better.

One strength of Tile Automata is the possibility of being a “unifying” model,
where multiple models can be connected through simulation results. The work that
introduced the model [9] showed that the freezing model, where a tile may never
repeat a state, simulates the non-freezing version of the model. Tile Automata was
shown to simulate a model of programmable matter called Amoebots [2]. The chain of
simulation was further extended in [8] where the Signal-Passing Tile Assembly Model
(STAM) was shown to simulate Tile Automata. Work done in [3] shows how the 1D
STAM can simulate a s stage 1D SSAS system using a single tile with O(s*) glues

types.

110

093
094
095
096
097
098
099
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138



139

141

142 M

143

144 eezing cezing

145 ;r;i: ol fg::gng St:ll;ed ........ + 1D SSAS

146 TA

147 Fig. 1: Informal map of relations between models. Dotted line arrows indicate model

148 is a special case of the previous. Solid lines indicate simulation results.

149

150

151 Tile Automata Scale States Theorem

152 Freezing Strengthening 1 O(sbt) Thm.

153 Freezing Strengthening 2 O(sbg) Thm.

154 | Strengthening | 2 | O(sg + bg) | Open |

155 Table 1: Restricted 1D Tile Automata can simulate

156 1D Staged model. We allow for 1D scaling. s is number

157 of states, b is number of bins, g is the number of glues.

158

159

160

161 Aff Str | Cycle | Frz. | Det. ; Single ; Double

162 Yes Yes No ND O(|P|3) 2x3 1] O(|P|%) 2 x4 [1]
163 Yes No | Yes | Det | O(P|2) 1x2 N [ogez) | 1x1 1
164 No Yes Yes Det O(Kp) | O(1) x O(1) [5, 8] O(Kp) 1x1 5
165 No No No Det O(KI_%,) 1x1 Thm. 4 O(Ké) 1x1 Thm. 4
166 Yes No No | Det O(Lé) O(1) x 2 O(Lé) o(1) x 1

167 Yes No Yes ND O(CFp) 1x1 Thm 2 | O(CFp) 1x1 Thm. 2
168 rpaple 2: Minimum number of states needed to construct a patterned rectangle over a constant
169\ umber of colors representing the 1D pattern P in Affinity Strengthening Tile Automata with
170 ti1es not changing colors. Kp is the Kolmogorov complexity of the pattern P, CFp is the size
1’;; of the smallest Context Free Grammar that produces the singleton language {P}.

173

174 1.3 Our Contributions

1;2 We show that the 1D version of Freezing Affinity Strengthening Tile Automata can

177 simulate the 1D staged assembly model, even with flexible glues (Section 3). The Tile

178 Automata system uses O(sbt) states for a system with s stages, b bins, and ¢ tile types.

179 Using this result we inherit the ability to simulate Context-Free Grammars from

180 the staged model in [13] showing the same upper bound. For the line-building results,

181 We inherit them from [12]. Additionally using results from [8], these results carry over

182 to the STAM as well.

183 This is the full version of a paper presented at UCNC 2023. We include additional

184 upper and lower bounds on pattern building in different versions of Tile Automata.
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(a) A Tile Automata System (b) Staged Self-Assembly Example

Fig. 2: (a) An example of a Tile Automata system I'. Recursively applying the tran-
sition rules and affinity functions to the initial assemblies of a system yields a set of
producible assemblies. Any producibles that cannot combine with, break into, or tran-
sition to another assembly are considered terminal. Note that none of the transition
rules allow states to change color. (b) A simple staged self-assembly example. The sys-
tem has 3 bins, 3 stages, and 3 tile types, assigned to bins, as shown in the mix graph.
Only terminal assemblies can pass to a successive stage. The result of this system is
the assembly shown in the bin in stage 3.

The result in Section 4 is a direct version of a Context-Free Grammar simulation which
works in a slighty stronger version of Tile Automata, i.e., Theorem 2 works even in the
case of Deterministic Single-Transitions. We additionally include bounds on building
patterns in relaxed versions of Tile Automata and these results are outlined in Table 2.

2 Model and Definitions

We provide simplified definitions for 1D Tile Automata, then define 1D Staged Assem-
bly as a generalization. Refer to previous work [1] and [12] for full definitions of the
models.

2.1 The 1D Tile Automata model (TA)

In this dimensionally restricted version of the model, a Tile Automata system' is a
triple (3,11, A) where ¥ is an alphabet of state types, II is an affinity function, and
A is a set of transition rules for states in X. An example 1D Tile Automata system is
shown in Figure 2.

1Typical TA models are defined with a temperature parameter 7 however, with consideration of solely
1D, eliminating the possibility of cooperative binding, we assume 7 = 1.
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Tile. Let ¥ be a set of states or symbols. A tile t = (o, p) is a non-rotatable unit
square placed at point p € Z' and has a state of o € 3.

Assembly. An assembly A is a sequence of tiles {t1,%2,t3,...,t4/}. Let A(i) and
Asx(i) represent the i*" tile and its state in assembly A, respectively. For a tile ¢ in
assembly A let pa(t) be the position of ¢ in A.

Affinity Function. An affinity function II takes an ordered pair in X2 as input
and outputs either 0 or 1. The affinity strength between two states for the ordered
orientation is the binary output of the corresponding function. An assembly A is stable
if, for every pair of tiles, II(Ax (i), An(i + 1)) = 1. Informally, if all adjacent tiles in
assembly A have an affinity, A is stable. Two assembles, A and B are combinable if
the concatenation of the two assemblies AB = C' is also a stable assembly.

Transition Rules. Transition rules allow states to change based on their neighbors.
A transition rule is denoted (014, 024) = (011, 02p) With 014, 024, 018, 026 € 2. If states
014 and o9, are adjacent to each other, they can transition to states o1, and ogp,
respectively. An assembly A is transitionable to an assembly B if there exists two
adjacent tiles A(i), A(i + 1) € A, two adjacent tiles B(i), B(i + 1) € B, a transition
rule (As(4), As(i+ 1)) — (Bx(i), Bu(i+1)) € A, and A(j) = B(j) for all j #i,i+ 1.

Producibility. We define the set of producible assemblies starting from a set of initial
assemblies A. For a given 1D Tile Automata system I' = (3, II, A) and initial assembly
set A, the set of producible assemblies of T, denoted PRODr(A), is defined recursively:

e (Base) A C PRODp(A)

e (Combinations) For any A, B € PRODp(A) s.t. A and B are combinable into C,

then C' € PRODp(A).

® (Transitions) For any A € PRODp(A) s.t. A is transitionable into B using § € A,

then B € PRODp(A).

For a system T, we say A —1 B for assemblies A and B if A is combinable
with some producible assembly to form B, if A is transitionable into B, or if A =
B. Intuitively, this means that A may grow into assembly B through one or fewer
combinations or transitions.

We define the relation —! to be the transitive closure of —!' i.e., A = B means
that A may grow into B through a sequence of combinations and transitions.

Terminal Assemblies. A producible assembly A of a Tile Automata system I is
terminal provided A is not combinable with any producible assembly of T', and A is
not transitionable to any producible assembly of I'. Let TERMp(A) C PRODp(A) denote
the set of producible assemblies of I' that are terminal.

Unique Assembly. A 1D TA system TI', starting from initial assemblies A, uniquely
produces a set of assemblies A if

e A= TERMp(A),

e for all B € PRODp(A), B —! A for some A € A
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2.2 Staged Assembly Model
Here, we define the Staged Assembly model using the definitions from above.

Tile Types and Glues. In the staged assembly model, tiles are defined by their
glues. Let G be a set of glues. A tile type is an ordered pair of glues (w,e) € G2 where
tile t = (w, e) has west glue w and east glue e. The affinity function II for the staged
assembly model takes as input two tile types t1 = (a,b), t2 = (¢,d) and outputs 1 if
b = ¢ and 0 otherwise.

When allowing Flexible Glues we remove the restriction that IT outputs 0 when
b # c allowing for a general glue function. Note this is equivalent to the affinity function
of Tile Automata.

Assembly. An assembly A in a staged assembly system is a sequence of tile types
{t1,t2,t3,...,t4)}. Let A(i) be the i tile type in assembly A.

Staged Assembly Systems. An r-stage, b-bin miz-graph M, ,, is an acyclic r-partite
digraph consisting of rb vertices m; ; for 1 < ¢ < r and 1 < j < b, and edges of the
form (m; ;,m;y1,5:) for some 4, 7, j'. A staged assembly system is a duple T = (M, T)
where M, is an r-stage, b-bin mix-graph, T C G? is a set of tiles types labeled from
the set of pairs of glues G.

Two-Handed Assembly and Bins We define the assembly process in terms of bins?.
Each bin can be considered an instance of a Tile Automata system without transition
rules where A = (). However, each bin has a different set of initial assemblies denoted
as A; ; where i is the stage and j is the bin. Let Tj be the set of initial tile types in
bu,ll.JALj = {T}} (this is a bin in the first stage);

2. For 1 > 27 Aiﬁj = ( U TERMT(AZ',Lk)).

(mi_10,mi,5)€

Thus, the 7** bin in Sfagel 1is prévé/gc’f with the initial tile set T;. Each bin in any
later stage receives an initial set of assemblies consisting of the terminally produced
assemblies’ bins in the previous stage indicated by the edges of the mix-graph. The
output of the staged system is the union of all terminal assemblies from each bin in
the final stage. We say this set of output assemblies is uniquely produced if each bin
in the staged system uniquely produces its respective set of terminal assemblies.

2.3 Assembly Trees

We may represent the assembly process in a single bin as an assembly tree in the
staged model. An example tree can be seen in Figure 3a.
Definition 1 (Assembly Tree). An assembly tree T, for a producible assembly A
in a bin b, is a binary tree where each node represents a subassembly of A. The root
represents assembly A, and each leaf represents an initial assembly of b. Fach node
can be formed by combining the assemblies represented by the children.

An assembly tree is a Left-Handed Assembly Tree if every assembly that attaches
on the right side is an initial assembly. A Right-Handed Assembly Tree is the inverse

2Each bin may be seen as an instance of the 2-Handed Assembly Model.
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Fig. 3: Examples of assembly trees for the same assembly. (a) A balanced tree. (b) A
left-handed assembly tree. (¢) A right-handed assembly tree.

where every left assembly is an initial assembly. Examples of these two types of trees
are in Figures 3b and 3c.

2.4 Colors and Patterns

In this section, we augment the Tile Automata model with the concept of a tile’s color
being based on the current state. Colors for Staged has been defined in [13]. For a
set of color labels C, this is a partition of the states into |C| sets. We only consider
constant-sized C. Thus, the color of a tile t is the partition of the tile’s state, denoted
as c(t).
Definition 2 (Pattern). A pattern P over a set of colors C is a partial mapping of
Z to elements in C. Let P(z) be the color at z € Z. A scaled pattern P" is a pattern
replacing each pizel within a 1 X w line of pixels.
Definition 3 (Patterned Assemblies). We say a positioned assembly A’ represents a
pattern P if for each tile t € A’, ¢(t) = P(pa/(t)) and dom(A’) = dom(P). We say a
positioned assembly B’ represents a pattern P at scale h X w if it represents the scaled
pattern PM.

A system T' uniquely assembles a pattern P if it uniquely assembles an assembly
A, such that A contains a positioned assembly that represents P.

2.5 Tile Automata Restrictions

Here we define the relevant restrictions of Tile Automata. All but the last has been
defined in previous work [1, 5, 8, 9]

Affinity Strengthening. Affinity Strengthening requires that any transition pre-
serves affinities between tiles within assemblies. For each transition rule (o4, 0p) —
(0¢,04), I(0c,04) = 1. By limiting our focus to affinity strengthening systems, we
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do not need to consider the scenario where a stable assembly becomes unstable (and
would fall apart).

Freezing. In a freezing system, a tile may not transition to any state more than once.
Thus, if a tile with state o, transitions into another state oy, it is not allowed to
transition back to oy,.

Bonded. Transitions only occur between tiles that have affinity with each other.

Single-Transition Tile Automata system. I' is a Single-Transition Tile Automata
system if for all transitions rules (Si4, Sa2q, S1p, Sa2p, d) either Si, = Sip or Soq = Sop.

Bonded, Single-Transition allows us to skip a couple steps in the simulation in the
STAM from [8].

Deterministic Transition Rules. A system has deterministic transitions rules if for
all pairs of states S, Sz and direction d € {v, h} there only exists one transition rule
between the states in that direction.

Color-Locked. A tile automata system is Color-Locked if for every transition rule
8 = (S1a,S24, S1b, S2p,d) € A, ¢(S1a) = ¢(S1p) and ¢(S24) = ¢(Sap), i.e. tiles are not
allowed to change their color.

This restriction allows for transitions to be independent of the color, we can imagine
this the color being inherent to the tile. These restrictions all together can model a
signal tile carrying a chemical marker that cannot change, and transitions only expose
more binding sites.

3 Simulation of General 1D Staged

In this section, we show how to simulate all 1D staged systems with TA systems. First,
we define what simulate means for these systems, followed by a high-level overview of
our simulation, and then the details.

3.1 Simulation

Here, we utilize a simplified definition of simulation in which the set of final terminal
assemblies, from the target staged system to be simulated, is exactly the same, under
a mapping function, as the final terminal assemblies of the source TA system that is
simulating it. This is a standard type of simulation used, and we omit technical def-
initions in this version. A stronger definition of simulation incorporates dynamics, in
which assemblies may attach in the target system if and only if they attach in the
source system. However, our approach focuses on simulating a restricted set of dynam-
ics that are sufficient to ensure the production of all final (and partial) assemblies. We
leave the problem of fully simulating the dynamics of a staged system as future work.

3.2 Overview

We create a Tile Automata system with initial tiles representing the initial tile types of
the staged system. Each assembly in our Tile Automata system represents an assembly
in a specific stage and bin. Each state is a pair consisting of a tile type ¢ and a
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Fig. 4: (a) Each of our Tile Automata states conceptually represents two glue labels
that say which tile type they map to (a glue may be null, as in the leftmost state).
They may also contain features such as the left /right cap or the active state token. (b)
Assemblies map based on the glue labels on the Tile Automata states. Multiple Tile
Automata assemblies represent the same Staged assembly, but sometimes in different
stages.

stage-bin label representing ¢ in that specific stage and bin. Some states will have
an active state token(*) used to track the progress of the Tile Automata assembly in
the assembly tree. We simulate only left- or right-handed assembly trees based on the
parity of the stage number. The logic for the transition rules is described in Algorithm
1 using a Glue-Terminal Table. Each Tile Automata assembly builds according to the
assembly trees of the staged system by having the token “read” the glues to decide if
an assembly is terminal in a bin and needs to transition to the next stage.

3.3 Glue-Terminal Table

For the simulation to work, we need to know the glues used in each bin of the target
system because we cannot “read” the absence of a glue/assembly in self-assembly.
However, we can use the Glue-Terminal Table to construct the transition rules. This
table stores which glues correspond with each bin.
Definition 4 (Glue-Terminal Table). For a staged system Y = (M, ,T), the Glue-
Terminal table GT'((s,b), g) is a binary | M, | X G table with rows labeled with stage-bin
pairs and columns labeled with glues. The entry GT((s,b),g) is true (Used) if there
exists at least two producible assemblies in bin b that attach using glue g in stage s. If
it is false (Term.), the glue is never used in bin b for stage s.

This table can be computed recursively by checking the glues of the that are
assemblies in the previous bin. Computing terminal assemblies can be done much
easier since it’s 1D.

3.4 States and Initial Tiles

A state in our Tile Automata system has the following properties: each state has the
first two properties and the second two properties are optional. The first label has
sb possible options, the second has ¢, and the rest only increase the state space by a
constant factor. This results in an upper bound on the states used of O(sbt).
e Stage-Bin Label. Each state (s,); is labeled with a pair of integers (s, ) saying
the state represents the 7*" bin in stage s.

10
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Algorithm 1 Algorithm to create transition rules for each pair of states in a Tile
Automata system.

Data: Left state a and right state b, and glue-terminal table GT.

Result: Transition rule (a,b) — (a/,’) if such a rule exists.

Let L(o)/R(c) be the left/right glue label of the tile type o maps to.
Let STAGE(c) be the stage o is in. Let BIN(o) be the bin ¢ is in.
Let NEXT_BIN(o) be the bin o will be in the next stage.

Let HAS_TOKEN(o) be true if o contains a token, false otherwise.

if
\
if

R(a) # L(b) then
Return null
HAS_TOKEN(a) A STAGE(a) is odd then
if b has a right cap then
if GT((STAGE(b),BIN(b)), R(b)) = Used then
| d—a—xb «b+xb b —|
else if GT((STAGE(b) 4+ 1,NEXT_BIN(b)), R(b)) = Used then
| @ < a—x*; b < b—| STAGE(V) < STAGE(Y') + 1; BIN(b') + NEXT_BIN(b')
else
o « a; b « b STAGE(a/) + STAGE(a/) 4 1; BIN(a’) « NEXT BIN(da')
STAGE(D') + STAGE(Y) + 1; BIN(Y') < NEXT_BIN(b')

else

| @+ a—% b < b+ STAGE(Y) < STAGE(Y) + 1; BIN(Y') — NEXT_BIN(b')
Return (a,b) — (a’,b’)
HAS_TOKEN(b) A STAGE(b) is even then

if a has a left cap then
if GT((STAGE(a),BIN(a)), L(a)) = Used then

| V+b—xad +a+xd+ad—|
else if GT((STAGE(a) + 1,NEXT_BIN(a)), L(a)) = Used then

| V< b—xa + a—]| STAGE(a’) + STAGE(a’) + 1; BIN(a') < NEXT_BIN(a')
else

Y < b; a < a STAGE(Y) < STAGE(Y) + 1; BIN(Y) « NEXT_BIN(b')
STAGE(a’) < STAGE(a’) + 1; BIN(a’) < NEXT_BIN(d')

else
| /< b—x%; a’ < a+* STAGE(a') < STAGE(a’) + 1; BIN(a') <— NEXT_BIN(a')
Return (a,b) — (a’,b")

¢ Glue Labels. Each state (s,i); represents a tile ¢ from the staged system. We

say this state has the glue labels of ¢ when defining our affinity rules in Tile
Automata. This label also defines our mapping from TA states to staged tiles in
both directions.

e Active State Token. A state (s,4); may have an Active State Token *. The

token is used to enforce the left/right handed assembly trees by starting on one
side of an assembly, and allowing attachment to other states with matching glue
and stage-bin labels.

11
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(a) Staged System

(s, b) | Red | Blue | Green | Yellow
(1,1) | Term | Used | Used Term
(1,2) | Used | Used | Term Term
(1,3) | Used | Term | Term Used
(2,1) | Term | Term | Used Used

(b) Glue-Terminal Table

Fig. 5: (a) Example Staged system to be simulated. (b) Glue-Terminal Table for
shown staged system. In the table, s is the stage and b is the bin.

e Caps. A state may have a cap on one side, denoted |s,); or (s,4|;. This means
that on the side of the cap |, there are no affinity rules for that state. Until an
assembly is ready to attach, it will have caps on its left and right most tiles.

We create an initial state for each pair by ;,t where by ; is the i" bin of the first
stage and ¢ is a tile input to that bin. If the left glue of the ¢ is used in the b, ;, then
we include the state (1,4, i.e., the right cap state. If the left glue is open, but the
right glue is used, the tile is the first in a left-handed assembly tree. In this case, we
include the token left cap state |1,4}).

If a tile is terminal in the first bin, we instead include an initial state representing
the first bin where the state is consumed. For example, if a tile ¢ is input to bin (1,4%)
and is terminal, but its right glue is used in an attachment in bin (2, j) (where there’s
an edge between (1,7) and (2, 7)), then we instead include an initial state |2, j;).

3.5 Bin Simulation

In any odd stage, we construct every terminal using a sequence of attachments repre-
senting a left-handed assembly tree. For even stages, we use a right-handed assembly
tree. We control this with the token by defining our affinity rules such that every
attachment occurs between one state with the token and one without a cap. We switch
between the left and right handed trees to reduce the amount of times the token must
walk back and forth on the assembly since the token ends on the opposite side each
time.

We walk through an example of a bin in the first stage in Figure 6a. The token
left cap state |1,1}) attaches to the right cap state (1,14 if ¢’ attaches to the right

12
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Fig. 6: (a) Example simulation of an assembly in stage 1. Notice the token moves
leftward through the assembly as it builds to enforce a left handed assembly tree. (b)
Transition for terminal assembly in bin (1,3). Since the rightmost glue is terminal in
bin (1, 3) the token changes the stage to 2 and starts moving left to remove the cap.

of t. These two states then transition. If the right glue of ¢ is used in the bin, the
token moves to that state and removes the cap. This process can then repeat in the
bin. Looking at the next tile ¢”, the right glue is unused, and thus, the assembly is
terminal, and the transition should move it to the next stage, now changing directions
as outlined in Figure 6b. The process for defining transitions is described in Algorithm
1; when given two states and the Glue-Transition table, a transition rule is returned if
one would exist in the system. Note that this algorithm is non-deterministic as one bin
may output to multiple bins in the next stage, so a pair of states may have multiple
transition rules.

Theorem 1. For any 1D staged system Y with flexible glues, s stages, b bins, and t
tile types, there exists a 1D Freezing Affinity-Strengthening Tile Automata system T
with O(sbt) states that simulates Y.

Proof. Consider a staged system Y = (M,,,T) with s stages, b bins and ¢ tiles types.
Tile Automata system I' = (¥, IT, A) which simulates T is defined and discussed below.

State complezity O(sbt). Each tile type in T requires a unique state in I" for every
bin in every stage, resulting in s-b-t states. The additional state increase for the token
and caps of each state is constant for a total of O(sbt) states.

Flexible Glues, Freezing and Affinity Strengthening. A state o, € ¥ with tile type
t € T has affinity with a state o} € X with tile type ¢’ € T if ¢ attaches to t' in T. With
the affinity function we can encode general glues so we can simulate flexible glues. For
every transition rule § € A, ¢ does not alter the tile type a state represents since only
the stage, bin, token, or cap are affected.

Every transition rule is freezing and either removes a cap, moves the token forward,
or advances to the next stage. Once a state with a tile type ¢ has lost its cap it can
never regain it. In a single stage, the token may walk over each tile a maximum of
2 times as both sides of the assembly must be checked to decide if the assembly is
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terminal. Note that this token walk involves adding an additional distinct state so the
tiles do not visit the same state twice.

Simulation. We prove this is a correct simulation by induction on the size of the
assemblies. The initial assemblies cover our base case for single tiles in A. The tile
input in the first stage in T ensures each included assembly is in A. For the recursive
case, assume every assembly A € PRODy with |A| < z is simulated. Let b be the bin
in which A is produced. A must be produced using two assemblies B and C, each
of size < x, which are also in bin b. From our assumption, B and C have assemblies
representing them- B’,C’ € PRODr(A). Since B and C are produced in the same bin
and have matching assemblies B’ and C’ with matching tokens, they may combine
into an assembly A’. A will represent A since it has the same labels. O

3.6 Lines

Using Theorem 1, we provide an alternate proof from [5] of length-n lines with O(logn)
states.

Corollary 1. For alln € N, there exists a freezing Tile Automata system that uniquely
assembles a 1 x n line in O(logn) states.

Proof. In [12], it is shown that there exists a staged assembly system that uniquely
produces a 1 x n line with 6 tile types, 7 bins, and O(logn) stages. From theorem 1,
there exists a Freezing Affinity-Strengthening Tile Automata system I' with O(sbt)
states that simulates any staged system YT with s stages, b bins and t tile types.
Therefore, simulating the staged assembly system from [12] can be done with O(logn)
states. O

4 Freezing Affinity Strengthening

While the results in the previous section imply that you may implement Context Free-
Grammar (CFGs) by simulating 1D Staged, here we provide a direct simulation of
CFGs. This direct simulation has the advantage of being deterministic and single tran-
sition. An example CFG is shown in Figure 7, along with the corresponding TA system
in Figure 8. In addition to the freezing and affinity strengthening constraints, this
result achieves the feature that tiles never undergo a change in their color throughout
the assembly process. We denote rules that adhere to this constraint as color-locked
rules.

4.1 Context-Free Grammars

A context-free grammar (CFG) is a set of recursive rules used to generate patterns
of strings in a given language. A CFG is defined as a quadruple G = (V,T,R,S). V
represents a finite set of non-terminal symbols and T is a finite set of terminal symbols.
The symbol R is the set of production rules and S is a special variable in V' called
the start symbol. Production rules R of CFGs are in the form A — BC|a, with V in
the left-hand side and V' and/or T on the right- hand side. A CFG derives a string
through recursively replacing nonterminal symbols with terminal and non-terminal
symbols based on its production rules.
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O 00 WV
Fig. 7: A restricted context-free grammar (RCFG) G and its corresponding parse tree
that produces a pattern P, ££50dv. This is a deterministic grammar, producing only
pattern P.

Minimum Context Free Grammars We define the size of a grammar G as the
number of symbols in the right hand side rules. Let CFp be the size of the smallest
CFG that produces the singleton language | P].

Restricted Context-Free Grammars (RCFG). In this work, we focus on the
CFG class used in [13] which they name Restricted CFGs. These restricted grammars
produce a singleton language, |L(G)| = 1 and thus are deterministic. This is the same
concept of Context-Free Straight Line grammars from [4]. Each RCFG production rule
R contains two symbols on its right-hand side. We can convert any other deterministic
CFG to this form with only a constant factor size increase.

Figure 7 presents an example RCFG G and its parse tree that derives a pattern of
symbols P, ££6051. The parse tree shows how internal nodes are non-terminal symbols
and leaf nodes contain a terminal symbol whose in-order traversal derives the output
string. Notice that since RCFG G is deterministic, each non-terminal symbol N € V/
has a unique subpattern g(NN) that is defined by taking N to be the start symbol S
and applying the production rules. Here, the language or output pattern P of G can
be denoted by L(G) = g(S5).

4.2 1D Patterned Assembly Construction

We describe our method of simulating a Restricted CFG G with Tile Automata to
build a 1D patterned assembly that represents the pattern P derived from G.

Initial Tiles and Producibles. This Tile Automata system, ', begins with
creating its initial tiles from the unique terminal symbols, T, in RCFG G. In Figure 7,
the output pattern P derived from G has three unique terminal symbols £, ¢, and .
Each unique Y in G is mapped to a distinct color and remains locked to the symbol
throughout the construction. From G’s production rule parse tree, internal nodes have
two child nodes consisting of two similar or different terminal symbols, T. Depending
on the placement of the terminal symbols, the initial tiles are designated as L for left-
hand side or R for right-hand side. Figure 8a depicts that an initial tile consists of an
T symbol with its distinct color in an L or R state.

Following G’s parse tree, the initial tiles can combine to build I'¢’s first set of
producible assemblies. Grammar G’s production rules can be encoded into system
I'¢ by providing the affinity rules. If two terminal symbols in G connect to the same
internal node in its parse tree, the initial tiles in I that represent the symbols combine
to form a producible. The first set of producibles cannot bind to any other tile because
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Fig. 8: Tile Automata system, I'g, assembling a 1D patterned assembly that repre-
sents the pattern P produced by the RCFG G shown in Figure 7. (a) I'¢ contains
initial tiles from the unique terminal symbols of G. Grammar G’s production rules are
encoded in ' as affinity rules, allowing initial tiles to form the first set of producibles.
(b) Following G’s rules, I'g’s color-locked, one-sided transition rules are applied to the
first set of producibles. (c) Subpattern assembly LsDsF5Ry, transitions tiles towards
captile R, marking visited tiles. Once the transitions reach captile R, we transition to
the left of the subassembly to Cj tiles, removing the marks along the way. (d) RCFG
G production rule Y — BC, directs I'¢ to combine B and C subassemblies to build
the terminal patterned line assembly, representing pattern P from grammar G.
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they are capped with L and R states, which we denote as captiles, and thus are stopped
from growing, shown in Figure 8b. Note that these first producibles are subpatterns
of P.

Uncapping Producibles. RCFG G production rules tell I'¢ how the first pro-
ducible assemblies will combine to form larger subpatterns of P and ultimately
represent the final patterned line assembly. In I, our first set of producibles are com-
posed of L and R captiles. For these producibles to combine with each other, we apply
one-sided, color-locked transition rules to uncap each producible, opening their left
or right-hand side depending on the nonterminal symbols placement in grammar G’s
production rules. For example, in Figure 7 nonterminal C is composed of a D on the
left-hand side and F on the right-hand side. In Figure 3.2b, the producible Ls R, rep-
resents G’s terminal symbols dv as well as nonterminal F. Because F sticks to D’s right
side, a one-sided transition rule is applied to producible Ls R changing only the pink
tile Ls to a new tile Fi, forming next producible F5R,. Here, the color-locked restric-
tion in ' applies because the new tile Fj retains its color (pink) that is designated
to the terminal symbol ¢ of P from G. This producible F5R,; is considered a right-
handed subassembly because it is uncapped on its left side, allowing it to attach to
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the right-hand side of the producible that represents nonterminal D. The rest of I'g’s
first producibles transition according to G’s production rules as shown in Figure 8b.

Transition Walk. I'¢ recursively applies G’s production rules to build the other
subassemblies needed to represent pattern P. Grammar G’s production rule C' — DF
tells I'g that there is affinity between D and F, directing producibles LsDs and F5R
to combine and form a new subpattern assembly 041 of P, shown at the top of Figure
8c. In Lemma 1, we show how every nonterminal in G is represented as a subpattern
assembly produced by I'q. Subpattern assembly LsD;sF5R,;, represents nonterminal
C from G and is capped with captiles L and R. From G’s production rules in Figure
7, nonterminal symbol Y is composed of B on the left-hand side and C on right-hand
side. To uncap the left side of subpattern L; Ds Fs Ry, a series of one-sided, color-locked
transition rules are applied to turn each tile into a Cs tile making the subassembly
uniform, depicted in Figure 8c. The adjacent tiles that have transition rules between
them are outlined in purple, with the resulting tiles shown in the subassembly below it.

We apply the method of ”walking” across 1D assemblies from [5] to uncap left or
right sides of subassemblies. Subpattern assembly Ls;DsFsR,; must have an opened
left side to attach to subassembly B, so we first transition tiles towards the right
side, marking visited tiles with a prime notation. Once the transitions reach captile
R, we begin to transition to the left of the subassembly to Cs tiles, removing the
prime notations along the way. As shown in Figure 8c, once producibles D and F
combine, a one-sided, color-locked transition rule applies changing the Fj tile for a
temporary Cj tile, where the prime marks the tile as visited. Next, the adjacent Cj
and Ry tiles transition to remove the prime from the Cj tile, producing subpattern
LsDsCs5Ry. Another transition is applied between adjacent tiles DsCs to form the
fourth subassembly in Figure 8c. Finally, one more transition occurs between LsCs to
produce subpattern C5CsC5Ry.

Patterned Line Assembly. Figure 8d depicts the subpattern assemblies created
by ' that represent nonterminal symbols B and C. According to the affinity rules of
T'q, subassemblies B and C combine to form terminal assembly Y. Subassemblies for
B and C attach and terminal assembly Y is constructed and capped with captiles L
and R on its sides. This new terminal assembly Y represents G’s pattern P, with each
distinct colored tile representing unique terminal symbols of pattern P.

Definition 5 (Nonterminal Pattern). For a nonterminal N € V, let g(N) be a
substring derived when N is the start symbol of grammar G.

Lemma 1. Each producible assembly in I'c, created from a RCFG G = (V,T,R,S)
represents a subpattern g(N) for some symbol N in V|J Y.

Proof. We will prove by induction that any producible assembly B represents a
subpattern g(NV) for some symbol N in VY.

For the base case, if B is an initial tile, then B represents some terminal symbol N €
Y. For the inductive step, if B is a larger assembly, then we show B represents a non-
terminal N € V. We define the following two recursive cases. B is built from combining
subassemblies C' and D, we can assume these assemblies represent symbols N¢ and
Np respectively. We know from how we defined our affinity rules if C' and D can
combine then there is some rule N — NoNp. Then B represents the pattern g(IN) =
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9(N¢) ®g(Np). B is producible via transition from an assembly C, B must represent
the same subpattern as C since the transition rules do not change the color. O

Theorem 2. For any pattern P, there exists a Freezing Tile Automata system T" with
deterministic single transition rules that uniquely assembles P with O(CFp) states
and 1 X 1 scale. This system is cycle-free and transition rules do not change the color
of tiles.

Proof. By definition, there exists a CFG G that produces P with |G| = CFp. We
construct the system I'. From Lemma 1, each producible assembly B must represent
a subpattern g(NN) for some symbol N. The only terminal of ' is the assembly rep-
resenting the start symbol S since all other assemblies either can attach to another
assembly or can transition. O

5 Optimal Patterns in Tile Automata

In this section we show that general Tile Automata can obtain Kolmogorov optimal
state complexity at 1 x 1 scale. These first results are achieved by applying the efficient
binary string construction from [1], and allowing the additional tiles used by the
assembly to fall off, thus leaving only the string. We can then utilize the Turing
machine from to simulate a universal Turing Machine. The Turing Machine in was
designed to accept/reject an input, so we modify the Turing Machine to print P on
the tape and halt.
Lemma 2. For any binary pattern X there exists an affinity strengthening Tile
Automata system that uniquely constructs an assembly representing X at scale,

o 4 x 2 with O(|X|%) states,

e 3x 2 with O(|X|3) states using single-transition rules, and

e 2% 1 with O(|X|2) states using deterministic single-transition rules and is cycle

free.

Proof. These constructions are provided in [1] which shows that there exists a method
to encode the bits of a string in the transition rules of the system. Each construction
takes advantage of a feature not available in the stricter class of systems. The model
shown in this paper however does have seeded growth but a simple extension shows
this works with 2-handed production. O

Theorem 3. For any pattern P, there exists a Tile Automata system I' that uniquely
1
assembles P with ©(K}) states at 1 x 1 scale.

Proof. Given a pattern P, we first consider a Turing machine M that will print P.
Using the process described in [5], we create a system I'p; = (X, I, A, A, 7) that
simulates M. When M has completed printing P, the buffer states By, and Br need
to detach. We take ¥ and create a copy Xsr which we modify by removing the
accept/reject states in favor of final states. For every state p € X gg where p composes
P, we create pp € Yggr with affinity only for every other final state. Starting with
the rightmost tile that composes P, we add transition rules that will transition each
tile with state p into their final state equivalent pr. Since these final states have no
affinity with the buffer states, tiles with those buffer states, and any other state not
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considered a final state, will detach from the assembly. This detaching process begins
with a transition rule between Bg and the rightmost tile with state p, turning p into

P

From Lemma 2, we encode I'js in a binary string (") and use b(I'5s) to construct
1

system I'g that uses ©O(K ) to assemble b(I'ar). [21] states there exists a universal
Turing machine that uses linear space in the amount of space used by the machine
being simulated. I' will simulate a universal Turing machine with I'g being used to

1
construct the input into I', giving us a system that uniquely assembles P with ©(K})
states and 1 x 1 scale. O

5.1 Deterministic Single Transition Turing Machine

The Turing machine from [5] utilizes transition rules that change both tiles in the same
step. While [8] shows a way to simulate double rules with single rules, we present a
slight modification to the Turing machine construction to make it utilize single rules.
Lemma 3. For any pattern P, there exists a Tile Automata system I with determin-
istic single-transition rules that uniquely assembles P with O(Kp) states and 1 x 1
scale. This system is cycle free.

Proof. We create a Turing machine M that will print P. Using Turing machine M, we
use the process described in [5] to create a system I'p = (X, 11, A, A, 7) that simulates
M utilizing double-transition rules. We then modify ¥, A, and II into single-transition
rule versions Xggr, Asrgr, and IIggr as follows.

Ysr and Ilgr will initially be a copy of ¥ and II respectively, while Agg is
populated with every single-transition rule in A. For every double-transition rule
0 =(A,B,C,D,d) € A, we create an additional state w € Xggr. The affinity strength
of w using IIgr will be equal to the affinity strength of D using II for all directions.
We take § and create 3 transition rules dg1,ds2, 053 € Ag defined below.

o 65’1 = (A7 B7 A:wvd)
o 652 = (A7w7 Ca W, d)
o 653 = (Cawv C7 D, d)

We use the final states described in the proof of Theorem 3 to modify Y gg in order
to detach the buffer states. Using our modifications, we create a Tile Automata system
I = (Zsgr,Usgr, A, Agg,7) with deterministic single-transition rules that uniquely
assembles P with O(Kp) states and 1 x 1 scale. O

Using Lemma 2we can encode the input to a universal Turing machine with square
root the number of states with deterministic single transition rules.
Theorem 4. For any pattern P, there exists a Tile Automata system T' with deter-
1
ministic single transition rules that uniquely assembles P with O(K2) states and 1 x 1
scale. This system is cycle free.

Proof. We make some modifications to the process used in the proof of Theorem 3
to satisfy the deterministic single-transition rules. We create I'j; using the method
described in the proof of Lemma 3 and encode the system in a binary string b(I'p). I's

1
is created using b(I'as) which will use O(K2) as shown in Lemma 2. I" will simulate a

19

126

829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874



875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920

universal Turing machine that uses the assembly built by I'g, giving us a system that

uniquely assembles P with O(Ké.) states and 1 x 1 scale. O

Other methods for non-deterministic rules and with single and double rules give
the following.
Theorem 5. For any pattern P, there exists a Tile Automata system T' with single

1
transition rules that uniquely assembles P with ©(K}) states and 1 x 1 scale.

Proof. A deterministic single-rule TA system I'j; can be constructed according to

Lemma 3, and using an encoding b(I'as), we make I's which uses @(Ké) states using
Lemma 2 O

5.2 Freezing with Detachment

We do not directly consider Freezing and allowing detachment since the results of [9]
shown that any non-freezing system can be simulated by a freezing system by replacing
tiles. Also shown in the full version of [5] it was shown freezing Tile Automata with
only height 2 assemblies can simulate a general Turing machine. The assembly can
then fall apart to achieve 1 x 1 scale.

6 Affinity Strengthening

As shown in [5], Affinity Strengthening Tile Automata (ASTA) is capable of
simulating Linear Bounded Automata (LBA) and that verification in ASTA is
PSPACE-Complete. Thus, it makes sense to view this version of the model as the
spaced-bounded version of Tile Automata, similar in power to LBAs or Context Sen-
sitive Grammars. We select space-bounded Kolmogorov complexity as our method of
bounding the state complexity since we can encode a string and simulate a Turing
machine as in the previous section to get an upper bound. The concept of bounded
Kolmogorov Complexity was explored in [14]. For these results, we consider building
scaled patterns in which each pixel of the pattern is expanded to a s x O(1) box of
pixels. Another way to view this upper bound is that for any algorithm « that outputs
P in f(|P|) space, we may construct an assembly representing P of size O(f(|P]), in
O(|a|)7 states, where |a| is the number of bits describing o for general Tile Automata.
Similar bounds are shown for the other restrictions. It is interesting to point out that
with a large enough scale factor we achieve Kolmogorov optimal bounds, including
optimal scaled shape constructions as in [16].

6.1 Space Bounded Kolmogorov Complexity

Definition 6 (Space Bounded Kolmogorov Complexity). Given a pattern P, and a
function f: N — N that outputs the space used by a Turing machine, let KSp(f(|P]))
be the length of the smallest string that, when input to a universal Turing machine
My, halts with the pattern P on the tape in f(|P|) space.

It was stated in [14] that there exists some optimal Turing machine, which we call
M, that incurs only a constant multiplicative factor increase in the space used. We
note for two space bounds f(|P|) and g(|P|), the value KSp(g(|P])) < KSp(f(|P]))
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(b) Universal Turing machine running on

(a) Assembly representing input string. input.
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(d) The pattern scales outward to fill the
(c) The pattern is output on the tape. assembly.

Fig. 9: (a) It is possible to build assemblies representing binary strings with an efficient
number of states. (b) We can then run a universal Turing machine on the input
increasing the length of the assembly as needed. (c) The Turing machine will halt with
the pattern output on the tape. (d) The pattern will then scale out to fill the assembly.

as using more space allows for more efficient computing of all pattern P, with |P| < ¢
for some constant c.

6.2 Construction

Figure 9a shows a sketch of the assembly for deterministic Tile Automata using the
string constructions from [1] shown in Lemma 2. The single rule Turing machine can
be modified to never break apart and only increase the tape length, similar to the
PSPACE-hard reduction from [5]. Figure 9b shows an example Turing machine being
run where the tape length is increased.

Once the pattern has been printed or assembled (Figure 9¢), there are additional
tiles in the assembly to deal with. However, since we cannot detach tiles, we scale the
pattern. The first step is to expand the length of pattern. If we use s tape cells to print
a pattern |P|, we scale each point in the pattern by ¢ |P|. This is done with a simple
algorithm implemented in the transition rules. Create a token state that starts at the
leftmost state after the string is printed. Go to each ‘pixel’ and tell it expand once
after first signaling the neighboring cells to move right (to prevent overwriting). We do
this for each pixel in the pattern, push the other states, increase pixel size. The system
repeats this process until all pixels of the pattern are fully expanded, and then they
transition the tiles below them, which results in the patterned assembly of Figure 9d.
Theorem 6. For any pattern P, scale factor s > 0, there exists an Affinity Strength-
ening Tile Automata system T' with deterministic single transition rules that uniquely
assembles P with O(KSp(s|P|)2) states and s x 2 scale. This system is cycle free.

Proof. Let X be the string that when input to M, P is written to the tape in s|P| space.
Using the binary string building results from Lemma 2 we can encode X in O(|X \%)
states. Then we run M using the single transition rule Turing machine described in the
proof of Lemma 3. This will run and leave the pattern P on the tape states. Consider
a second Turing machine Mjyc scales up the pattern to fill the width of the tape.
Each pixel is increased by the same amount. The states then copy the color to the
state below it as well. This can be done in a constant number of states. The amount

that each pattern scales by is Sl‘lf‘l =|P|-(s—1). O
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967 Theorem 7. For any pattern P, scale factor s > 0, there exists an Affinity Strength-
968 ening Tile Automata system I' with single-transition rules that uniquely assembles P
969 with O(K Sp(s|P|)#) states and s x 3 scale.

970
971
972
973
974
975 Theorem 8. For any pattern P, scale factor s > 0, there exists an Affinity Strength-
976 ening Tile Automata system T that uniquely assembles P with O(KSp(s|P|)3) states
977 and s X 4 scale.

Proof. Again using the Single-Transition rule Turing machine from the proof of Lemma
3 and the string building result from Lemma 2, we can construct the input to the
universal Turing machine Mg . The pattern P can be output in s|P| space. We then
scale up the pattern to fill the assembly. O

g;g Proof. Lastly using the same m?thod from Lemma 2 we can encode the input to the
980 universal Turing machine in |X|7 where | X| is the length of the string. This results in
gg] A1 assembly of height 4 as resulting assembly will be of dimensions | X | x 4. The string
082 X can then be input to the Turing machine to print the pattern than scale up. O
983

984 7 Lower Bounds

985

986 We provide lower bounds for general Tile Automata under the three transition rule
087 restrictions. We do this by showing a binary string encoding a Tile Automata system
ggg  Ccan be passed to a Turing machine to output a patterned assembly, from which the
989 pattern P can be read and output. This means we cannot encode a system in less bits
990 than the Kolmogorov Complexity Kp. We achieve similar bounds as [1] as we use the
gg] Same system for binary string encoding.

992 For affinity strengthening we provide a lower bound based on the Space Bounded
093 Kolmogorov Complexity defined in Section 6. As with the previous result, we show that
994 @ binary string encoding a system can be passed to a Turing machine that outputs the
995 uniquely produced assembly representing the pattern P in f(|P|) space. This means
g9g We cannot encode the system in less than KSp(f(|P])) bits. We give an upper bound
g97 of f(n) = O((s|P|)?log” 5| P|) in Lemma 4 to compute a pattern scaled by a factor of
g9g - With this we base our lower bounds on KSp((s|P|)?log? s|P|).

999
1000 7.1 General

1001 Theorem 9. For any Pattern P over constant colors a Tile Automata system I' that
1002

1003
1004 Proof. A Tile Automata system I' = {%,TI, A, A, 7 = O(1)} can be encoded in < c¢|3|*
1005 bits for some constant c. We may store II as a |X| x |X| table with each O(logT)
1006 bit cell storing their binding strength which is at most 7. The initial tiles A can be
1007 encoded with a single bit for each state. A is the largest part of the encoding taking
1008 2|X|* bits . This can be stored as a 4D table where each cell contains two bits (v, h).
1009 The first bit at index o1, 09, 03,04 being whether or not the states (o1, 02) transition
1010 to (o3, 04) vertically and the second bit horizontally. The exact constant achieved is
1011 thus dependent on 7.

1012

1
uniquely assembles P at any scale requires Q(Kp) states.
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Consider a Turing machine M4 that takes as input the binary description of
a Tile Automata system I' that uniquely assembles an assembly A and outputs the
pattern of A as a string. We can assume Mr 4 can be described in constant bits. The
producible assemblies of a Tile Automata system are recursively enumerable. Since we
know that I" uniquely produces P we know there exists a finite number of assemblies
as well as the system must be bounded. This makes verifying the terminal assembly
is decidable as there’s only a finite number of possible Combinations, Breaks, and
Transitions to check.

Let Mk be the fixed universal Turing machine to define Kp, assume there exists
a system IV = {¥' II', A/, A’, 7 = O(1)} that uniquely produces the pattern P with
I~ < (%)% states. Using our encoding method above encode IV as a binary string
b(I') with in [b(I")] < Kp. If we pass b(I") along with an encoding of M7 4 to the
universal Turing Machine Mg it will simulate the algorithm and output the pattern
P. This would mean that My can produce the pattern with less than Kp+| < M, > |
bits which violates the Kolmogorov Complexity so this is not possible. O

Theorem 10. For any Pattern P over constant colors, a Tile Automata system T with

1
single transition rules that uniquely assembles P at any scale requires Q(K3) states.

Proof. We use the same argument for this proof but show the system can be encoded
more efficiently. We can store our transition rules in a O(]Z|?) bit table. This is a
3D table where each cells stores 4 bits. The first two indices representing the starting
states and the third is the target state. There is only one state since single transition
rules only change one rule at a time. The table stores 4 bits in order to store whether
they transitions vertically or horizontally, and whether the first or second tile changes
to the other state. O

Theorem 11. For any Pattern P over constant colors, a Tile Automata system T
with deterministic transition rules that uniquely assembles P at any scale requires

Kp L
Q ((log ) 2) states.

Proof. Deterministic rules can be encoded in O(|3|? log |X|) bits. To achieve this, store
the rules in a |X| x |X| table where each cell stores up to two other pairs of states
which takes O(log |X|) bits. We only need to store a constant number of pairs since
each pair of states and orientation can only have a single rule. Note that this method
can encode single or double transition rules with only a constant factor difference.

Applying similar algebra as done for Theorem 9 we have |3| = Q ((log VoS )%) O

7.2 Affinity Strengthening

In [5] it was shown that the Unique Assembly Verification Problem (UAV) for affinity
strengthening Tile Automata is solvable in PSPACE. In Lemma we show that given a
binary string b(|T'|) describing a directed Affinity Strengthening Tile Automata system,
we can produce a description of the uniquely produced assembly A in O(|A|? log? |%])
space. We then apply this fact in Theorem 12 to get a state complexity lower bound
based on bounded-space Kolmogorov complexity.
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1059 Lemma 4. Given a binary string b(T') describing a directed Tile Automata system T,
1060 there exists an algorithm that outputs the uniquely produced assembly TERMp = {A},
1061 in O(|A|?log? |2|) space.

1062 Proof. This can be done by making multiple calls to a subroutine that solves the

unique assembly verification problem (UAV) for affinity strengthening Tile Automata.
For each integer starting at ¢ = 1, call the algorithm for UAV on each assembly B
of size |B| = 4. If the UAV algorithm returns yes, then return B since A = B, i.e. B

1064
1065

1066 is the uniquely produced assembly. Storing one of these assembly take O(|A|log |3|)
1067 .. .
1068 bits and we only need to have stored one at a time and the largest assembly we store
1069 is | A| size.
The exact details of the algorithm are shown in [5]. This algorithm only stores

1070 . . .

a constant number of assemblies at a time each of up to size 2|A|. We can store an
1071 . . .
1072 assembly in |A|log |%| bits thus giving our bound. O

1073 Theorem 12. For all Patterns P, scale factor s > 0, an Affinity Strengthening Tile
1074 Automata system T' that uniquely assembles P at scale n x m for nm = s requires
1075 Q(K Sp((s|P|)?log? s|P|)3) states.

1076
1077
1078
1079
1080
1081
1082
1083
1084

Proof. We can use the same method for encoding I' into a binary string b(T") as done
in Theorem 9 to achieve |b(T')| = O(|%[*). We can pass b(T') along with an algorithm
that outputs the pattern P produced by I" to the universal Turing Machine M. With
this we can bound the length of the string, |b(T')| > KSp(f(|P])) where f(|P]) is the
space taken by the algorithm to output P.

From Lemma 4 we know we can output a description of the uniquely produced
assembly A in O(]A[?>log? |2|) space and the pattern can be read and output. A
naive implementation can give |X| < |A| by assigning each tile a unique state.
1085 The size of the assembly is |A| = s|PJ, so we can boun(21 the space by the scale
1086 factor s and the pattern size |P| giving us O((s|P|)?log” s|P|). We therefore get

1087 |2 =Q(KSP((s|P|)2log25|P|)i). O
1088

1089 Theorem 13. For all Patterns P, scale factor s > 0, an Affinity Strengthening Tile

Automata system T' with single transition rules that uniquely assembles P at scale

183(1) n x m for nm = s, requires QLK Sy (P, s|P|3)%) states.

1092 Proof. We may encode a system with single transition rules in |S[? bits so we get a
1093 bhound of |5| = Q (KSP((S\PDZ log? s|P|)%). O
1094

1095 Theorem 14. For all Patterns P, scale factor s > 0 , an Affinity Strengthening Tile
1096 Automata system T' with deterministic transition rules that uniquely assembles P at

1097 scale n x m for nm = s, requires Q ((%)%) states.
1098 '
1099 Proof. A deterministic Tile Automata system can be encoded O(|X|? log |X]) bits. By

KS(P,|P) ﬁ) O

1100 performing the same steps as in Theorem 11 we get || = ((W

1101
1102
1103
1104
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8 Conclusion

In this paper we show how to convert any 1D staged assembly system to an equivalent
1D freezing Tile Automata system. We then show how this generalizes some previous
results. We then show how a similar techinque can be used to implement CFGs to
build patterns. We then described a set of upper and lower bounds for pattern building
based on previous work. There are many interesting directions for future work.

e What is the most efficient method to compute the glue-terminal table?

e Can we improve the number of states needed in the TA simulation? Could it be
reduced to O(st + bt) or even O(sg + bg) where ¢ is the number of glues in the
system? What is the lower bound?

® Does allowing for 1D scaling help achieve better bounds?

e Can 1D staged simulate 1D freezing Affinity-Strengthening Tile Automata? IL.e.,
are they equivalent? If so, how many tiles, bins, and stages are needed?

e What challenges arise when attempting to generalize this to 2D? The glue-
terminal table must not only store whether or not an assembly is terminal based
on its glues, but also its geometry.

e What is the lower bound for building patterns in 1D freezing Affinity-
Strengthening Tile Automata? Are there languages that Tile Automata can
assemble more efficiently than staged?
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—— Abstract

There have been many advances in molecular computation that offer benefits such as targeted
drug delivery, nanoscale mapping, and improved classification of nanoscale organisms. This power
led to recent work exploring privacy in the computation, specifically, covert computation in self-
assembling circuits. Here, we prove several important results related to the concept of a hidden
computation in the most well-known model of self-assembly, the Abstract Tile-Assembly Model
(aTAM). We show that in 2D, surprisingly, the model is capable of covert computation, but only
with an exponential-sized assembly. We also show that the model is capable of covert computation
with polynomial-sized assemblies with only one step in the third dimension (just-barely 3D). Finally,
we investigate types of functions that can be covertly computed as members of P/Poly.
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1 Introduction

With the ability to manufacture nanoscale structures and to use DNA as building blocks for
structures [28] or for data storage [10], there has been a great increase in the need to process
and compute information at the same level. Thus, the study of self-assembling computation
has been an important and active area of research over the last two decades.

Designing self-assembling systems that compute functions is an active and well-studied
area of computational geometry and biology [4,19]. This ability to craft monomers capable of
placing themselves — especially when doing precision construction and computation at scales
where conventional tools are incapable of operating, e.g., the nanoscale — has tremendous
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power. One of the few downsides to self-assembly computation is that the entire history of
the computation is visible. In certain cases, this may be undesirable for privacy or security
reasons, which we motivate below. Thus, we build on recent work [6,7,9] to explore covert
computation, where we build Tile Assembly Computers (TACs) designed with the goal of
obtaining the output of computation while obscuring the inputs and computational history.
We do this by proving that covert computation is possible even in one of the simplest standard
models of self-assembly: the Abstract Tile-Assembly Model (aTAM) [29].

Motivation. The development of covert computation as a model and method of designing
self-assembling systems was driven by several areas of concern in cryptography, biomedical
engineering, privacy, and might even help protect intellectual property in systems that use
“products of nature,” such as DNA, as they cannot be patented in the United States as of
2013 [14]. Covert computation has also emerged as a powerful complexity tool, being used to
show the coNP-completeness of the Unique Assembly Verification problem in the negative
glue aTAM [9], and the PSPACE-completeness of the Unique Assembly Verification problem
in the Staged Assembly Model [6]. As this paper focuses on systems without detachment,
there might also be important applications in implantable systems where even the possibility
of displacement from free-floating DNA could cause unknown side effects or destabilization
of the assembly [23].

1.1 Previous Work

The Abstract Tile-Assembly Model (aTAM) was first introduced in [29] and inherited the
ability to perform Turing computation from Wang tiles. Since then, investigation into the
model has led in many directions, such as Intrinsic Universality [18,22], efficient assembly of
shapes [25], and parallel computation [5,24]. Many generalizations have also appeared, such
as allowing for RNA tiles that can be deleted [1,15], multiple stages of growth [6,12,16], and
even negative glues [9,17]. The aTAM is powerful because not only can the tile set store
information, but work has also gone into using the seed [3], or even the temperature [11,26],
for making systems more complex.

Tile Assembly Computers were defined in [5,24], and Covert Computation, as defined in
the field of self-assembly, was first introduced in 2019 [9] for negative growth-only aTAM. In
negative variations of tile self-assembly models, tiles are capable of not only attachment to
but also detachment from an assembly if the remaining assembly is still stable. In negative
growth-only aTAM, tiles are never allowed to detach even though there may be glues providing
a repellent force, and the system must be designed so that detachment does not occur. This
paper introduced the covert construction framework to answer an open complexity problem
for Unique Assembly Verification (UAV) with negative growth-only glues in the aTAM model,
showing it to be coNP-complete. Notably, without negative glues, the UAV problem is
solvable in polynomial time [2].

Covert computation has been explored in two other models of self-assembly as well:
Staged Self-Assembly [6] and Tile Automata [7]. The staged self-assembly model, one of the
most powerful passive tile self-assembly models, abstracts the process of scientists mixing test
tubes together by allowing multiple self-assembly processes occurring in separate ‘bins’ that
may be combined in subsequent ‘stages.” The authors show that 3-stages suffice for covert
computation and used the techniques to show that the UAV problem directly relates the
number of stages to a specific level of the polynomial hierarchy. Thus, with no restrictions on
the number of stages, UAV in the staged model is PSPACE-complete. Covert Computation
in the active self-assembly model of Tile Automata was shown to be rather simple as tiles
in the model are capable of changing states (instead of having static glues), easily erasing
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Class Model - Size Of Ref
Input Tile Set Output | Assembly
Bool. Circuits | Negco O(n) O(MCS) O(k) O(MCS) 9]
Bool. Circuits 3D O(n) O(MCS) O(k) O(MCS) | Thm. 1
Rev. Circuits* 2D O(n+ MSC) | O(MCS) O(1) o@2m) Thm. 2

Table 1 Known Covert Circuits for n-bit function f(z). Let MCS be the minimum circuit size
that computes f(z). Input Size is the size of the input assembly. Output Size is the size of the
output template, where we use k to describe the number of output bits. * currently only works for
binary functions.

computational history.

1.2 Our Contributions

In this work, we further explore the problem of designing covert tile assembly computers
(TACs) in the aTAM, focusing on TACs that have a polynomial size description. We provide
two new covert computers in the aTAM with only positive glue strengths of {1,2} in Sections
3 and 4. The 3D construction uses a similar technique to the circuits in [9] by implementing
a NAND gate using dual rail logic and backfilling. We refer to this covert TAC as having
a strict polynomial size since the systems defined by the TAC all produce assemblies of
polynomial size. This only uses a single-step into the third dimension, which is occasionally
referred to as just-barely 3D [20,21].

The covert TAC in Section 4 is in the standard 2D aTAM. The TAC is of polynomial size,
but produces an exponential-size terminal assembly. This works by computing the function
non-covertly using Toffoli gates, getting the output, reversing the computation to recover
the input, then building the next and previous circuit assemblies until all possible circuits
are built. We utilize the Toffoli gates’ reversibility property to have a symmetrical circuit
assembly that displays its input on both sides that we can increment or decrement (the input
used) to start the next computation.

In Section 5 we explore the classes of decision problems solvable by polynomial size covert
TACs. Table 1 gives an overview of known covert circuits for functions based on the input
size. Since covert has been defined as a non-uniform model, meaning different input sizes
have different tile sets, we look at non-uniform complexity classes as well. Namely, the class
P /poly, the class of problems solvable by polynomial size circuits. We prove that if a problem
is solvable by a 3D covert TAC, then it is in P/poly. This, taken with the result in Section 3,
shows an equivalence between these two models of computation.

2 Definitions

We begin with an overview of the Abstract Tile-Assembly Model, then follow with a definition
of Tile Assembly Computers and covert computation.

2.1 Abstract Tile Assembly Model

At a high level, the Abstract Tile-Assembly Model (aTAM) uses a set of tiles capable of
sticking together to construct shapes. These tiles are typically squares (2D) or cubes (3D)
with glues on each side where they may attach to one another. A glue is labeled to indicate
its type, governing what other tiles it may bond with and the strength of the bond. A tile
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with all of its labels is a tile type. A tile set contains all the tile types of the system. A single
tile may attach at a location if the combined strength of the matching glues is greater than
or equal to the temperature 7. An assembly is a shape made up of one or more combined
tiles. Construction is started around a designated seed assembly S. Any assembly capable
of being made from the seed is called a producible assembly. An assembly is terminal if no
more tiles can attach. A terminal assembly is said to be uniquely produced if it is the only
terminal assembly that can be made by a tile system. A tile system is formally represented
as an ordered triplet I' = (T, s, 7) of the tile set, seed assembly, and temperature parameter,
respectively.

2.1.1 aTAM Formal Definitions

Tiles. Let II be an alphabet of symbols called the glue types. A tile is a finite edge polygon
with some finite subset of border points, each assigned a glue type from II. Each glue type
g € II also has some integer strength str(g). Here, we consider unit square tiles of the same
orientation with at most one glue type per face, and the location to be the center of the tile
located at integer coordinates.

Assemblies. An assembly A is a finite set of tiles whose interiors do not overlap. If
each tile in A is a translation of some tile in a set of tiles T, we say that A is an assembly
over tile set T. For a given assembly A, define the bond graph G 4 to be the weighted graph
in which each element of A is a vertex, and the weight of an edge between two tiles is the
strength of the overlapping matching glue points between the two tiles. Only overlapping
glues of the same type contribute a non-zero weight, whereas overlapping, non-equal glues
contribute zero weight to the bond graph. The property that only equal glue types interact
with each other is referred to as the diagonal glue function property, and is perhaps more
feasible than more general glue functions for experimental implementation (see [13] for the
theoretical impact of relaxing this constraint). An assembly A is said to be 7-stable for an
integer 7 if the min-cut of G 4 has weight at least 7.

Tile Attachment. Given a tile ¢, an integer 7, and an assembly A, we say that t
may attach to A at temperature 7 to form A’ if there exists a translation ¢’ of ¢ such that
A" = AU{t'}, and the sum of newly bonded glues between ¢’ and A meets or exceeds 7.
For a tile set T', we use notation A —7 . A’ to denote there exists some ¢ € T that may
attach to A to form A’ at temperature 7. When T" and 7 are implied, we simply say A — A’.
Further, we say that A —* A’ if either A = A’, or there exists a finite sequence of assemblies
<A1Ak> such that A—>A1 — ... —)Ak — A,

Tile Systems. A tile system I' = (7,5, 7) is an ordered triplet consisting of a set of tiles
T called the system’s tile set, a T-stable assembly S called the system’s seed assembly, and a
positive integer 7 referred to as the system’s temperature. A tile system I' = (7, S, 7) has
an associated set of producible assemblies, PRODr, which define what assemblies can grow
from the initial seed S by any sequence of temperature 7 tile attachments from 7. Formally,
S € PRODr is a base case producible assembly. Further, for every A € PRODy, if A —p , A’,
then A’ € PRODp. That is, assembly S is producible, and for every producible assembly A, if
A can grow into A’, then A’ is also producible.

We further denote a producible assembly A to be terminal if A has no attachable tile
from T at temperature 7. We say a system I' = (T, S, 7) uniquely produces an assembly A if
all producible assemblies can grow into A through some sequence of tile attachments. More
formally, T uniquely produces an assembly A € PRODr if for every A’ € PRODr it is the case
that A" —* A. Systems that uniquely produce one assembly are said to be deterministic.
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2.2 Covert Computation

Here, we provide formal definitions for computing a function with a tile system and the
further requirements for the covert computation of a function. Our formulation of computing
functions is that used in [9], which is a modified version of the definition provided in [24] to
allow for each bit to be represented by a subassembly potentially larger than a single tile.

Tile Assembly Computers (TAC). Informally, a Tile Assembly Computer (TAC) for
a function f consists of a set of tiles, along with a format for both input and output. The
input format is a specification for how to build an input seed to the system that encodes the
desired input bit-string for function f. We require that each bit of the input be mapped to
one of two assemblies for the respective bit position: a sub-assembly representing “0” or a
sub-assembly representing “1”. The input seed for the entire string is the union of all these
sub-assemblies. This seed, along with the tile set of the TAC, forms a tile system. The
output of the computation is the final terminal assembly this system builds. To interpret
what bit-string is represented by the output, a second output format specifies a pair of
sub-assemblies for each bit. The bit-string represented by the union of these subassemblies
within the constructed assembly is the output of the system.

For a TAC to covertly compute f, the TAC must compute f and produce a unique
assembly for each possible output of f. We note that our formulation for providing input and
interpreting output is quite rigid and may prohibit more exotic forms of computation. Further,
we caution that any formulation must take care to prevent “cheating” that could allow the
output of a function to be partially or completely encoded within the input. To prevent
this, a type of uniformity constraint, akin to what is considered in circuit complexity [27],
should be enforced. We now provide the formal definitions of function computing and covert
computation.

Input/Output Templates. An n-bit input/output template over tile set T' is a sequence
of ordered pairs of assemblies over T: A = (Ao, A0,1), -- -5 (An—1,0, An—1,1). For a given
n-bit string b = by, . .., b,—1 and n-bit input/output template A, the representation of b with
respect to A is the assembly A(b) = |J; Aip,- A template is valid for a temperature 7 if
this union never contains overlaps for any choice of b and is always 7-stable. An assembly
B D A(b), which contains A(b) as a subassembly, is said to represent b as long as A(d) ¢ B
for any d # b. We refer to the size of a template as the size of the largest assembly defined
by the template.

Function Computing Problem. A tile assembly computer (TAC) is an ordered
quadruple § = (T, 1,0, 7) where T is a tile set, I is an n-bit input template, and O is a
k-bit output template. A TAC is said to compute function f : Z§ — Z& if for any b € Z
and ¢ € Z§ such that f(b) = c, then the tile system s, = (T, 1(b), T) uniquely assembles a
set of assemblies which all represent ¢ with respect to template O.

Covert Computation. A TAC covertly computes a function f(b) = ¢ if 1) it computes
f, and 2) for each ¢, there exists a unique assembly A, such that for all b, where f(b) = c,
the system ', = (T, I(b), 7) uniquely produces A.. In other words, A, is determined by c,
and every b where f(b) = ¢ has the exact same final assembly.

Polynomial-Sized Tile Assembly Computers. We say a TAC is polynomial size
if the input template, tile set, and output template are all polynomial in n. However, this
requirement still allows the producible assemblies to be exponentially larger. We say a TAC
is strictly polynomial size if the produced assemblies are also polynomial in size.
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(a) Bit Assembly (b) Bit Assembly (c) Bit Assembly (d) Bit Assembly Output
Template 0 Template 1 Output Template Template (isometric view)

Figure 1 Input assemblies and their respective input templates. The blue squares represent the
bit set to zero, and the orange squares represent a bit set to one. Grey glues are strength-1, black
glues are strength-2.

3 3-Dimensional Covert Circuits

In this section, we show how to perform covert computation in the aTAM using 3 dimensions.
The computation behaves similarly to the covert circuit construction in [9] by building NAND
gates and FANOUTSs using dual rail logic. We start with showing a NOT that switches which
wire is “on”, then extending to a NAND by utilizing cooperative binding.

The main difference between the two constructions is when backfilling occurs, which is
the process of filling in the unused dual rail line once that line is no longer needed. Here, we
do not backfill as we go, rather, we fill in the assembly once the computation is complete.

3.1 Input Assemblies

Our input assembly consists of n 1 X 6 columns with two of four tiles attached on the right
(Figures la and 1b). The top two tiles will be included when the input is 1, and the bottom
two tiles if the input is 0. These tiles have enough attachment strength to be stable when
both are present, however, since the tiles only have strength 1 bonds, they may not attach
alone. This initially prevents the growth of the other bit, which is not placed until the
computation is complete, further elaboration of this process is described in section 3.5.

3.2 Wires and NOT Gates

Bit information is represented and transferred using a wire. A wire is constructed using two
rows of tiles (Figure 2a), each representing a binary value of 0 or 1. This dual rail system
initially grows only one of the rows from the input assembly based off the input and then
builds into the gates. Before the circuit finishes growing, only one row of each wire will be
constructed, and at the end, the other wire row will be built.

Gates such as the NOT grow off the wires. An example of a NOT gate can be seen in
Figure 2b, notice how we utilize the third dimension to cross the wires over each other. This
gate swaps the position of the rows of tiles; a row that represents a 0 will now be in the upper
row and represent a 1. At the end of each gate is a diode gadget that was used in previous
work [9]. The gadget is a 2 x 2 subassembly that grows only in one direction. If the first tile
is placed, the whole thing will be first. If the last tile is placed, nothing else grows since it
connects using two strength 1 glues. This prevents errors caused by “backward” growth.
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Om - - - - 1 1 ! 1 !
(a) Dual Rail Logic (b) NOT Gate

Figure 2 (a) We use dual rail gates. The input glue of 1 grows the orange tiles and 0 grows the
blue. (b) A NOT gate is implemented by crossing the wires over each other.

Figure 3 Full NAND Gate construction in the full circuit. The tiles in orange represent tiles that
will be built from an input of 1 input, while the blue tiles come from an input of 0.

3.3 NAND Gates
We construct a NAND gate using the NOT gate and cooperative binding. The full NAND

gate can be seen in Figure 3. If either input to a NAND gate is 0, the output is always 1.

This can be seen in Figures 4a, 4b, and 4c. If any blue tile is placed, the 1 output of the
gate will be built. If both inputs are 1, the 0 output can be constructed using cooperative
binding.

One thing to note in the case of one output being 0 and the other being 1 is that the
blue tiles will be placed along the other wire. However, this will not cause any issues since it
can only build back up to the output of the previous gate due to the diode gadget.

3.4 Fan Out and Crossover

Two other gadgets that assist in creating circuits are the fan out and crossover gadgets. The
fan out (Figure 5a) splits a wire in order to copy the value to two gates. It does this by
having each tile path split, and then use the third dimension to swap the positions.

The crossover gadget (Figure 5¢) allows for the creation of non-planar circuits. Using the
third dimension, a wire can go over another wire in order to reach its input. While such 3D
crossovers simplify constructions greatly, we note that such crossovers are not necessarily
needed, as planar circuits can simulate such crossovers using XOR gates [9].

3.5 Backfilling and Target Assemblies

In order to perform covert computation, there must exist a unique assembly for each output.

The gray tile at the end of the circuit in Figure 6a is one of two flag tiles that denotes the
output of the circuit. Once this tile is placed, a row of tiles is built back towards the input
(Figure 6b). Once the input assembly is reached, the tiles above the input are placed, thus
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(a) Input 00 (b) Input 01 (c) Input 10 (d) Input 11
Figure 4 Growth of possible inputs to a NAND gate. The gate will stay like this after computing,
before the history is hidden.

1lm = -

Om = = =

(c) Crossover Gadget (d) Crossover Gadget (Isometric)

Figure 5 (a) A fan out gadget. (b) Isometric view of the fan out gadget. (c) While a crossover is
not required for universal computation, we can easily implement one by using the 3rd dimension.
(d) Isometric view of the crossover gadget.

allowing for the input assemblies to be filled in. This causes the entire circuit to be filled out,
which hides the original input and computation history.

» Theorem 1. For any n-bit function f that is computable by a Boolean circuit, there exists
a Tile Assembly Computer & which covertly computes f in the 3D aTAM with only positive
glues. Further, & is strictly polynomial in n.

Proof. We can construct the tile set T, from the circuit ¢ that computes f. Arrange the
gates and wires on the square grid using O(n?) space, and scale up each gate and wire by a
constant factor. Wires are scaled up by a factor of 2 to account for the dual rail logic wires.
The gates are scaled up by a factor depending on which gate it is, however, all the gates we
present are only a constant size. This creates assembly Ac pui-

We now show that & computes f. Consider an n-bit input = to f, using the input
template create seed assembly A,. Each gate will grow from A,, computing the circuit on
each input. Since backfilling does not occur until the circuit finishes computing, we guarantee
only the correct outputs grow from the final gate. The circuit is computed covertly since the
output then grows back to the start of the circuit and places the unused inputs. <

The 3rd dimension is vital in this construction to allow signals to cross over for the NOT
gate. Notice the part of the NAND gadget that is computing the AND gate and how the
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(a) Computed Circuit (b) Output Assembly

Figure 6 Example structures of the computation circuit of an XOR using NOTs and NANDs.
The circuit before backfilling is on the left, and the final output is shown on the right side. (a) A
circuit once the output is computed. (b) Once the output grows backward, the other input bits are
placed.

diode uses cooperative binding. Additionally, it would not be possible to build the full input
gadget to allow the circuit to backfill. The positions that must be filled will be blocked
on one side by the input assembly and on the other by wire. The backfilling here is used
differently than in [8] since there each gate would backfill its input wires. There the negative
glues were used to allow the tiles to cross over signals to build a NOT gate.

4  Exponential Assembly Covert Computer in 2D

In this section, we show that covert computation is possible in 2D in the standard aTAM,
where the input can be described in polynomial size, yet the final terminal assembly is
exponential in size. Thus, while we are able to achieve strictly polynomial-sized covert
computation in 3D, we achieve (non-strict) polynomial-sized covert computation in 2D.

This construction is possible by first computing the function using reversible Toffoli gates,
and then replicating and computing the circuit for all possible inputs. Once the output
of the original input is placed, the Toffoli gate reverses its computation to build a mirror
of the circuit with the input replicated on both the right and left. The output builds an
assembly arm used to place tiles on either side of the assembly to increment and decrement
the mirrored inputs based on the binary value of the original input, thus seeding a new input
for exponential growth in each direction. Thus, for a 4-bit input, it builds the circuit for all
24 possible inputs after it builds the output template.

4.1 Toffoli Gate

The Toffoli gate is a 3-bit reversible universal logic gate (Figure 7a), we denote the inputs
A, B,C, and the outputs A’, B’,C’. The first two input and output bits map to each other:
A = A’ and B = B’. The third output flips the C bit if both A and B are 1. Logically
expressed, thisis C ® (AAB) = C".

We can express an n-bit d-depth reversible circuit as a n x d grid where each row represents
a wire, and each column is a layer of gates and wires. Each gate can be represented by tiles
computing the elementary 2-bit AND and XOR and implementing a fan out, as shown in
Figure 7b.

4.2 Covert Circuit

The input template is a specific tile for each bit. Given an n-bit string, we create a n x 1 bit
assembly with stability-granting left and bottom circuit construction scaffolds, as shown in
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Figure 7 (a) Logical representation of Toffoli gate. (b) A Toffoli gate on a grid can be represented
by the three vertical ‘cells’ of elementary logic gates.
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Figure 8 All possible computations of a single Toffoli gate. 1 (orange), 0 (blue). 111 — 110,110 —
111,101 — 101,100 — 100, Row 2: 000 — 000,001 — 001,010 — 010, and 011 — 011.

Figure 9c.

The circuit assembly is a n X (d + 2) rectangle. Each Toffoli gate is a 3 x 1 subassembly.
Three possible computations of a single Toffoli gate are shown in Figure 8. Typically, these
gates must be reversible, meaning the circuit may grow from the east or west but produce
the same assembly We note that the gate itself is not covert, and the “covertness” comes
from the full construction.

An example Toffoli circuit is shown in Figure 9a along with the logical representation in
Figure 9b. A constructed circuit assembly in one direction can be seen in Figure 9d.

4.3 Increment/Decrement Input to Next Circuit Logic

After completion of a circuit, three columns of tiles are built: mark for increment (left),
copy or flip (center), and mark for decrement (right). The order of growth of these columns
depends on the starting direction. Growing from the left to increment input to the next
circuit or from the right to decrement it. Cooperatively with those columns, below the output
arm begins its extension to transmit the outcome, accept or reject, of the original circuit.
This arm extension continues to the center circuit output outcome tile location. From here,
the circuit construction scaffold, previously provided in the input template, may loop back to
the edge of the circuit so the new input scaffold and bits may place as illustrated in Figure
11. The circuit growth continues normally from that point forward, with the exception of
the output tile placement.
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(b) AND/XOR Diagram (d) Toffoli Circuit Assembly

Figure 9 (a) Example 5-bit Toffoli Circuit. (b) The Toffoli circuit represented with AND and
XOR gates. (c¢) Example Input Assembly. For each bit (1 or 0), we place the scaffold (grey or
white) and input bit tile (orange or blue). The bottom is a row of circuit construction scaffold
tiles (maroon). (d) The Toffoli Circuit Assembly built in one direction. The (green) tile below the
output/junk column represents the (positive) output and will allow the output control row to place.

4.4 Output Assembly

Once the output is built, the rows below have d tiles attached in the east and west directions
that encode the output. Through cooperative attachment, tiles are placed to allow the strings
to increment/decrement, as described above. The final terminal assembly contains every
possible computation.

» Theorem 2. For all functions f(x) that are computable by a n-bit reversible circuit R,
there exists a polynomial tile assembly computer S = (T,1,0,2) that covertly computes f(x)
and has an output assembly of size O(2").

Proof. If there exists a n-bit reversible circuit R that computes f(z), we construct tile
assembly computer & = (7, 1,0,2) as follows. From the circuit R that computes f, we
design a circuit R’ to compute f with Toffoli gates as described in section 4.2. Using R’ and
the developed input increment/decrement logic for circuit replication, we construct a tile set
T..

We create the input assembly I by converting the n-bit input string = to tiles L; in
scaffold left (figure 9¢) and associated input, and a bottom row of tiles called the left circuit
construction scaffold.

From here, the left assembly will grow into figure 9d, once the output is determined to be
‘accept’ or ‘reject’; the output indicator tile is placed, and the original output indicator arms
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Figure 10 An example of a symmetrical circuit that has built both sides and is placing begin
decrement and increment logic tiles.

Jnput  Scaffeld  Jncrement|Decrement Input

Figure 11 An example of a new circuit created by incrementing the output from a previously
built assembly.

us  grow to allow the Right Assembly the ability to grow as well as place begin decrement and
s increment logic tiles on the bottom left and right sides of the completed assembly respectively,
0 as seen in figure 10.

351 All n-bit computations of f(y) for y less than original input  will be computed to the left
2 of the original assembly, and all x,, > z after being decremented and incremented using the
33 reversible and symmetric logic in yellow from figure 11. Growth is halted by the INC/DEC
s logic at overflow in either direction.

355 The ability to grow further left/right circuit construction scaffolds is dependent on the
36 output arms from the original output indicator arms growing to the center of the circuit about
37 to begin construction where the output accept/reject indicator tile would place, preserving
s the output status for every circuit built in the TAC.

350 As there are only two possible assemblies that can be built, accept all or reject all, the
w0 Tile Assembly Computer is polynomial size in description and exponential in output size. <«
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PCT2Dp

P/poly = SPCT3p

SPCT2p

Figure 12 Diagram showing important classes defined in this section and their relation to P/poly.
Note that none of these containments are known to be proper.

We have shown that if the output assembly is allowed to be exponential in size, that
covert computation is possible in the aTAM, even in two dimensions. However, in practice,
this is not usually a plausible solution. Given that Unique Assembly Verification is in P [2],
it is unlikely that covert computation is possible with a strictly polynomial-size TAC.

» Conjecture 3. There does not exist a strictly polynomial-size Tile Assembly Computer in
the 2D Abstract Tile-Assembly Model.

5 Polynomial-Sized Covert Circuits

In this section, we define and investigate complexity classes based on decision problems
computable by polynomial-sized covert computers. We start by introducing the class P/poly
and defining three classes of covertly computable problems: the class of problems covertly
computable by a strictly polynomial 3D system (SPCTj3p), the class of problems computable
by a strictly polynomial 2D system (SPCTsp), and the class of problems computable by
a (non-strict) polynomial 2D system (PCTap). We show how these classes relate to each
other, including the result that P/poly is equal to SPCT3p. Our results in this section are
summarized in Figure 12.

5.1 Complexity Classes

The class P/poly is a well-studied complexity class defined as the class of problems solvable
by a polynomial-sized circuit. One note about this class is it puts no requirement on the
circuit other than that it exists. This has an equivalent definition as the problems solvable
by a polynomial-time Turing machine with a polynomial advice string. We can think of this
as the Turing machine being given a description of the circuit and evaluating it. Here, the
advice string or circuit must be identical for all inputs of length n. !

» Definition 4 (P/poly). The class of problems solvable by a polynomial-sized Boolean
circuit. Alternatively, defined as the problems solvable by a polynomial-time Turing machine
M < z,a), >, where x is the input and ay| is an advice string that is based only on the
length of x. That is, if two inputs z,y have the same size |z| = |y|, then they must use the
same advice string.

We define the following three complexity classes to categorize the functions that are

computable by polynomial-size covert TACs.

1 Under this definition, every unary language is in this class, including UHALT.
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» Definition 5 (SPCT3p). The class of problems solvable by a strict polynomial sized covert
tile assembly computer in the 8D Abstract Tile-Assembly Model.

Formally, a language L is in SPCTsp if there exists a sequence of covert TACs C' =
{C1,Cs, ...} such that the ith TAC, C;, is strictly polynomial in i and if it correctly computes
all x € L where |x| =i.

» Definition 6 (SPCTop). The class of problems solvable by a strict polynomial sized covert
tile assembly computer in the 2D Abstract Tile-Assembly Model.

» Definition 7 (PCTyp). The class of problems solvable by a polynomial sized covert tile
assembly computer in the 2D Abstract Tile-Assembly Model.

5.2 Strict Polynomial Size Equivalence

To show equivalence between P/poly and SPCTj3p, we first define the 2-Promise Unique
Assembly Verification problem, a modified version of Unique Assembly Verification where we
are given two assemblies, a and b, rather than a single target. The problem asks to separate
two cases: accept if an assembly containing a as a subassembly is produced, and reject if an
assembly containing b is produced. We assume it is promised that one of these cases is true.
This problem is solvable in polynomial time since you only need to attach tiles until one of
the two assemblies is produced (Lemma 9).

» Definition 8 (2-Promise Unique Assembly Verification problem). Input: Assemblies a,b and
an aTAM system (T, s, T) which is promised to uniquely produce one of two assemblies, A or
B, such that a C A and b C B. Output: ‘Yes’, if I uniquely assembles A, and ‘No’, if T
uniquely assembles B.

» Lemma 9. The 2-Promise Unique Assembly Verification problem is solvable in polynomial
time in the 3D aTAM.

Proof. Call greedy grow (from [2]) to get maximal producible assembly C. If I' uniquely
assembles C and a C C, return ‘yes’. Otherwise, return ‘no’. <

Equipped with the algorithm for the 2-promise problem, and taking the description of a
covert computer as an advice string, it follows that we can compute the seed assembly from
the input template, and the two possible output assemblies from the output template, and
then run the algorithm for the 2-Promise UAV problem (Lemma 10). This puts any problem
solvable by a polynomial-sized covert circuit in the class P/poly. The other direction of
equivalence is given by the 3D covert computer constructions.

» Lemma 10. If a language L is computable by a strict polynomial-sized covert tile assembly
computer in the 3D aTAM, then L is in P/poly.

Proof. Let 3,(T,1,0,7) be the covert computer for the strings in language L of size n.
Since 3, is of strict polynomial size, we can encode the tile set, input/output templates,
and temperature in poly(n) bits. Thus, $,, will be our advice string for membership in
P /poly. Further, we are only considering decision problems. Thus, there are only two output
templates which we denote as a, and b, for accept and reject, respectively.

Consider a Turing machine given the string « and covert circuit |, = (T, I, (aq, br), )
that does the following:

Convert x to an assembly I(x) using the input template.
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Call the algorithm for 2-Promise UAV on input (T, I(z),7), @a, by).
If the algorithm accepts then = € L, else x ¢ L

This Turing machine essentially runs the covert computer on x and then checks the
output by seeing which template is included in the final assembly. <

» Theorem 11. The classes SPCTsp and P/poly are equivalent.

Proof. By Lemma 10, if a language is in P/poly there is a Boolean circuit of polynomial size
which computes it, giving us P/poly C PCT3p. In Theorem 1 we show that if there exists a
Boolean circuit, there exists a strictly polynomial sized covert computer that computes the
circuit. <

5.3 Polynomial Sized 2D Covert Circuits

Here, we use previous constructions to show that the class of polynomial sized 2D covert
circuits is at least as strong as strict polynomial covert circuits. That is every language in
SPCTgD is in PCTQD.

» Theorem 12. If a language L is in P/poly then L is in PCTsp

Proof. In Lemma 10 we show that if a language is in P/poly there is a Boolean circuit of
polynomial size which computes it. Any Boolean circuit can be turned into a reversible
circuit, thus by Theorem 2, if there exists a reversible circuit, there exists a polynomial tile
assembly computer that computes it in 2D. <

6 Conclusion and Future Work

Previous work in the aTAM required negative glues in order to build covert Tile Assembly
Computers. We have provided two new covert computers in the aTAM with only positive glue
strengths, one in (just-barely) 3D and one in 2D with an exponential-sized output assembly.
These covert TACs add new tools to the field that may find use in future complexity results,
or in future applications related to privacy, cryptography, or biological computation. We
have further initiated the study of covert computers in the context of known complexity
classes, showing connections to the well-studied class P/poly. These results motivate future
work to find functions that can be covertly computed in the 2D aTAM with strict polynomial
size, such as (perhaps) Branching Programs.

Some additional specific directions for future work are as follows. We show the containment
of the class of strict polynomial computers to be in P/poly. Can this be improved? Could
we possibly use the P/poly log space analogue L/poly? What about in smaller classes, such
as covert computers with non-cooperative binding or at temperature-1?
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—— Abstract

The popularity of molecular computation has given rise to several models of abstraction, one of
the more recent ones being Chemical Reaction Networks (CRNs). These are equivalent to other
popular computational models, such as Vector Addition Systems and Petri-Nets, and restricted

versions are equivalent to Population Protocols. This paper continues the work on core reachability
questions related to Chemical Reaction Networks; given two configurations, can one reach the
other according to the system’s rules? With no restrictions, reachability was recently shown to be
Ackermann-complete, which resolved a decades-old problem.

In this work, we fully characterize monotone reachability problems based on various restrictions
such as the allowed rule size, the number of rules that may create a species (k-source), the number
of rules that may consume a species (k-consuming), the volume, and whether the rules have an
acyclic production order (feed-forward). We show PSPACE-completeness of reachability with only
bimolecular reactions in two-source and two-consuming rules. This proves hardness of reachability
in a restricted form of Population Protocols. This is accomplished using new techniques within the
motion planning framework.

We give several important results for feed-forward CRNs, where rules are single-source or single-
consuming. We show that reachability is solvable in polynomial time as long as the system does not
contain special void or autogenesis rules. We then fully characterize all systems of this type and
show that with void/autogenesis rules, or more than one source and one consuming, the problems
become NP-complete. Finally, we show several interesting special cases of CRNs based on these
restrictions or slight relaxations and note future significant open questions related to this taxonomy.

2012 ACM Subject Classification Theory of computation — Problems, reductions and completeness
Keywords and phrases Chemical Reaction Networks, reachability, hardness

Digital Object Identifier 10.4230/LIPIcs.CVIT.2016.23

1 Introduction

The popularity of molecular computation and the need to model distributed reactions has
given rise to several models of abstraction and multiple areas of research. Many of these
models arose naturally in different fields decades apart, yet mathematically are nearly
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Reachability in Restricted CRNs

equivalent. The focus of this paper is on Chemical Reaction Networks (CRNs) [4, 5], a
model equivalent [8] to Vector Addition Systems (VASs) [16] and Petri-Nets [20]. Further,
the Population Protocols model [2] is just a restricted version of these models, limited by the
number of input and output elements in each operation.

Although these models may be substantively equivalent, we focus on CRNs for two
reasons: first, due to the simplicity and convenience of the system definition. Specifically,
expressing the production operations through reaction rules gives a straightforward rubric to
measure and characterize the power of the system. The second is because CRNs, in some
form, are also the oldest formulation of these types of distributed systems. Even though the
reaction rule description is more intuitive in many cases, in our formal definitions, we rely on
a matrix interpretation for notational convenience with precision, similar to Vector Addition
Systems.

From the inceptions of each of these models, two of the most fundamental questions have
always been production and reachability. Production asks if some species/element can ever
be produced. Reachability simply asks if, given a system and initial configuration, whether
it will even reach another specific configuration. As the expectation of behaviors and the
attainability of end goals are necessary in the design of any of these systems, production and
reachability are at the heart of system design. Despite the fundamental nature of reachability
questions, most remain open or have only recently been solved, while production is better
understood overall. Since many results are applicable, or equivalent, between these models,
we briefly survey the reachability question in relation to each of the models.

1.1 An Overview of Related Models

While reachability was proven EXPSPACE-hard 1976 in [18] and decidable in 1981 [19],
completeness wasn’t proven until 2021 when the unrestricted version of the reachability
problem was proven to be Ackermann-complete [9, 17] for the equivalent models of Vector
Addition Systems, Petri-Nets, and Standard CRNs.

Chemical Reaction Networks. The desire and attempt to bring a mathematical ab-
straction to model chemical reactions has been well-documented for over a hundred years,
but began in its modern incarnation during the 1960s as chemical reaction network theory
[4, 5]. Given that CRNs are motivated by actual chemical processes, there is a reasonably
distinct split between the purely mathematical and applied experimental work in the research
literature. Applied work typically uses stochastic versions of the model. In Proper CRN,
where reactions do not change the system’s total volume, reachability and production are
known to be PSPACE-hard even with catalytic reactions [13].

Vector Addition Systems. Vector Addition Systems (VAS) have an initial vector of
non-negative integers and a set of operational integer vectors. The system is allowed to add
these vectors however desired, as long as none of the values in the initial/counter vector
ever become negative. The related questions of coverage, asking if there exists a reachable
configuration with at least the given number of each species, and boundness, asking if the set
of reachable configurations is finite, were shown to be in EXPSPACE [22]. Other relevant
reachability results include, VASs with dimension < 5 were proven decidable [15], as the set
of reachable configurations is a semilinear set. In VAS with states (VASS), it was also shown
that there exists 6-dimensional VASs whose reachable configurations can form non-semilinear
functions. In 2-Dimensional VASS, reachability is PSPACE-complete if the values of the
input and target vector are encoded in binary and NL-complete if encoded in unary [6].

Petri-Nets. Petri-Nets were first formally introduced in [20] in 1962 to visually describe
chemical processes. Petri-Nets provide a graphical representation of reactions by having places
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General CRNS
Cons. | Source Rule Size Volume Membership Theorem
O(q) O(q) (2,2) U/B PSPACE-complete [13]
2 2 (2,2) U/B PSPACE-complete | Thm. 13
2 2 (1,2) and (2,1) U/B PSPACE-hard Thm. 15
J k (1,1) U/B NL-hard Thm. 18
1 1 (k,1) U/B P Thm. 20
Feed-Forward
Cons. | Source Rule Size Volume Membership Theorem
2 2 (1,2) or (2,2) or (2,1) U/B NP-complete Thm. 26
J 1 No Void U/B P Thm. 32
1 k No Autogenesis U/B P Thm. 33
1 1 Any U/B P Cor. 34
Feed-Forward with Void/Autogenesis Rules
Cons. | Source Rule Size Volume Membership Theorem
3 0 (3,0) U/B NP-complete Thm. 35
J 0 (2,0) U P Thm. 37
j 0 (2,0) B P (Bipartite) Thm. 39

Table 1 Table of reachability results. The Volume column indicates the input encoding of the
volume, and thus U is for unary and B is for binary. Rule sizes (a,b) indicates a elements interact
as input to produce b elements as output. g denotes the number of states in the Turing machine.

with edges to transitions, which have edges to other places. Weights accompanying these
edges correspond to consumption within reactions between different elements. Reachability
in Petri-Nets has continued to be an active area of research, with numerous extensions and
restrictions on the graph structure. Immediate observation Petri-Nets (IO Nets), introduced
in [13], place a restriction on the transitions such that each transition involves 3 places: the
source, the destination, and the observed place. The observed place acts as a ‘catalyst’ in
the transition. By simulating a bounded-tape Turing machine, reachability in IO nets is
shown to be PSPACE-hard [13].

Population Protocols. Created to model distributed and decentralized computing with
agents that are highly resource-limited, Population Protocols was introduced in 2004 [1, 2].
In the model, at most two agents may interact at any time and may choose to change state
based on this communication. Since only two agents interact at a time, the model can be
viewed as a restricted form of CRNs, VASs, and Petri-Nets. Due to the limited nature of the
agents, all reactions are volume-preserving with two inputs and two outputs. Reachability
was proven to be PSPACE-hard in [13] via a limited version of IO Petri-Nets.

1.2 Our Contributions

In this paper, we improve on nearly all known results related to monotone volume-restricted
CRNs, where each reaction preserves the volume of the system, based on several aspects of
the rules. An overview of the major results is listed in Table 1. The results in the three
sub-tables roughly correspond to the major results in Sections 3, 4, and 5, respectively.

Proper/General CRNs. The general reachability problem in CRNs is Ackermann-
complete [9, 17], and thus we focus on the restriction of proper CRNs, in which each
reaction/rule preserves or decreases system volume, putting the problem in PSPACE. Prac-
tical considerations motivate the study of small reactions, such as bimolecular reactions in
which up to 2 molecules are used as products (such as in Population Protocols). Although
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this was recently shown in [13], the number of rules producing and consuming any given
species was based on the size of the input. We show that reachability is PSPACE-complete
with bimolecular reactions even when at most two rules consume or produce a species
(Theorem 13). Thus, reachability in population protocols is PSPACE-complete under this
restriction (2-source, 2-consuming). In Corollaries 14 and 15, this reduction extends to the
universal reachability problem, and reachability for non-monotone volume. For production,
our PSPACE-complete result is tight with regards to rule size as we show NL-completeness
for (1,1) rules in Theorem 18. We also provide several related smaller results.

Feed-Forward CRNs. We fully characterize, based on rule size, void/autogenesis rules,
and the number of source/consuming rules, all CRN systems that are feed-forward, which
is where reactions of the CRN permit an ordering such that products of later reactions do
not occur as reactants in earlier rules [7]. We show that, without void/autogenesis rules, the
feed-forward property alone moves the reachability problem into the class NP (Theorem 24).
We show that reachability is polynomial-time solvable for a feed-forward system if it is
either 1-consuming or 1-source and uses no wvoid rules (rules that produce no species) or
autogenesis rules (rules that consume no species). We prove that relaxing these restrictions
makes reachability hard by showing that the problem in feed-forward systems is NP-complete
in 2-consuming, 2-source systems (Theorem 26), and if they have void or autogenesis rules.

Consuming and Source. A k-consuming CRN is one where the number of rules that
consume or “use up” a species is bound by k. k-source systems limit the number of rules
that a species may be sourced from, or created by, the CRN. Non-Competitive CRNs [25]
are a special case of 1-consuming where any rule that is consumed is not allowed to be a
catalyst. Consuming and source metrics are not only interesting from a theoretical perspective
since reachability is hard even for small k, but also from a implementation aspect. When
implementing CRNs with DNA strand displacement, one method implements reactions as
larger DNA complexes that bind to smaller DNA strands complexes [23]. Limiting source
and consuming rules make the DSD systems less complex as we are limiting the number of
complexes the strands must interact with.

Void and Autogenesis Rules. Our final consideration is the case of systems that utilize
a particularly powerful class of rules: void rules which do not produce any species types,
and autogenesis rules which do not consume any species types. We show that reachability is
NP-complete even if system reactions are all void rules or all autogenesis rules of size (3,0)
or (0,3), respectively (Theorem 35). We then explore the case of (2,0) void rule systems and
show that reachability is polynomial-time solvable if the volume of the input configuration is
polynomial bounded (Theorem 37), or if the CRN is bipartite (Theorem 39). For other (2,0)
void rule systems, we leave the complexity of reachability as an open problem.

2  Preliminaries

Basics. Let A = s1,52,...,5]z denote some ordered alphabet of species. A configuration
over A is a length-|A| vector of non-negative integers, denoting the number of copies of each
present species. A rule or reaction has two multisets, the first containing one or more reactant
(species) used to create resulting product (species), the second multiset. We represent each
rule as an ordered pair of configuration vectors R = (R,, R,). R, contains the minimum
counts of each reactant species necessary for reaction R to occur, where reactant species are
either consumed by the rule in some count or leveraged as catalysts (not consumed); in some
cases a combination of the two. The product vector R, has the count of each species produced
by the application of rule R, effectively replacing vector R,.. The species corresponding to
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the non-zero elements of R, and R, are termed reactants and products of R, respectively.

The application vector of R is R, = R, — R,, which shows the net change in species
counts after applying rule R once. For a configuration C and rule R, we say R is applicable
to C if C[i] > R,[i] for all 1 < ¢ < |A|, and we define the application of R to C as the
configuration C’ = C'+ R,. For a set of rules I, a configuration C, and rule R € I" applicable
to C that produces C' = C + R,, we say C' =+ C’, a relation denoting that C' can transition
to C' by way of a single rule application from I'. We further use notation C' ~r C” to signify
the transitive closure of —% and say C’ is reachable from C under T, i.e., C’ can be reached
by applying a sequence of applicable rules from I' to initial configuration C. We use the
following notation to depict a rule R = (R,, R,):

S Relilsi = S Ry lils:

For example, a rule turning two copies of species H and one copy of species O into one
copy of species W would be written as 2H + O — W.

» Definition 1 (Discrete Chemical Reaction Networks). A discrete chemical reaction network
(CRN) is an ordered pair (A,T') where A is an ordered alphabet of species, and T is a set of
rules over A.

The primary computational problem we consider in this paper is the reachability problem.

We consider additional problems in the paper, such as determining if it is possible to produce
a given amount of a particular species from an initial configuration of a CRN, as well as
universal reachability, which asks if the target configuration is reachable for all reaction
application sequences.

» Definition 2 (Reachability Problem.). Given a CRN (A,T'), an initial configuration I, and
a destination configuration D, the Reachability Problem is to compute whether or not D is
reachable from I with respect to I'.

» Definition 3 (Production Problem). Given a CRN (A,T'), an initial configuration I, a
species s; € A, and a positive integer k, decide if there exists a reachable configuration B
such that B[i] > k.

» Definition 4 (Universal Reachability Problem.). Given a CRN (A,T'), an initial configuration
1, and a destination configuration D, the Universal Reachability Problem is to compute
whether D is reachable from all configurations M that are reachable from I with respect to T.

Primary Restrictions. We consider the reachability problem under several different
restrictions defined below. Fig. 1 provides examples of the various restrictions on the model.

» Definition 5 (Feed-Forward). A CRN (A,TI') is feed-forward if I' permits an ordering on
the rules such that the products of any given rule never occur as reactants for earlier rules of
the ordering [7].

Each rule in a system produces some species and consumes others. The following metric
places a maximum bound on the number of rules that either produce a given species (j-source)
or consume a given species (j-consuming).

» Definition 6 (j-source, j-consuming). A species s; is consumed in rule R = (R, R,) if
R,[i] > R,i], produced if R,[i] < Rp[i], and is a catalyst in rule R if R.[i] = Rp[i] > 0. A
CRN (A, T) is j-source if for all species s € A, s is produced in at most j distinct rules in T.
A CRN (A,T) is j-consuming if for all species s € A, s is consumed in at most j distinct
rules in I'. We use the terms single-source and single-consuming for the special cases of
1-source and 1-consuming CRNs, respectively.
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Figure 1 Example CRN rules to demonstrate the primary restrictions.
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The next concept is a special class of rules that either produce nothing (void rules) or
consume nothing (autogenesis rules). This could potentially be motivated by evaporation,
the ability to pass through a membrane or the spontaneous appearance of ions in a vacuum.

» Definition 7 (Void and Autogenesis rules). A rule R = (R,, R,) is a void rule if R, = R,—R,
has no positive entries. A rule is an autogenesis rule if R, has no negative values.

Additional Restrictions. We also consider the complexity of reachability and production
with respect to the size of rules.

» Definition 8. The size/volume of a configuration vector C is volume(C) =Y C[i].

» Definition 9 (size-(¢,j) rules). A rule R = (R,,Rp) is said to be a size-(i,5) rule if
(4,7) = (volume(R,), volume(R,)). A reaction is bimolecular if i = 2 and unimolecular if
1=1.

» Definition 10 (Volume Decreasing, Increasing, Preserving). A rule R = (R,, R,) of size-(1, )
is said to be volume decreasing if i > j, volume increasing if i < j, and volume preserving if
i=7j. A CRN (A,T) is said to be volume decreasing (respectively increasing, preserving) if
all rules in T' are volume decreasing (respectively increasing, preserving). Note: In previous
work, volume preserving has been called Proper.

A special subset of CRN systems studied in the literature is Population Protocols, in
which agents bump into each other and adjust their state according to rules. This model
is equivalent to a CRN that is limited to exactly volume 2 for both the reactants (the two
agents that bump into each other) and the products (representing the two new states of the
agents after the collision).

» Definition 11 (Population Protocols). A CRN (A,T) in which all rules in T' are size-(2,2)
is called a population protocol.

3 Reachability in General CRNs

The main result of this section is PSPACE-completeness of the reachability problem with 2-
source, 2-consuming, size-(2,2) reactions in Theorem 13. En route, we prove that production
is PSPACE-complete with Theorem 12. We extend this reduction in two ways. First, in
Corollary 14, we prove our reduction holds for the universal reachability problem, and second,
we show the reduction holds for non-monotonic volume with rule sizes of (1,2) and (2,1) in
Theorem 15. We follow with several interesting, yet minor results. Detailed proofs can be
found in Appendix A.
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Figure 2 (a) Unlocked state of a Toggle-Lock gadget represented by species G. (b) Locked state
of a Toggle-Lock gadget represented by species G’. (c-d) Reactions which implement a single gadget.
(c) represents a successful traversal and (d) represents the ‘bound-back’ reactions. The arrow is
incoming or outgoing from port. (e) The rotate gadget. (f) Rules for the rotate gadget.

3.1 Gadget Reconfiguration Framework

Our main result is based on the motion planning problem through Toggle-Lock and Rotate
gadgets [11]. Motion planning is PSPACE-hard with only a rotate gadget and any reversible
gadget with interacting tunnels, a class that includes the Toggle-Lock [10]. The motion
planning problem considers two input configurations of gadgets, a start location for the agent,
and a target location, and asks if the agent can reach the target location. !

A gadget consists of a set of labeled ports and states describing the gadget’s legal traversals,
which may change the state of the gadget. The Toggle-Lock Gadget has an unlocked and
locked state, shown in Figure 2a and 2b, respectively. The top path is directed based on the
state of the gadget, and the agent must follow the direction. Traversing this path changes
the state of the gadget. Traversal of the bottom tunnel can only occur in the unlocked state;
this can be done in either direction and does not change the state of the gadget. The rotate
gadget only has one state that sends the agent to the next port, going clockwise. A motion
planning system consists of a set of gadgets, a set of wires denoting port connections, and an
initial signal location.

We are simulating a O-player gadget framework where the agent makes no choices. The
agent is directed down the wire and turns around if the gadget is not traversable in the
current state, corresponding to a deterministic model of computation. An early version of
this result appeared in the short abstract [14], which reduced from a different gadget and
used the 1-player framework studied in [3, 10, 12]. However, the reduction was not constant
source or constant consuming.

3.2 Production and Reachability

We prove production is PSPACE-complete using the framework described above. The target
species is the agent species representing the target wire.

» Theorem 12. Production in 2-source, 2-consuming preserving CRNs is PSPACE-complete
with only bimolecular reactions.

We extend the reduction above to work for reachability by taking advantage of the
fact that the toggle-lock is reversible. Once we reach the target species, we flip the rotate
catalyst to allow the agent to move counterclockwise through a rotate gadget, allowing us

! In [11] this problem is called the reachability problem. To avoid confusion, we refer to this as the motion
planning problem.
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to undo all the changes to the gadget states. When the agent reaches the starting location
again, the system is in the initial configuration except with the opposite rotate catalyst.
Reconfiguration for the 1-player version of the motion planning framework was shown to be
PSPACE-complete using a similar technique where the agent changes the state of the final
gadget, then undoes all of its previous movements [3]. This reduction extends to the universal
reachability problem since there is only one reaction at each step that can be performed.

» Theorem 13. Reachability in 2-source, 2-consuming preserving CRNs is PSPACE-complete
with only bimolecular reactions.

» Corollary 14. Universal reachability in 2-source, 2-consuming preserving CRNs is PSPACE-
complete with only bimolecular reactions.

3.3 Volume Related Results

Here, we look at several restrictions related to rule size, and consequently, volume.

Non-Monotone Volume. We extend the reduction to utilize smaller rules. We show
PSPACE-hardness of production and reachability when allowing both (1,2) and (2, 1) rules.
The CRN has both volume increasing and decreasing rules, which means it is non-monotone,
and thus, these problems are not known to be in PSPACE. To prove this, we add an
intermediate species for each reaction. We replace the reaction d + G — 7 + G with the
two reactions @ + G — (ﬁc and (ﬁé S 7 +aG.

» Corollary 15. Production and reachability in 2-source, 2-consuming CRNs is PSPACE-hard
with rules of size (2,1) and (1,2).

Unary Encoded Volume. When a system is volume-increasing or volume-decreasing,
the reaction sequence length is polynomial in the volume of the system, so we achieve the
following theorem.

» Theorem 16. Reachability is in NP for volume-increasing and volume-decreasing CRNs
when the volume is encoded in unary.

Unimolecular Reactions. Unimolecular reactions are of the form A — B, i.e. preserving
rules of size 1. If we are limited to only this type of reaction, production is NL-complete.
The NL-hardness result works for reachability as well.

» Theorem 17. Production with rules of size (1,1) is NL-complete.

We only show hardness for this case. The naive non-deterministic algorithm does not
work when the input values of the vectors are encoded in binary. We would need to track
the entire configuration in-between each step. We leave exact membership for future work.

» Theorem 18. Reachability and production in CRNs is NL-hard with rules of size (1,1).

3.4 Results Related to Single-Consuming or Single-Source

Although the majority of the results in this section relate to rule size, we also look at rule
restrictions based on the number of source and consuming rules. Our main result shows
that reachability in a 2-consuming, 2-source general CRN system is PSPACE-complete. In
Sections 4 and 5, we fully characterize these systems if the rules are feed-forward. Here, we
address a few interesting results for CRNs that are not feed-forward.

Production is NP-Hard. Here, we state that production is NP-hard in single-consuming
CRNs. We reduce from 3-SAT by creating species for the variables and clauses, as well as
creating rules to assign variables and satisfy clauses.
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» Theorem 19. Production in single-consuming CRNs is NP-hard.

Algorithm for (k,1) rules. Here, we state the existence of a polynomial-time algorithm for
single-source single-consuming simple CRNs where each rule is of the form a; +---+a — b,
and satisfies the requirements that k > 2 and aq,--- , ax, b are different species.

» Theorem 20. There is a polynomial-time algorithm to solve the reachability problem for
single-source and single-consuming simple CRNs.

4 Reachability in Feed-Forward CRNs

Having established PSPACE-completeness for general CRNs, we consider the feed-forward
restriction, in which rule sets do not have cycles. Feed-forward CRNs are motivated in
that they allow functional composition of CRNs [25]. We characterize the complexity of
reachability for feed-forward CRNs under the assumption that the system does not contain
either void or autogenesis rules, leaving a focused consideration of void and autogenesis rules
for Section 5. Detailed proofs can be seen in Appendix Section B.

We first show NP-completeness of feed-forward systems in Section 4.1, even in the case of
size-(2,2) rules (i.e., bimolecular rules / Population Protocols), while at the same time being
only 2-source and 2-consuming. We then show a polynomial-time solution to reachability in
Section 4.2 for any feed-forward system that is either 1-source or 1-consuming, thus giving a
complete characterization of feed-forward reachability.

4.1 NP-completeness for Bimolecular Reactions

In this section, we show that reachability (and production) in feed-forward systems is NP-
complete for bimolecular reactions (rules of size at most (2,2)), even when the CRN is
2-source and 2-consuming. This hardness result is tight because a decrease to either 1-source
or 1-consuming, as shown in Section 4.2, implies a polynomial time solution to reachability.
We start with proof of membership in NP, followed by NP-hardness from a reduction from
the Hamiltonian Path problem.

NP Membership. A key property of feed-forward systems is that any sequence of rule
applications can be reordered such that all system rules are applied consecutively. This new
ordering is still a valid sequence of applicable rules that reaches the same final configuration.

» Definition 21 (Ordered Application). A sequence of reactions is an ordered application if all
the applications of any given rule take place right after each other in a contiguous sequence.

An example of this is Ry, Ry,...,R1,Ra,..., Ro, R3.

» Lemma 22. Let C = (A, T) be a feed-forward CRN with a feed-forward ordering F =
{Ro, Ry,...,Rigj—1} over I'. Given configurations c, c, and a sequence of reactions S =
{...,Rj,R;,...} inT that converts c to ¢’ wherei < j, then the sequence S’ = {...,R;, R;, ...},
i.e., the sequence obtained by swapping the two rules R; and R;, also transforms ¢ — c'.

» Corollary 23. A configuration D is reachable from a configuration I with a feed-forward
CRN if and only if D is reachable from I by an ordered application of rules.

» Lemma 24. The reachability problem is in NP for feed-forward CRNs that do not use
autogenesis rules.

NP-Hardness. We now show the reachability problem is NP-complete for feed-forward
CRNs even for size (2,2)-rules (bimolecular reactions, Population Protocols) and for 2-source,
2-consuming systems. We show this by a reduction from the Directed Hamiltonian Path
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(S A B C T}
{S* A} B C T}
{s* A" By C T}
{S* A BY C; T}
{Sv AY BY cv T4}

(a) Graph (b) Hamiltonian Path (c) Configurations

Figure 3 Our starting configuration ¢ = {S;, A, B,C,T}. Our goal configuration is ¢’ =
{S", A”, B*,C", T*}. Each vertex must be changed to the visited state to reach the target, and the
T must be the last vertex.
problem with vertices of in-degree and out-degree of at most 2 [21]. We reduce from bounded
degree in order to achieve bounded source/consuming. For each vertex X in the graph
G = (V,E), we include 2 + |V| states: an initial state X, a visited state X", and |V| signal
states X. The additional signal states are added so the system is feed-forward. An example
reduction is shown in Figure 3. We encode the edges of the example graph in the rules as
follows,

RulesR_{ Si+ A S 4 AL, | B4+ C B +ChL, | Bi+T - B + fﬂ}

AT+ B A"+ B, | Ci+ASC 4+ AL, | Cr4+T —C"+ T,

» Definition 25 (HAMPATH). Given a graph G = {V, E} and two nodes s,t € V', does there
exist a path from s to t that visits each node precisely once?

Given this reduction, any Hamiltonian path of graph G has a corresponding sequence of
rules that end with every vertex, other than 7', represented with the visited state, and T
represented with the signal state matching the count of the vertices. Conversely, the only
way to reach such a configuration corresponds directly to a Hamiltonian path of G from S to
T, yielding Theorem 26. With minor modifications, the reduction can be adapted to achieve

the corollaries below.
» Theorem 26. Reachability is NP-complete for feed-forward CRNs with size (2,2) rules
that are 2-source and 2-consuming.

» Corollary 27. Reachability is NP-complete for feed-forward CRNs that are 2-source and
2-consuming with all rules of size (2,1).

» Corollary 28. Reachability is NP-complete for feed-forward CRNs that are 2-source and
2-consuming and with all rules of size (1,2).

» Corollary 29. Production is NP-complete for feed-forward CRNs with either size (2,2)
rules, size (2,1) rules, or size (1,2) rules, that are 2-source and 2-consuming.

Species-based Restrictions. For a CRN to be j-consuming, all species must be consumed
in only j rules. We can relax this restriction to be j-consuming/k-source per species, meaning
a rule is consumed in only j rules OR produced in only k rules. Each species is still bounded
in one of the ways, but not both. We then show reachability, with the species-based restriction
of k-consuming/1-source, is NP-hard by a reduction from the 3-Dimensional Matching (3DM)
problem.

» Definition 30 (Three Dimensional Matching Problem (3DM)). The 8DM problem takes as
input a hypergraph H = (X, Y, Z,T) where X, Y, Z are three disjoint sets, and T C X xY x Z
is a set of hyperedges. The output is whether or not there exists a subset of T that covers
all vertices in H without any overlap.

» Corollary 31. Reachability in CRNs with each species being k-consuming/1-source or
1-consuming/k-source is NP-complete even with only one species being different than the
others and the system being feed-forward without void/autogenesis rules.
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4.2 Feed-Forward, Single-Consuming/Single-Source

In this section, we establish Theorem 32 that shows the reachability problem is polynomial-
time solvable for feed-forward, single-source rule sets that do not use void rules. We then
extend this into Theorem 33 to show that reachability in feed-forward, single-consuming
systems without autogenesis rules is also polynomial time solvable. Lastly, we give Corollary 34
that states the reachability problem for feed-forward, single-source, and single-consuming
rule sets is polynomial-time solvable. Additional explanation and proofs are in Appendix
B.2.

» Theorem 32. The reachability problem is solvable in polynomial time for a rule set ' that
1s feed-forward, single-source, and without void rules.

» Theorem 33. The reachability problem is solvable in polynomial time for a ruleset T' that
is feed-forward, single-consuming, and without autogenesis rules.

» Corollary 34. The reachability problem is solvable in polynomial time for a rule set T’ that
is feed-forward, 1-source, and 1-consuming with no further restrictions on the rule set.

5 Void and Autogenesis Rules

In our consideration of feed-forward CRNs, we omitted two classes of rules: void rules that
consume reactants without creating any products and autogenesis rules that create products
without consuming any reactants. One reason for separating these rules is that their lack
of conservation of mass might mean they are not feasible in some experimental settings.
Another important reason is that their inclusion alone substantially impacts the complexity
of problems such as reachability.

Here, we explore reachability in the scenario where all rules are void rules or, conversely,
all rules are autogenesis rules. We show that void rules (or autogenesis rules) alone imply the
NP-completeness of reachability, even if such systems are both feed-forward and 0-source. We
specifically show NP-completeness for size (3,0) void rules. We then explore the complexity
of reachability with size (2,0) void rules and provide a polynomial time solution when the
system’s volume is encoded in unary. We further show a polynomial time solution for binary
encoded volume for a restricted class of bipartite (2,0) CRNs. We leave the remaining general
case of reachability with (2,0) void rules as an open question. We note by Definition 52,
that we may prove results for void only rules, and they are equivalent for autogenesis rules.
Detailed proofs can be found in the Appendix Section C.

Size (3,0) Void Rules / (0,3) Autogenesis Rules. We show that reachability is NP-
complete by a reduction from 3-Dimensional Matching (3DM) (Definition 30).

» Theorem 35. Reachability for CRNs with only rules of size (3,0) is NP-complete.

» Corollary 36. Reachability for CRNs with only rules of size (0,3) is NP-complete.

Size (2,0) rules with Unary Encoding. As with (3,0) rules, (2,0) may also be reduced
by matching. This time bipartite.

» Theorem 37. Reachability in CRNs is in P with rules of size (2,0) if configuration counts

are encoded in unary.

Size (2,0) rules with Binary Encoding We now consider (2,0) with binary encoded
species counts, which permits a potentially exponential configuration volume, making the
algorithm of Theorem 37 no longer polynomial time. In this scenario, we consider a new
restriction in which the CRN rules are bipartite:
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» Definition 38 (Bipartite CRN). A bipartite CRN (A,T') is one in which the species A can
be partitioned into two disjoint sets A1 and Ao such that for each rule R € T, there are at
most 2 reactants of R and they do not occur within the same partition of A.

Determining if a CRN is bipartite can be solved in polynomial time by a bipartite graph
detection algorithm. If the CRN is bipartite, we reduce the problem to the maximum flow
problem. Although this algorithm only works with bipartite CRNs, we conjecture that the
problem is in P, and leave it as an important open question related to general matching in
weighted graphs.

» Theorem 39. Reachability is polynomial-time solvable for bipartite CRNs with (2,0) rules.
» Conjecture 40. Reachability is polynomial-time solvable for CRNs with (2,0) rules.

6 Conclusion

With the complexity of the general reachability problem solved recently, this paper resolves
several restricted cases of the problem. We prove hardness for several open problems or
improve the known results. These include answering reachability in Population Protocols,
showing that non-increasing volume CRNs are PSPACE-complete with rules of size two
(improved from 5), proving that feed-forward systems are NP-complete and giving a poly-
nomial algorithm if it is single-source or single-consuming without void/autogenesis rules,
and showing how void and autogenesis rules affect the complexity of feed-forward systems.
Additionally, we provide several other results related to these restrictions.

Related Problems. While we give many results, this is by no means the end of the
investigation into the computational complexity of restricted Chemical Reaction Networks, as
this work can be extended in multiple ways. Do the reachability and production problems ever
have different complexities for the same version of the model? When is universal reachability
a harder problem than reachability? What about the version of production where we want
to produce k copies of a given species rather than just a single copy?

Reachability. For a complete characterization of reachability for all parameters, here we
note some open problems and future directions of investigation.

Reachability for 1-consuming and 1-source CRNs with the feed-forward property has
membership in P. Is the feed-forward restriction required for this result, or does it hold
for a 1-consuming and 1-source proper CRN as well?

We show the problem of reachability is PSPACE-complete with rules of size (2,2) (as
previously shown in [13]). Is reachability also hard with smaller rule sizes? Can we
achieve the same result with (2,1) rules and a binary encoded volume?

What is the smallest catalytic (2,2) system that is PSPACE-complete?

Production with (1,1) rules is NL-complete. However, we do not know if reachability is
easy as well. Is there a polynomial time algorithm to decide unimolecular reactions?
With a non-monotone volume, we no longer have membership in PSPACE- we only have
an Ackermann upper bound. With constant rule size, is reachability still Ackermann-hard?
Reachability for (2,0) rules with the volume encoded in binary is an open problem. This
is a generalized matching problem on a weighted graph. We know the problem is in P for
bipartite CRNs or with unary volume. Is the problem still easy in the general case?
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A Appendix for Section 3

A.1 Gadget Reconfiguration Framework

Directed Wire. Two ports are connected by a wire. We label each wire with a symbol such
as a and include two species @, @ to denote the direction moved along the wire. We refer
to these as the agent species.

Toggle-Lock and Rotate Gadgets. We have two species for each Toggle-Lock that we
call the gate catalysts. We represent the unlocked gate using the species G, and the locked
state with species G’. Traversing the toggle tunnel requires the gadget to be in the correct
state for the toggle. The reaction changes the state of the gate catalyst and the agent species.
The bottom tunnel can only be traversed if the gate is in the unlocked state. However, this
does not change the state of the gate, so the G species acts a catalyst that must be present
to traverse the gadget. Figures 2¢ and 2d shows the rules used to implement a toggle lock.

We implement rotate gadgets with a single rotate clockwise species r¢,. The rotate gadget
diagram is shown in Figure 2e. The signal state changes to the outgoing direction of the next
wire in the clockwise ordering of ports using the rules shown in Figure 2f. Note that each
reaction consumes and creates exactly one agent species yielding the following observation:

» Observation 41. Any reachable configuration in the reduction only contains a single agent
species.

» Theorem 12. Production in 2-source, 2-consuming preserving CRNs is PSPACE-complete
with only bimolecular reactions.

Proof. Membership in PSPACE for Proper CRNs was shown in [24]. Given an instance of
the motion planning problem with toggle-locks and rotate gadgets, create a CRN ruleset and
configuration as described above. Our starting configuration of the CRN encodes the start
location and starting states of the gadgets. The target species we wish to produce is the
agent species for the target location in the motion planning problem.

The agent may only traverse a toggle-lock gadget if the gate catalyst is in the correct
state. The rotate gadget sends the signal to the correct next state. Once the agent reaches
the target wire, the agent species representing it is produced. If the agent reaches the target
location, then reactions apply representing the path of the agent to produce the target
species.

From Observation 41, there only exists one agent species and the reactions encode only
valid traversals through the gadgets. If the target species is produced, then the sequence of
reactions to produce it represents the path of the agent though the system of gadgets. Each
gate catalyst is only produced and consumed in the reaction that implements the toggle

tunnel. Each agent species is directed, so it also is only produced and consumed in one rule.

Note that if an agent ever attempts to cross a gadget in a state that does not allow that
traversal, the configuration will no longer have any valid reactions. This is the equivalent to
an illegal move in the motion planning problem and the agent cannot progress, so the game
is over. <

» Theorem 13. Reachability in 2-source, 2-consuming preserving CRNs is PSPACE-complete
with only bimolecular reactions.

Proof. The reduction from Theorem 12 can be extended to show the reachability problem is
PSPACE-hard as well. We add an additional species r which is the rotate counterclockwise
catalyst. The target configuration is the same as the initial configuration except with the
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counterclockwise catalyst r. If the target wire is a, we add the rule a+ rey = @+ Ty,
which changes the direction of the rotate catalyst and turns the agent around on the wire.
Since the toggle lock gadget is reversible, the agent will undo all of its moves and return to
the start configuration. Since the gadget system has the property of being reversible, this
backwards traversal is possible. <

» Corollary 14. Universal reachability in 2-source, 2-consuming preserving CRNs is PSPACE-
complete with only bimolecular reactions.

Proof. From Observation 41, we know there only exists one agent state in the system at a
time. Since the system is single-consuming, the agent state is only consumed in a single rule.
These two points mean there only exists a single move sequence, so if the target configuration
is reachable, it is universally reachable. |

A.2 Volume Related Results

» Corollary 15. Production and reachability in 2-source, 2-consuming CRNs is PSPACE-hard
with rules of size (2,1) and (1,2).

Proof. The reduction behaves the same way as in Theorems 12 and 13, however, here, we
either have a single agent species, or a single intermediate species. <

» Theorem 16. Reachability is in NP for volume-increasing and volume-decreasing CRNs
when the volume is encoded in unary.

Proof. When the volume of a system is strictly increasing or decreasing, any reaction sequence
between I and D is bounded by of size < |[I — D|. The sequence can then be given as a ‘yes’
certificate for reachability. |

» Theorem 18. Reachability and production in CRNs is NL-hard with rules of size (1,1).

Proof. Given a directed graph G we create a set of species and reactions as follows. For
each node v € G we create a species. For each edge (a,b) € E we create a reaction a — b.
We reduce from the directed path problem: given two nodes s,t € G, does there exist a
path between s and ¢? Let our initial configuration be a single copy of the species representing
s and our target configuration be a single copy of t. At each step the species will represent
the current node in the path to reach ¢ if and only if there exists a path. <

» Theorem 17. Production with rules of size (1,1) is NL-complete.

Proof. Non-deterministically select a species ¢ with a positive count in the initial configuration,
check if the target species is reachable from i, if yes then the target species is producible.
Checking reachability is in NL, since the reactions can be viewed as directed edges. NL-
hardness comes from Theorem 18. <

A.3 Results Related to Single-Consuming or Single-Source
» Theorem 19. Production in single-consuming CRNs is NP-hard.

Proof. Consider an instance of 3SAT where X is the set of variables and C'is the set of clauses.
For each z; € X we include z;,7;, m?,xf in our species set. The starting configuration
includes a copy of each of the species z;, ;. For each ¢; € C with ¢; = (24, 23, ), we include
5, c?, s, cfAT, SAT}. The starting configuration includes a copy of each species cf, c;’-, 5
and SATy. The target species we wish to produce is SAT]|¢;.
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Two assignments species T, F' are included. One copy of each of these species is included
in the starting configuration that acts as a catalyst. There are two rules for each z;:
THx;+z, > T+ tlT + x; for assigning true, and F' + z; +T; — F + x; + xZF for assigning

false. The T and F catalysts are used in order to not have two rules with the same reactants.

The rules change one of the species to the true or the false species, and the other can not be

created. We add a rule ¢ + 2T — CJSAT + 2T for positive literals and c§ + xF — c}-gAT +aF

for negated literals. To verify each clause we include the rules, SAT; + cfAT — SAT; 1
The target SAT|c| is only producible by starting with SATy and applying the rule

SAT; + cf AT 5 SAT; 41 exactly |C| times to verify the satisfaction of each clause. <

A.3.1 A Polynomial-Time Algorithm for Single-Source and
Single-Consuming Simple CRNs

In this section, we present a polynomial-time algorithm for the reachability problem of CRNs
where each species has at most one source and is at most one consuming, and each rule
generates at most one species.

Preliminaries. A CRN(A,T") is a (1,1,1)-CRN if it is 1-source and 1-consuming, and each
rule a; + -+ - + ax — b satisfies that k > 2 and the species ay, - - ,ax, b are different from
each other. A (1,1,1)-CRN is also called single source and single consuming simple CRN.

Let G = (V, E) be a directed graph with |V| = n. A directed graph G = (V, E) is weakly
connected if the undirected graph G’ = (V, E’) is connected, where E’ is the set of undirected
edges (u,v) with u — v as a directed edge in G = (V, E). A vertex v is a leaf in G = (V, E)
if there is one edge u — v coming to it. A vertex v is an almost leaf if every edge u — v in
FE has u as a leaf.

Let (A,T) be a (1,1,1)-CRN. Let each species of the CRN be a vertex in a directed graph
G = (V,E). There is an edge u — v if there is a rule that has « on the left and v on the
right side. We say G = (V, E) is derived from the CRN (A, T).

The reachability problem for a directed graph G = (V, E) derived from a CRN (A, T), is
to find a way to apply rules to reach configuration (ji,- - , j,) from the starting configuration
(i1, ,in), where vertex t has i; copies in the beginning and j; copies in the end.

Let G = (V, E) be directed a graph. We say G is an almost-cycle if it contains a unique
directed cycle C and every vertex has an edge directed to a vertex in the cycle C.

> Lemma 42. Let G = (V, E) be derived from a (1,1,1)-CRN (A,T) and be weakly connected.
Then G = (V, E) has at most one directed cycle. Furthermore, if G = (V, E) does not have a
directed cycle, then it is a directed tree with a root that every vertex has a directed path to. If
G = (V,E) does have a directed cycle, then every vertex has a directed path to a vertex in
the cycle.

Proof. This is because (A,T") is a (1,1,1)-CRN. Assume there are two different directed
cycles C7 and Cy in G. We discuss two cases.
Case 1. There is a common vertex v in both C; and Cy. We have that v has two outgoing
edges from v. This contradicts that G is derived from a (1,1,1)-CRN since this implies
the CRN is 2-consuming.
Case 2. There is a common vertex between C; and C3. We can find a weak path
connecting C7 and C5, where a weak path is a set of directed edges in G and form a
regular path when they are converted into undirected edges. One vertex on the weak path
must have two outgoing edges. This contradicts that G is derived from a (1,1,1)-CRN
since this implies the CRN is 2-consuming.
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Reachability in Restricted CRNs

Therefore, G has at most one directed cycle, or a single vertex graph. If it is an almost-cycle,
we are done with the proof.

Now assume that G is neither an almost-cycle nor a single vertex graph. Let v — v; —
--- — v, be a longest directed path without any vertex in the directed cycle. We have that
vy is an almost leaf. Otherwise, the directed path would not be the longest. Assume that v;
is generated by v,uy, - ,u; in (A, T') (it has a rule v + ug + -+ - + uy — v1). We transform
G = (V,E) into G' = (V\{v,u1, -,y }, E\ {v = v,u1 = v, - ,u = v}). G’ is derived
from another (1,1,1)-CRN (A’,I") that is transformed from (A,T") by removing the rule
v+uy+---+u = vand v,uy, -, ug from (A,T'). This is proven via a simple induction. <

» Lemma 43. Let G = (V, E) be derived from a (1,1,1)-CRN (A, T). Let u be an almost leaf
(not a vertex on a directed cycle) in G = (V, E). Then the reachability problem for G = (V, E)
can be transformed into G' = (V\ U, E \ E(U)), where U is the set of vertices v entering u
(v —w) € E) and E(U) is the set of edges (v — u) € E) entering v in G = (V, E).

Proof. For an almost leaf u not in a cycle, there is a unique way to apply the rules in order
to reach the target configuration. If u has i; copies in the input configuration, j; copies in
the target configuration, we must have i1 < j;. Otherwise, the target configuration is not
reachable. If rule v; + -+ + v; — w is the only one to generate u, then we have to apply
these rules j; — i1 times. After applying this rule j; — 47 times, we check if the number of
copies of those vy, --- ,v; are equal to their target values, respectively. <

» Lemma 44. There is a polynomial-time algorithm to solve the reachability problem for an
almost-cycle graph derived from a (1,1,1)-CRN.

Proof. Let G = (V, E) be an almost-cycle graph with a unique C' in it. Let v be a vertex
in C. The vertex v appears in a rule R : v+ vy + -+ + vy — u. It is easy to see that none
of v1,--- , v is the cycle C. If v; is in C, we have u with both v and v; going toward it in
C, which is a contradiction. Thus, the number of copies of each v; is decreasing. Therefore,
we know the number of times the rule R should be used. For each v in C, we compute the
number of copies (C,) that v is consumed and the number (P,) of copies v are produced.
The difference C,, — P, is how many times (noted g,) we enter and leave v.

Assume that the target configuration is reachable from the current configuration. Let
it start from a vertex v in the cycle C. If it does not finish the first g iterations, we can
adjust the operations until it finishes the first g iterations. Assume that the broken point is
at vertex v’.

We can decide the number of iterations to apply rules along the cycle C. It will be
g = min{g,} if g, > 0 for each vertex v in C. Without loss of generality, let g = gy, .

Assume that the target configuration is reachable from the current configuration. Let it
start from a vertex v; in the cycle C. If it does not finish the first g iterations, we can adjust
the operations so that it finishes the first g iterations along the cycle C'. Assume that the
broken point is at vertex v;. The next operation is at a vertex vy with |j — k| > 1. We apply
the rules Ry, Ry -+, Rs_1, R,, where R, is the rule to generate v;11. The operations can be
transformed to Rs, R1, Ro -+ , Rs_1.

After applying the rules along the cycle C' with g iterations, we compute g}, = gy — g,
C, = Cy — gy, and P, = P, — g,, for all vertices v in C. We have g, = 0. Let vy, va,--- , vy
be the n vertices in the cycle C' according the direction of the cycle. For i =2,3,--- n,1,
we apply the rule P,ﬁm times to generate v;, and another rule P,, times to produce v;. At the
end, we check if we fail or reach the target configuration. Thus, we have a polynomial-time
algorithm for the reachability of (1,1,1)-CRNs. <
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» Theorem 20. There is a polynomial-time algorithm to solve the reachability problem for
single-source and single-consuming simple CRNs.

Proof. Let (i1,--- ,i,) be the configuration of the input species, where i; is the number of
copies of the species t. Let (j1,--+ ,jn) be the target configuration of species in the end of
process. We need to find a polynomial-time solution for each weakly connected component.
Without loss of generality, we assume G only has one weakly connected

Case 1. There is no directed cycle in G. By Lemma 43, we can shrink the graph G until
it becomes a trivial case.

Case 2. There is one directed cycle C' in G. By Lemma 43, we can shrink the graph
G until it becomes an almost-cycle, and then by Lemma 44, we know reachability is
decidable in polynomial-time.

Therefore, we have a polynomial-time algorithm for the reachability problem for (1,1,1)-
CRNs. <

B Appendix for Section 4

B.1 NP-completeness for Bimolecular Reactions

» Lemma 22. Let C = (A, T) be a feed-forward CRN with a feed-forward ordering F =
{Ro, Ry,...,Rigj—1} over T'. Given configurations c, d, and a sequence of reactions S =
{...,Rj, R;,...} inT that converts c to ¢’ wherei < j, then the sequence S’ = {...,R;, R;, ...},
i.e., the sequence obtained by swapping the two rules R; and R;, also transforms ¢ — ¢'.

Proof. Let X denote the configuration obtained by applying the rules of S up to just before
the application of rule R;. Let R; = (R, Ri) and R; = (RE, Rfo). As S is a valid sequence
of rule applications, X — R/ is a non-negative vector. Due to the feed-forward ordering F,
the reactants R% do not occur as products in R; and thus X — RJ — R? is also non-negative,
implying that rule R; and R; can be applied in either order. |

» Corollary 23. A configuration D is reachable from a configuration I with a feed-forward
CRN if and only if D is reachable from I by an ordered application of rules.

» Lemma 24. The reachability problem is in NP for feed-forward CRNs that do not use
autogenesis rules.

Proof. We utilize the ordered application from Corollary 23 as a polynomial-sized certificate.
Denote this certificate as A = (a1, as,as,...,a;) where each a; is an nonnegative integer
denoting the number of applications of rule R; in the feed-forward ordering. While sequence A
could include a large (exponential) number of total rule applications, we bound the number of
applications by bounding the volume of the system at any given point during the application
of these rules, which both shows that the sequence can be represented in size polynomial in
the input size n of the reachability problem, and verified in polynomial time, thus showing
membership in NP.

Let V; denote the volume of the CRN after the complete application of all a; instances of
rule R; in the feed-forward ordering, with Vj = V(I) denoting the volume of the initial given
configuration I. Note that since there are no autogenesis rules, we know that a; < V;_1,
since each rule must exhaust at least one count of some species in the system. Let V(p;)
denote the volume of the product of the i*” rule in the feed-forward ordering, and let V (p)
denote the largest V(p;) plus 1, noting that each application of R; increases the system
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volume by at most V(p;) < V(p). Thus, V; < Vi_14+a;V(ps) < Vi1 +ViaV(ps) < Vil Vi(p).
This recurrence equation solves to V; < V(0)V(p)®. If we let n denote the input size
to the reachability problem, we know that V(0) < 2", and V(p) < 2", and therefore
V; <2n.2in < on’+n, Thus, the total volume of the system at any point, as well as each a;,
can be represented in a polynomial number of bits in n. We make a nondeterministic path
to guess nonnegative integers aj, az, - - - a, in the [0, 2"2+”}, verify the system has enough
reactants to support a; applications of each rules r; in the sequence, and compute the
configuration C' = Cy + a1 Hy + asHs - - - + ax Hy, where Cj is the initial configuration vector,
and H; is the application vector of rule R; (see Section 2). Finally, we check if C' is the same
as the target configuration. Since all integers involved in these calculations are stored using
a polynomial number of bits, this computation can be performed in polynomial time. <

» Lemma 45. The reachability problem is in NP for feed-forward CRNs that do not use void
rules.

Proof. This follows from Lemma 24 and Lemma 53. <

» Theorem 26. Reachability is NP-complete for feed-forward CRNs with size (2,2) rules
that are 2-source and 2-consuming.

Proof. If there exists a Hamiltonian path P in G, there exists a sequence of rules rp, each
moving the * to a subsequent agent matching the sequence of vertices in P and further
setting the previous agent to the visited state. Such a rule sequence ends with a single visited
state for each vertex in the graph other than T" and a T}V| state.

Conversely, if a sequence of rules r that results in the target configuration exists, then a
Hamilton path exists as each rule changes the agent location to the visited state, which can
no longer change state, and moves the * to the next agent. The sequence of * species in the
configuration represents the Hamilton path.

Finally, note that this system is feed-forward since an agent starts in the initial state,
changes to a signal state, then to the visited state. We can ensure the ordering since the
signal states are numbered. <

» Corollary 27. Reachability is NP-complete for feed-forward CRNs that are 2-source and
2-consuming with all rules of size (2,1).

Proof. This is obtained by simply removing the visited states in the previous reduction. <«

» Corollary 28. Reachability is NP-complete for feed-forward CRNs that are 2-source and
2-consuming and with all rules of size (1,2).

Proof. This follows from the above corollary combined with Lemma 53 (defined in Section
4.2). <

» Corollary 29. Production is NP-complete for feed-forward CRNs with either size (2,2)
rules, size (2,1) rules, or size (1,2) rules, that are 2-source and 2-consuming.

Proof. In the previous reduction, the species Ty is only producible if it is reached after
reaching all other species, implying the previous reduction above holds for the production
problem. <
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» Definition 30 (Three Dimensional Matching Problem (3DM)). The 8DM problem takes as
input a hypergraph H = (X,Y, Z,T) where X,Y, Z are three disjoint sets, and T C X xY x Z
is a set of hyperedges. The output is whether or not there exists a subset of T that covers
all vertices in H without any overlap.

» Corollary 31. Reachability in CRNs with each species being k-consuming/1-source or
1-consuming/k-source is NP-complete even with only one species being different than the
others and the system being feed-forward without void/autogenesis rules.

Proof. We reduce from the 3DM problem, which is hard even when each vertex is covered
by at most 3 hyper edges. Let H = (X,Y, Z,T) be an input to the 3DM problem. From this,
create an input to the reachability problem as follows. Let A = {S,|Jv € XY U Z} U{a},
and let I' = {S,; + S, + S, — a|(z,y, z) € T'}. The initial configuration I is the configuration
in which each species has count 1 except species a with count 0. Let D be the configuration
in which each species has count 0 except a, which has count |X| = |Y| = |Z|. Then D is
reachable from I under (A,T") if and only if H has a three-dimensional matching.

Species a is never consumed, but is produced by all k = |X| = |Y| = |Z| of the rules.
Thus, it is 0-consuming/k-source. All other species are never produced, and are consumed
in 3 different rules. Thus, they are 3-consuming/0-source. Finally, since species A is never
consumed, any ordering of the rules is feed-forward, and there are no void or autogenesis
rules used. By Lemma 24, the problem is in NP. <

‘

B.2 Feed-Forward, Single-Consuming/Single-Source

We now introduce some machinery for constructing an efficient algorithm for solving reach-
ability in the special case of feed-forward, single-source rule sets with no void rules.

» Definition 46 (Leaf Rule.). A rule R € T is a leaf rule for T if the products of R do not
occur as reactants within any other rule of the system I' (however, the products of a leaf rule
may occur as reactants within the same leaf rule). A leaf rule could also be a void rule.

» Lemma 47. A feed-forward, non-empty rule set has at least one leaf rule.

Proof. The final rule in the feed-forward ordering must be a leaf rule, as its product may
not occur as a reactant for any previous rule of the system, which includes all rules other
than itself. <

» Lemma 48. If T is a feed-forward, single-source rule set without void rules, then so is any
subset of T'.

Proof. This follows from the definitions of feed-forward, single-source, and void rules. <«

» Definition 49 (Pruned Configuration.). Consider a configuration I, a target configuration D,
and feed-forward rule set I with non-void leaf rule R = (R,, R,). If there exists a non-negative
integer x such that D(i) \ xR, (i) = I(i), for all i where Ry,(i) # 0, and R is applicable to
D\ zR,, we say that D is prunable towards I with respect to rule R, and define the pruning
of D towards I with respect to R to be the configuration Prune(D,I,R) = D\ xR,. If no
such non-negative integer x exists, then we say that D is inconsistent with I for rule R. Note
that the integer x, and thus the configuration Prune(D,I,R) = D\ zR,, are unique as long
as R is not a void leaf rule.
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» Lemma 50. If a configuration D is inconsistent with a configuration I for any leaf rule
R €T, then D is not reachable from I with a rule set I'.

Proof. As R is a leaf rule, the counts of the product species in rule R are only affected by
rule R among the rules of I'. Therefore, if D is reachable from I, it must be possible to
generate the counts of these species specified by D by some number of applications z of rule
R. If no such integer exists, which is the definition of inconsistent, then the species counts
for R’s products cannot equal the counts specified by D, making D unreachable. |

» Lemma 51. For a rule set I' and configuration D that is consistent with I for non-void leaf
rule R € T', then D is reachable from I with a rule set I' if and only if D’ = Prune(D, I, R)
is reachable from configuration I with a rule set T'\ R.

Proof. We first show that if D’ = Prune(D, I, R) is reachable with a rule set I' \ R, then so
is D with a rule set I'. This is because once D’ is reached, we know from the definition of
D’ = Prune(D, I, R) that there exists a non-negative integer x such that = applications of
rule R to configuration D’ yields D, implying that D is reachable.

For the other direction, suppose we can reach D. From the sequence of rule applications
that reaches D, there must be exactly some non-negative integer z applications of rule R.
Create a modified sequence of configurations by omitting these x operations, and you get
configuration D’ = Prune(D, I, R) by application of rules from I'\ R, meaning D’ is reachable
from I' \ R. <

» Theorem 32. The reachability problem is solvable in polynomial time for a rule set T' that
is feed-forward, single-source, and without void rules.

Proof. Let I denote the starting configuration, D denote the destination configuration, and
(A,T) be a feed-forward CRN without void rules for a given reachability instance. The
following recursive algorithm solves reachability for a feed-forward, single-source rule set
with no void rules.

As a base case, if the input system has 0 rules, then D is reachable if and only if I = D.
Otherwise, identify a leaf rule R from I', which must exist by Lemma 47. Check if D is
consistent with I for rule R. If not, return false, which is the correct answer by Lemma 50. If
it is, then let D’ = Prune(D, I, R) denote the pruning of D towards I for rule R and return
the result of recursively solving reachability with initial configuration I, ruleset I' \ R, and
destination configuration D’, which is a valid input to this algorithm as I" \ R is assured to
be a feed-forward, single-source rule set without void rules by Lemma 48, and is assured to
yield the correct result by Lemma 51. In total, this algorithm executes |['| prune operations.
Further, as the system is both feed-forward and without void rules, a polynomial number
of prune operations preserves the property that the count of any system species after each
pruning is small enough to be represented in only a polynomial number of bits (the argument
for this is the same as the proof of Lemma 24). Therefore, the polynomial number of
arithmetic operations used to compute a prune can each be completed in polynomial time,
and so each prune can be performed in polynomial time, and therefore the algorithm overall
finishes in polynomial time. <

» Definition 52. For a rule set T, let T be the reverse of T where T = {(a,b)|(b,a) € T}.

» Lemma 53. For any two configurations A, B and rule set I', B is reachable from A in T’
if and only if A is reachable from B in T .
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We now consider the case of reachability in feed-forward, single-consuming systems
without autogenesis rules. Our approach is to reverse the given rule set I' and apply our
algorithm for Theorem 32.

» Theorem 33. The reachability problem is solvable in polynomial time for a ruleset I' that
is feed-forward, single-consuming, and without autogenesis rules.

Proof. Given a CRN (A,T") where I is feed-forward, single-consuming, and without autogen-
esis rules, along with initial configuration I, and destination D, generate rule set ['. Note
that ' must be single-source as I is single-consuming, and must have no void rules since I'
has no autogenesis rules, and must be feed-forward since T is feed-forward. We can therefore
determine if I is reachable from D under I' in polynomial time by Theorem 32, which gives
the answer to our original reachability problem by Lemma 53. |

Here we consider the case of reachability in feed-forward, 1-source, and 1-consuming systems
with no further restrictions on the rule set. A single-consuming rule set will contain at most
one void rule, allowing void rules to be considered when pruning a configuration.

» Corollary 34. The reachability problem is solvable in polynomial time for a rule set T’ that
is feed-forward, 1-source, and 1-consuming with no further restrictions on the rule set.

Proof. Let I denote the initial configuration, let D denote the target configuration, and let
(A,T) be a feed-forward, 1-source, and 1-consuming CRN for a given reachability instance.
With a single-consuming rule set I'; any rule R, void or otherwise, may be used to prune D if
there exists some non-negative integer  such that D(i) \ R, () = I(i). By the definition of
single-consuming, the integer  and the configuration Prune(D, I, R) = D(i) \ R, (i) remain
unique.

It follows that the recursive algorithm used in Theorem 32 solves reachability for a feed-
forward, single-source, and single-consuming rule set by allowing void rules when pruning. <

C Appendix for Section 5

» Theorem 35. Reachability for CRNs with only rules of size (3,0) is NP-complete.

Proof. We reduce from the 3DM problem. Let H = (X,Y,Z,T) be an input to the
3DM problem. From this, create an input to the reachability problem as follows. Let
A={S,lveXUYJZ}, and let T = {S, + S, +S. = &|(z,y,z) € T}. Let configuration
I be the configuration in which each species has count 1 and let D be the configuration in
which each species has count 0. Then D is reachable from I under (A,T") if and only if H
has a three-dimensional matching. |

» Corollary 36. Reachability for CRNs with only rules of size (0,3) is NP-complete.

Proof. We show this by reduction from the reachability problem with size (3,0) rules.
Counsider an instance of the reachability problem with an input of a CRN (A, T’), an initial
configuration I, and a destination configuration D in which rules in T" are exclusively sized
(3,0) void rules. Let A’ = A, TV = ?, initial configuration I’ = D, and target configuration
D’ = 1. Observe that I consists of rules only of size (0,3). By Lemma 53, D’ is reachable
from I’ under ruleset IV if and only if D is reachable from I under ruleset T. |

» Theorem 37. Reachability in CRNs is in P with rules of size (2,0) if configuration counts
are encoded in unary.
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Reachability in Restricted CRNs

Proof. We show this by reducing reachability in this scenario to the two-dimensional match-
ing problem, which has an established polynomial-time solution. We first consider the
configuration X = I — D, creating a graph from this configuration. For each non-zero count
species X (1) > 0, X (¢) vertices are added to the graph of type . For each rule i + j — ), we
add edges to the graph connecting all vertices of type i to all vertices of type j. Then we
have that X can reach the empty configuration if and only if the created graph has a perfect
two-dimensional matching, and thus I reaches D if and only if such a matching exists. <«

» Definition 38 (Bipartite CRN). A bipartite CRN (A,T) is one in which the species A can
be partitioned into two disjoint sets A1 and Ao such that for each rule R € T, there are at
most 2 reactants of R and they do not occur within the same partition of A.

» Theorem 39. Reachability is polynomial-time solvable for bipartite CRNs with (2,0) rules.

Proof. We show this by reducing reachability for a (2, 0) rule bipartite CRN to the maximum
network flow problem. Consider an input (2,0)-rule bipartite CRN (A, T") with partitions A;
and Ao, input configuration I, and output configuration D. From this, generate a max-flow
instance as follows: for each s € A, let the network contain a corresponding vertex vs. For
each rule, a + b — () € I, add an infinite capacity edge between vertices v, and v,. For each
x; € A1, add an edge from the source vertex to vertex vy, of capacity I[i] — D[i], and for each
y; € Ao, add an edge from vy, to the sink vertex of capacity I[i] — D[i]. The maximum-flow
of this network is equal to the configuration volume I — D if and only if D is reachable
from I under T', and therefore reachability can be computed in polynomial time using the
Edmonds-Karp maximum-flow algorithm. <
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—— Abstract

We introduce a new model of step Chemical Reaction Networks (step CRNs), motivated by the
step-wise addition of materials in standard lab procedures. Step CRNs have ordered reactants that
transform into products via reaction rules over a series of steps. We study an important subset of
weak reaction rules, void rules, in which chemical species may only be deleted but never changed.
We demonstrate the capabilities of these simple limited systems to simulate threshold circuits and
compute functions using various configurations of rule sizes and step constructions, and prove that
without steps, void rules are incapable of these computations, which further motivates the step
model. Additionally, we prove the coNP-completeness of verifying if a given step CRN computes a
function, holding even for O(1) step systems.
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Threshold Circuits with Void Reactions in Step CRNs

1 Introduction

Chemical Reaction Networks (CRNs) are one of the most established and longest studied
models of self-assembly [5, 6]. CRNs originate in attempting to model chemical interactions as
molecular species that react and create products from the reaction. This can be represented
as an original number of each species and a set of replacement rules. The fundamental nature
of the model is evident in the independent inception of equivalent models in multiple areas
of research through other motivations [17], such as Vector Addition Systems (VASs) [26] and
Petri-Nets [32]. Further, Population Protocols [2] are a restricted version where the number
of input and output elements are each two.

Step CRNs. We propose and investigate an important but straightforward extension to
the CRN model motivated by the desire to reflect standard laboratory and medical practices.
The Step CRN models augments the CRN model with a sequence of discrete steps where
an additional specified amount of chemical species is combined with the existing CRN after
running the system to completion. Our goal is to explore the computational power of Step
CRNs using highly restricted classes of CRN rules that would otherwise be computationally
weak. In particular, we consider the problem of implementing the computationally universal
class of Threshold Circuits using only void rules.

Void Rules. We study the computational power of Step CRNs under an extremely simple
subset of CRN rules termed void rules [1]. General CRN rules are powerful since they allow
the removal, addition, and replacement of species. Impressively, these rules have successful
experimental implementations using DNA strand replacement mechanisms [37]. However,
implementing this level of generality requires sophisticated, and large, DNA complexes
that incur practical errors and constitute one of the primary hurdles limiting the scalable
implementation of molecular computing schemes [13, 43]. In contrast, void rules only have
the ability to delete species. Such a simple subset of reactions could plausibly permit
drastically simpler and scalable molecular implementations based solely on the pair-wise
bonding strength of single-stranded DNA. The only drawback is the inability of void rule
systems to compute even simple functions. We show that void rules become computationally
powerful in the step model with just tri-molecular or bi-molecular interactions. Specifically,
we show how Threshold Circuits (T'C'), a powerful class of circuits with applications in deep
learning, are simulated with void rules using a number of steps linear in the circuit’s depth.
Our utilization of steps under this void rule restriction is necessary, as we further show that
even simple circuits require the use of steps when restricted to pure void rules.

1.1 Previous Work

Computation in Chemical Reaction Networks. Stochastic Chemical Reaction Networks
are only Turing-complete with the possibility for error [36] while error-free stochastic Chemical
Reaction Networks can compute precisely the set of semilinear functions [4, 15]. CRNs have
also recently been shown to be experimentally viable through DNA Strand Displacement
(DSD) systems [37], and several CRN to DSD compilers have been created [9, 27, 40, 46].

Boolean Circuits. Using molecules for information storage and Boolean logic is a deep
field of study. Here, we show a few highlights, starting with one of the first discussions in
1988 [8] and an initial presentation of circuits with CRNs in 1991 [24]. Since then, the arca
has been extensively studied in CRNs and related models [7, 10, 12, 17, 20, 25, 28, 33, 34].
Numerous gates have been built experimentally and proposed theoretically such as the AND
[12, 18, 29, 34, 39, 45], OR [12, 18, 34, 39], NOT [12], XOR [12, 45], NAND [12, 17, 20, 44],
NOR [12], Parity [21, 22, 23], and Majority [3, 11, 30]. Symmetric boolean functions of
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’ Function Computation

Rules Species Steps Simulation Family Ref
(3,0) O(min(W? GFout)) | O(Dlog Fout) Strict TC Circuits | Theorem 7
(2,0)(2,1) O(G) O(D) Strict TC Circuits | Theorem 8
(2,1) O(G) O(Dlog Frnaj) Strict TC Circuits | Corollary 9
(c,0) any Q(log k) Strict k-CNOT Theorem 11
‘ Strict Function Verification
Rules | Steps Complexity Ref
(3,0) O(1) | coNP-complete | Theorem 14

Table 1 Summary of n-bit circuit simulation results. D is the depth of the circuit, W is the
width, G is the number of gates in a circuit or number of operators in a formula, Fy,: is the max
fan-out, and Finq; is the max fan-in of majority gates. TC stands for Threshold Circuits. The
k-CNOT is a k fan-in generalization of a Controlled NOT gate. Rule size (¢, 0) means the row holds
for all integer constants ¢ > 0.

n variables such as Majority have been found to have a circuit depth of O(logn) when
implemented by AND, OR and NOT gates [35].

Void Rules. The reachability problem, with systems of only void rules in proper CRNs, was
studied in [1]. Previous studies had included void rules as a part of their systems but were
never studied exclusively. The CRN++ programming language [42] allows these reactions to
be programmed using the sub module. However, if any product(s) remain, they can differ
from the reactants. They can also be considered a subcategory of the broader concept of the
extinction of rules and species in a system as referred to in [44].

Mixing Systems. Another generalization of CRNs that is closely related to the step model
is I/O CRNs [20], where additional inputs can be added at timed intervals. Still, those inputs
are read-only in the system (used exclusively as catalysts). Step CRNs generalize I/O CRNs
as the inputs are not read-only and are rate-independent, unlike I/O CRNs. Staged systems
have been explored in many self-assembly models[14, 16, 19, 31].

1.2 Our Contributions

Table 1 has an overview of the main results of this paper beyond the introduction of the
model and simulation definitions. The most important results being the ability to simulate
the class of Threshold Circuits (TC) by simulating AND, OR, NOT, and MAJORITY gates
through a restrictive definition of simulation while only using small void rules.

In Section 2, we define Step Chemical Reaction Networks and what it means to compute
a function. Following, in Section 3, we show how to simulate the class TC of Threshold
Circuits with void rules of size (3,0) (rules where 3 species react to delete each other) using
O(Dlog f) steps, where D is the depth of the circuit and f denotes the maximum fan-out
of the circuit. In Section 4, we achieve the same result using both (2,0) and (2,1) rules
and a slightly more efficient step complexity of O(D). We then use exclusively (2,1) rules
to achieve this same result by adding a factor of log Fy,,,; to the steps, where Fj,q; is the
maximum fan-in of majority gates. In Section 5, we show there exist functions that require a
logarithmic number of steps when restricted to constant reaction size, as well as the existence
of O(1)-depth threshold circuits of fan-out f that require Q(log f) steps, which matches the
O(Dlog f) upper bound for (3,0) circuits. Finally, we show that it is coNP-complete to
know whether a function can be strictly simulated by a step CRN system.
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Threshold Circuits with Void Reactions in Step CRNs

2  Preliminaries
2.1 Chemical Reaction Networks

Basics. Let A = {1, A2,..., A5} denote some ordered alphabet of species. A configuration
over A is a length-|A| vector of non-negative integers that denotes the number of copies of
each present species. A rule or reaction is represented as an ordered pair of configuration
vectors R = (R,, Rp). R, contains the minimum counts of each reactant species necessary for
reaction R to occur, where reactant species are either consumed by the rule in some count or
leveraged as catalysts (not consumed); in some cases a combination of the two. The product
vector R, has the count of each species produced by the application of rule R, effectively
replacing vector R,. The species corresponding to the non-zero elements of R, and R, are
termed reactants and products of R, respectively.

The application vector of R is R, = R, — R,, which shows the net change in species
counts after applying rule R once. For a configuration C' and rule R, we say R is applicable
to C if C[i] > R,[i] for all 1 <1 < |A|, and we define the application of R to C as the
configuration C’ = C'+ R,. For a set of rules I, a configuration C, and rule R € I" applicable
to C that produces €' = C + R,, we say C' —1 ', a relation denoting that C' can transition
to C’ by way of a single rule application from I'. We further use the notation C' = C’ to
signify the transitive closure of —1 and say C’ is reachable from C under T, i.e., C’ can be
reached by applying a sequence of applicable rules from I to initial configuration C. Here,
we use the following notation to depict a rule R = (R, R,): ZQI R, [i]s; — Zﬁll R, i]s;.

For example, a rule turning two copies of species H and one copy of species O into one
copy of species W would be written as 2H + O — W.

» Definition 1 (Discrete Chemical Reaction Network). A discrete chemical reaction network
(CRN) is an ordered pair (A,T") where A is an ordered alphabet of species, and T" is a set of
rules over A.

An initial configuration and CRN (A, T") is said to be bounded if a terminal configuration
is guaranteed to be reached within some finite number of rule applications starting from
configuration I. We denote the set of reachable configurations of a CRN as REACH 1. A
configuration is called terminal with respect to a CRN (A,T") if no rule R can be applied to
it. We define the subset of reachable configurations that are terminal as TERM; 4 1.

2.2 Void Rules

» Definition 2 (Void and Autogenesis rules). A rule R = (R,, R,) is a void rule if R, = R,—R,
has no positive entries and at least one negative entry. A rule is an autogenesis rule if R,
has no negative values and at least one positive value. If the reactants and products of a rule
are each multisets, a void rule is a rule whose product multiset is a strict submultiset of the
reactants, and an autogenesis rule one where the reactants are a strict submultiset of the
products. There are two classes of void rules, catalytic and true void. In catalytic void rules,
such as (2,1) rules, one or more reactants remain, and one or more is deleted after the rule
is applied. In true void rules, such as (2,0) and (3,0) rules, there are no products remaining.

» Definition 3. The size/volume of a configuration vector C is volume(C) =Y C[i].
» Definition 4 (size-(i,j) rules). A rule R = (R,,Ryp) is said to be a size-(3,7) rule if

(1,7) = (volume(R,), volume(R,)). A reaction is trimolecular if i = 3, bimolecular if i = 2,
and unimolecular if i = 1.
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Figure 1 An example step CRN system. The test tubes show the species added at each step and
the system with those elements added. The CRN species and void rule-set are shown on the left.

w 2.3 Step CRNs

12 A step CRN is an augmentation of a basic CRN in which a sequence of additional copies
163 of some system species are added after a terminal configuration is reached. Formally, a
e step CRN of k steps is an ordered pair ((A,T), (so, $1, 82, -..,Sk—1)), where the first element
165 of the pair is a normal CRN (A,T'), and the second is a sequence of length-|A| vectors of
166 non-negative integers denoting how many copies of each species type to add after each step.
17 Figure 1 illustrates a simple step CRN system.

168 Given a step CRN, we define the set of reachable configurations after each sequential
160 step. Let REACH; be the set of reachable configurations of (A,I") with initial configuration
w  cg at step sg, and let TERM; be the subset of reachable configurations that are terminal.
m  Define REAC H5 to be the union of all reachable configurations from each possible starting
2 configuration attained by adding s; to a configuration in TERM;. Let TERM; be the
3 subset of these reachable configurations that are terminal. Similarly, define REACH; to be
17+ the union of all reachable sets attained by using initial configuration ¢;_; at step s;_1 plus
s any element of TERM; 1, and let TERM; denote the subset of these configurations that
17e  are terminal.

77 The set of reachable configurations for a k-step CRN is the set REAC Hy, and the set of
s terminal configurations is TERM}. A classical CRN can be represented as a step CRN with
1wk =1 steps and an initial configuration of I = s.

180 Note that our definitions assume only the terminal configurations of a given step are
11 passed on to seed the subsequent step. This makes sense if we assume we are dealing with
12 bounded systems, as this represents simply waiting long enough for all configurations to reach
183 a terminal state before proceeding to the next step. In this paper we only consider bounded
18 void rule systems; we leave more general definitions to be discussed in future work.

ws 2.4 Computing Functions in Step CRNs

s Here, we define what it means for a step CRN to compute a function f(z1,...n) = (Y1,---Ym)
17 that maps n-bit strings to m-bit strings. For each input bit, we denote two separate species
18 types, one representing bit 0, and the other bit 1. We add one copy for each bit to encode
180 an input n-bit strig. Similarly, each output bit has two representatives(for 0 and 1), and
10 we say the step CRN computes function f if for any given n-bit input z1,...z,, the system
1 results in a final configuration whose output species encode the string f(z1,...2,). For a
12 fixed function f, the values denoted at each step s; are fixed to disallow outside computation.

103 Input-Strict Step CRN Computing. Given a Boolean function f(z1,...,2,) = (Y1, -, Ym)
s that maps a string of n bits to a string of m bits, we define the computation of f
105 with a step CRN. An input-strict step CRN computer is a tuple Cs = (S5, X,Y) where
we S = ((A,T),(s0,81,---,51)) is a step CRN, and X = ((29,2}),...,(20,2L)) and Y =
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Threshold Circuits with Void Reactions in Step CRNs

((¥0,93),..., (%, yL,)) are sequences of ordered-pairs with each 29,z y?, yjl- € A. Given an
n-input bit string b = by, ..., by, configuration X (b) is defined as the configuration over A ob-
tained by including one copy of 2 only if b; = 0 and one copy of x} only if b; = 1 for each bit
b;. We consider this representation of the input to be strict, as opposed to allowing multiple
copies of each input bit species. The corresponding step CRN (A, T, (sg + X (b), ..., sx—1)) is
obtained by adding X (b) to sg in the first step, which conceptually represents the system
programmed with specific input b.

An input-strict step CRN computer computes function f if, for all n-bit strings b and
for all terminal configurations of (A, T, (so + X (b),...,Sk—1)), the terminal configuration
contains at least 1 copy of y? and 0 copies of yjl- if the j** bit of f(b) is 0, and at least 1 copy
of yjl and 0 copies of y;-) if the j** bit of f(b) is 1, for all j from 1 to m.

We use the term strict to denote requiring exactly one copy of each bit species and
we leave it for future work to consider a more general form of input allowance or strict
output. Here, we only consider input-strict computation, so we use input-strict and strict
interchangeably.

Relation to CRN Computers. Previous models of CRN computers considered functions
over large domains such as the positive integers. Due to the infinite domain, the input to
such systems cannot be bounded. As such, the CRN computers shown in [15] define the
input in terms of the volume of some input species. In these scenarios, CRN computers
are limited to computing semi-linear functions. Here, we instead focus on computing n-bit
functions, and instead encode the input per bit with potentially unique species. This is a
model more similar to the PSPACE computer shown in [38].

2.5 Boolean and Threshold Circuits

A Boolean circuit on n variables x1, xs, ..., x, is a directed, acyclic multi-graph. The vertices
of the graph are generally referred to as gates. The in-degree and out-degree of a gate are
called the fan-in and fan-out of the gate respectively. The fan-in 0 gates (source gates)
are labeled from x1,zo, ..., x,, or labeled by constants starting at 0 or 1. Each non-source
gate is labeled with a function name, such as AND, OR, or NOT. Given an assignment of
boolean values to variables x1, o, ..., z,, each gate in the circuit can be assigned a value by
first assigning all source vertices the value matching the labeled constant or labeled variable
value and subsequently assigning each gate the value computed by its labeled function on
the values of its children. Given a fixed ordering on the output gates, the sequence of bits
assigned to the output gates denotes the value computed by the circuit on the given input.

The depth of a circuit is the longest path from a source vertex to an output vertex. Here,
we focus on circuits that consist of AND, OR, NOT, and MAJORITY gates with arbitrary
fan in. We refer to circuits that use these gates as threshold circuits (TC).

2.6 Notation

When discussing a boolean circuit, we use the following variables to denote the properties
of the circuit: Let D denote the circuit’s depth, G the number of gates in the circuit, W
the circuit’s width, F,,; the maximum fan-out of any gate in the circuit, F;, the maximum
fan-in, and Fj,,; the maximum fan-in of any majority gate within the circuit.

3 Computation of Threshold Circuits with (3, 0) Rules

Here, we introduce a step CRN system construction with only true void rules that can
compute Threshold Circuits. In other words, given any TC and some truth assignment to
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the input variables, we can construct a step CRN with only true void rules that computes
the same output as the circuit.

This section specifically focuses on step CRNs consisting of (3,0) rules. Subsection
3.1 shows how the system can compute individual logic gates, and we show an example
construction of a circuit in Subsection 3.2. We then present the general construction of
computing TC circuits by two different methods, differing in the number of species needed
based on the fan-out and width of the circuit. This results in Theorem 7, which states
that TCs can be strictly computed, even with unbounded fan-out, with O(min(W?2, GF,.;))
species, O(Dlog F,,+) steps, and O(W) volume.

3.1 Computing Logic Gates

Indexing. The number of steps to compute an individual depth level of a circuit varies
between 2-8 steps depending on the gates and wiring of the specified circuit. To convert a
circuit into a (3,0) step CRN system, we need to indez the wires (input and output) at each
level of the circuit in order to ensure the species is input to the correct gate. An example
circuit with bit/wire indexing is shown in Figure 3c. At each level, we call the indices of
the inputs of gates the input indices, and the indices of the output of each gate the gate
indices. Note that the index numbers may need to change along the wire, or change due to
fan-out/fan-in (see Figure 3c). This is accomplished by rules of the form ¢;_,; that map an
input index of j to a gate index of 7.

Bit Representation. The input bits of a binary gate are represented in a step CRN with
(3,0) rules by the species xz, where n € N and b € {T, F'}. Here, n represents the bit’s index
(based on the ordering of all bits into the gates) and b represents its truth value. Let fi™ be
the set of all the indices of input bits fanning into a gate at index 7 (gate indices). Let ff“!
be the set of all indices of the output bits fanning out of a gate at index 3.

The output bits of a gate are represented by the species yz, 4> Where n is instead the output
bit’s index (input index of the next level) and g denotes the gate type g € {B, A,0,N, M}
(BUFFER, AND, OR, NOT, and MAJORITY). The BUFFER (B) represents a signal wire
that changes depth without passing through a gate. For example, the outputs of an AND
gate, an OR gate, and a NOT gate at index n are represented by the species yz’ A yz,o, and
yfh N> Tespectively.

AND/OR Gate. The general process to compute an AND gate (an OR gate is similar) is
given in Table 2. First, all input species are converted into a new species a?’ g (step 1). The
species retains truth value b as the original input, and includes the gate index i and type
of the gate g. The species bf’g is then introduced (step 2), which computes the operation
of gate g across all existing species. Any species that do not share the same truth value as
the gate’s intended output are deleted (step 3-4). The species remaining after the operation
is then converted into the correct output species (step 5). The species u;, v;, w;, and t;_,;,
where j is the input index and ¢ is the gate index, are used to assist in removing excess
species in certain steps.

AND Example. Consider an AND gate whose gate index is 1 with input bits 1 and 0 as

shown in Figure 2. In this case, |f{"| = 2 and the initial configuration consists of the species

2T and zf. Following Table 2, this gate can be computed in five steps.

1. Two alT’A, two afA, one t1_,1, and one t5_,1 species are added to the system. This converts
the two input species of the gate into af 4 and ai 4 (causes all species except af 4 and
afA to be deleted).

2. One bf 4, two bf 4, and two uy species are added. All species except a single blﬁ 4 are
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Step: 0 ___ L ________z 2 ___ 34 _____3__.
o olololo)
x:F’i “V \/\/\/\/ @@\/
VY ‘\/ 1/ I/

Figure 2 Example AND gate and steps to compute using (3, 0) rules. Note the gate indexing of
the wires (¢ : 1 and 4 : 2) and the input indexing for the next level (i : 1 since there is only one gate).
The process of computing the gate is shown on the right in steps. The new species added at each
step are above and the remaining ones are in the system. The lines show the rules that would be
executed during each step. To see the added species and rules in detail, see Table 2.

eps Relevant Rules Description
|f'in"aTg Vjelen Vi in b -
L % € f;", convert z; input
1| Add|f"]-af, | @] a0 J € fi", convert z; inp
. in . a T species into a; , species.
ViEfimtin | T Fajgttisi—0
bfg Keep at least one of the correct output

T "
Ui +aig+big — 0

2 | Add |£im - bF, DN S ! species and delete all incorrect species.
VEERRT t e T This step computes the AND gate.”
3 | Add 21" v i + v +v; =0 Delete extra/unwanted species.
in . wi +vi +v; =0 R
4 | Add [£E - w; wi+a fg n bfg Ny Delete extra/unwanted species.
bz:g + yfg +t—0 Convert bli’,g into the proper output

5 | Add Ylgs Urgs t

bngrngth%(Z) species yf,g.
Table 2 (3, 0) rules and steps for an AND gate. To compute an OR gate, add |fi™] - bg:g and

one bfg in step 2 instead, and replace w; + af’?g + bf’?g — 0 with w; + azg + bzg — 0 in step 4.

deleted by reactions.
3. Four v; species are added to remove excess species. There are none, so no reactions occur.
4. Two w; are added to delete excess species. Now, only a bf_ 4 species remains.
5. One leA, one yfA and one t species are added. The bfA species cause the leA and ¢

species to be deleted. The yf 4 species is the only species remaining, which represents
the intended “false” output of the AND gate.

NOT Gate. Table 3 shows the general process to computing NOT gates. To compute a
NOT gate, only the output species and species t are added in. In NOT gates specifically, the
input species and the output species that share the same truth value b remove each other,
leaving the complement of the input species as the remaining and correct output species.

Majority Gate. The majority gate outputs 1 if and only if more than half of its inputs are
1. Otherwise, it returns 0. The general step process is overviewed in Table 4 To compute a
majority gate, all input species are converted into a new species aé” u (step 1). The species
retains the same index ¢ and truth value b as the original input. If the number of species
fanning into the majority gate is even, an extra false input species is added in. The species
bZ a is then introduced, which computes the majority operation across all existing species.
Any species that represent the minority inputs are deleted (step 2). The species remaining
after the operation are converted into the correct output (gate index) species (step 5). The
species u;, v;, w;, and t;_,;, where j is the input index and 7 is the gate index, are used to
assist in removing excess species in certain steps.
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Steps Relevant Rules Description
T The output species (y° ) that is
Ui | Ty +aT 50— 0 put species (y; ) that is
1| Add 4F i yo the complement of the input species ()
BN Yi,N + T; + 1t — 0 i1 be th 1 . ..
tisi will be the only species remaining.
Table 3 (3, 0) rules and steps for a NOT gate.
Steps Relevant Rules Description
|Fi"] - adae Vi€ fit: vj e fin bi
L ) € f;", convert x; input
1| Add [ afy | @l tala bt 0 JES s P

) species into a? ,; species.
V] S fzm' : t]'*”' .Z’f + ag:n/j + tj%i — @ P M SP
£ 1/2) - b
2 | Add  [[fi"/2] - bim
(1fi"=1) - w

Adding || fi"]/2] amounts of b} ; and
u; + GZM + be =0 be species will delete all of the
u; + afj M+ bz: M — 0 | minority species, leaving some amount
of the majority species remaining.

3| Add  2(lfi"|-1)-w u; +2v; — 0 Delete extra/unwanted species.

w; + 2v; — 0
4 | Add  (|fi"]—1)-w; | wit ainr + b — 0 Delete extra/unwanted species.
w¢+a£M +b51\4 4)@

T
Yi, aZM +yly+t—0 Convert af?M into the proper output

yi%M afy+yfy+t—0 species (y! r)-

Table 4 (3, 0) rules and steps for a majority gate.

5 | Add

3.2 (3,0) Circuit Example

With the computation of individual gates demonstrated in our system, we now expand these
features to computing entire circuits. We begin with a simple example (Figure 3c¢) to show
the concepts before giving the general construction. The circuit has four inputs: x1, xs, x3,
and z4. At the first depth layer, z; fans into a NOT gate and x5 and z3 are both fanned

into an OR gate. At the next depth level, the output of the OR gate is fanned out twice.

One of these outputs, along with the output of the NOT gate, is fanned into an AND gate,
while the other and x4 fans into another AND gate. At the last depth level, both AND gate
outputs fan into an OR gate, which computes the final output of the circuit.

Table 5 shows how to compute the circuit in Figure 3c. The primary inputs of the circuit
in Figure 3c are represented by the species in the initial configuration. Step 1 converts the
primary inputs into input species. If there was any fan out of the primary inputs, it would
be done in this step. Steps 2-6 compute the gates at the first depth level. Steps 7-8 compute
the fan out between the first and second depth level. Step 9 converts the outputs of the
gates at the first depth level into input species. Steps 10-14 use those inputs to compute

the gates at the second depth level. Step 15 converts the outputs of these gates into inputs.

Steps 16-20 compute the final gate. Step 21 converts the output of that gate into an input
species that represents the solution to the circuit (z1").

3.3 Computing Circuits

» Lemma 5. Threshold circuits (TC) with a mazx fan-out of 2 can be strictly computed by a
step CRN with only (3,0) rules, O(W?) species, O(D) steps, and O(W) volume.

Proof. The initial configuration of the step CRN should consist of one yfl g species for each
primary input with the appropriate indices and truth values. Section 3.1 explains how to
compute TC gates. In order to run a circuit, we need to convert the outputs at an index 4
into the inputs for the next gate at index j. To simulate circuits with O(W?2) species, we also
need to be able to reuse these input, output, and helper species. This can be accomplished

190

23:9

CVIT 2016



23:10

Threshold Circuits with Void Reactions in Step CRNs

Initial Configuration: ny yQT,B yng yf,B
Steps Relevant Rules Steps Relevant Rules
z1, x5, 73, T4 Yip+ar +tin — 0 2aT 4, 2a% 4 o +al s+t —0
1 t151, t3—3 y;B 4+l 4 ta =0 10 2a; 4, 2a5 4 7 + aiA +to1 — 0
=i, 2, «f | of vig+al +tss — 0 tas1, tas2 23 +al 4 +tzo — 0
ta—2, tasa Ya,B T x3 +tasa — 0 t151, t3—2 i + a3 4 +taso — 0
ny,2a§O,y§B x1T+y1T,N+t1ﬁ1—>@ o7 T a{A+bﬁA+U1—>®
5 ti51, t3—2 $2T+a2F,o+t2a2—>@ 11 22?’25’4 afA+bfA+U1—>@
ny,2a2F,o,y§B x§+a2F’o+t3ﬁ2—>(Z) 2bp’ 211:; a£A+b§A+u2%®
toy2, tass xz+y3T,B+t4ﬁ3%(D 2,4 agA—&—b;A—i-ug—)@
3 2b£o, 2us, b;o a;o + b;o +us =0 12 | 4vq, 4vs No Rules Apply
4 4vg U2+U2+U2—>@ w1+v1+v1%®
13 2w1, QUJQ
5 | 2w wo +v2 +v2 = 0 wa + v2 + va —
2
. . w;+a2T,g+sz,o*® 14 ygmy%m 2t b;A'i'y;A""t_)@
6 | y20,% Y20 byo+yro+t—10 Y1,4> Y2, bya+ysat+t—0
T T 3 T
t11 Y + a1 +tist -0
e T7T F T 4T 4r 15 Ty, T2, 1,A
Y2.0, 75 Y2,0 Y2,0 T Y2,0 xf, a:f;, toso yQFjA +$%“ Ftog — 0
2aT t1-1 .TF+(IT +t1 1—>0
8 | 27, 24F F F SN 16 1,0, t1— 1 1.0 -
Y2,05 2Y2,0 Y2,0 tY2,0 + Y2,0 2af,o7 to af 4 alT,o Tlosy — 0
17 | 2616, 2u, b | afo+ 010 +ur — 0
T T T T F T 1,0 1, Y10 1,0 1,0 1
fl 5 x2t7 X3, Ty Y1 Nizll:v i;ﬁl%l :g 18 4’[}1 No Rules Apply
, T
9 | b2 . y%«’o 2 T 19 | 2un wi +v1 +v1 — 0
T1, Ta, T3, T4 Y20+ T3 +tasz = 0 T ya a T
: + 7 T 20 | y1.0:t Y10 biotyio+t—0
22, t354 Y3 g+ T4 +tzna— 0 2 o L o
21 | i, i Yio+x +tis =0

Table 5 (3,0) rules and steps to compute the circuit in Figure 3¢ based on the indexing shown in
Figure 3a. Note that as in other tables, the ‘Steps’ column shows the number and types of species
being added at the beginning of that step.

Relevant Rules Description

Vi e [t
Ylg+xl +tin; =0
Yigtal +tin; =0
Table 6 (3, 0) rules for converting outputs into inputs per circuit level.

Steps

T P Vi € £t convert yé’,g output
Ti, 25, tisg

1| Add Vj out
JEeS species into xlj’ input species.

by having unique species for each gate at a given depth level. Figure 3a shows a pattern the
gates can be indexed in.

When reusing species, we incorporate a unique t;_,; species (different from the t;_,;
species used in computing gates) for each gate at index i that converts the output species
into an input species with the index j. Converting outputs into inputs is done for all gates
at the same depth level. Table 6 shows the steps and rules needed to complete this process.

Fan Out. In order to perform a 2-fan out, we create a second copy of the output species
that is fanning out. Table 7 shows the steps and rules needed to perform this duplication.
After duplicating the output, the simulation continues as usual. All outputs at the same
depth level can be fanned out at the same time using these two steps.

Complexity. The ¢;_,; approach results in, at most, W2 unique species since 1 < 4,5 < W.
All other types of species either have O(1) or O(W') unique species. Therefore, a simulation
of a circuit with a max fan-out of 2 requires O(W?) species.

All gates at a given depth level are evaluated at the same time, so a simulation of a circuit
with a max fan-out of 2 requires O(D) steps. Additionally, circuits are evaluated one depth
level at a time. Thus, at most, a max width amount of input, output, and helper species are
added at the same time. All of the input, output, and helper species from previous depth
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Steps Relevant Rules Description
Flip output’s bit (e.g. if species
yiT, ¢ is present, then delete
it and preserve yf )

yz?:g+y3:g+r_)0

1 | Add T o F
yi,gvyi,gvr sz‘,ﬂg—Fy'f,‘g"—T—)@

Delete all copies of the negation
y}: gt yiT, g+ yg o — 0 | of the initial input, and preserve
Yl +ylg+yl, =0 the two copies of the input
that were just added.

2 | Add 27,247,

Table 7 (3,0) rules and steps for 2-fan out.

Tnput
1 1 1
O ;= s

1 71
i pu
4 2 4 6 0

() (b) (c) (d)

| Bit Indices Input Bit Indices
. . [ :

Figure 3 (a) Example indexing pattern of wires for the step CRN method using O(W?) species.

(b) Example indexing pattern of wires for the step CRN method using O(G) species. (c) Example
circuit (with indexing) for Table 5. (d) Example circuit (with indexing) for Table 10.

levels get deleted when progressing to the next depth level, so the simulation requires O(W)
volume. A constant number of species, steps, and volume are needed to perform a 2-fan out,
so a 2-fan out operation does not affect the complexity. |

» Lemma 6. Threshold circuits (TC) with a mazx fan-out of 2 can be strictly computed by a
step CRN with only (3,0) rules, O(G) species, O(D) steps, and O(W) volume.

Proof. Most of the rules, species, and steps used to compute a circuit with O(W?) species
(Lemma 5) should also be used for this step CRN. The main difference is that there is an
index for every gate in the circuit instead of limiting the indexes of these species by the max
width. Figure 3b shows a pattern the gates can be indexed in. Also, we don’t need the ¢;_,;
species. This is because rules could overlap when reusing species, so the ¢;_,; species was
used to make certain rules distinct and prevent the wrong reactions from occurring. However,
each gate being represented by unique species eliminates the possibility of this error as every
rule used to compute a gate will also be unique. So, in this step CRN, all instances where
ti—; species is used (including those in Section 3.1) are replaced by the generic ¢ species.
Complexity. The ¢;_,; species that was the bottleneck for species in the step CRN
discussed in Lemma 5 has been replaced by the t species. Therefore, the number of species
is no longer upper bounded by O(W?2). Instead, there are unique species for each gate, thus
requiring O(QG) species. The differences discussed in this lemma do not affect the step or
volume complexity determined in Lemma 5 (O(D) and O(W), respectively). <

» Theorem 7. Threshold circuits (TC) can be strictly computed by a step CRN with only
(3,0) rules, O(min(W?2,G - F,,)) species, O(Dlog F,,;) steps, and O(W) volume.

Proof. Since the methods used in Lemmas 5 and 6 can only achieve a max fan-out of 2,
a circuit with a larger fan-out (F,,;) must be turned into a circuit with a max fan-out of
2. The max width does not change in the transformation process, but the total number of
gates does. The transformation process creates a binary tree-like structure within the circuit,
where the gate that is fanning out can be likened to the root, and the gates that the output
is being inputted into can be likened to the leaves. Therefore, because a binary tree can
have, at most, 2¢ — 1 vertices, and an arbitrary fan out already has the “root” gate and
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Threshold Circuits with Void Reactions in Step CRNs

“leaves” gates, the transformation process requires, at most, £ — 2 more gates to construct the
binary tree-like structure. Thus, the method requiring O(G) species would require O(G F,y;)
species to simulate a circuit with arbitrary fan-out. The most efficient method can be used
for a given circuit, resulting in O(min(W?2, GF,,;)) species required to simulate a circuit.
Due to the binary tree-like structure made for gates with large fan out, the transformation
process would increase the size of the depth from D to Dlog F,,;. Since the steps are
dependent on the size of the depth, a circuit simulation would require O(D log F,,;) steps.
The volume of a circuit simulation does not differ between the two methods (O(W)
volume) nor is it affected by the transformation process. <

4  Threshold Circuits with (2, 0) and (2, 1) Catalyst Rules

Having established computation results with step CRNs using only true void rules, we now
examine step CRNs whose rule-sets contain catalytic rules. These rulesets can either consist
of only (2,1) rules or both (2,1) and (2,0) rules. Subsection 4.1 shows how the computation
of logic gates is possible in step CRNs with just (2,0) or (2,1) rules. We then demonstrate
with Theorem 4.3 how the system can compute TCs with O(G) species, O(D) steps, and
O(W) volume. Subsection 4.4 then shows that TCs can also be calculated (with more steps)
with only the (2,1) catalyst rules.

4.1 Computing Logic Gates

Bit Representation and Indexing. The inputs of a binary gate are constructed the same
as in Section 3.1. However, with catalysts, we slightly modify our indexing scheme. When
fanning out, we do not split the output of the gate into input species with different indices
because the catalyst rules remove the need to differentiate the input species. Let fi" be the
set of all the indices of the inputs fanning into a gate at index . Let f*! be the set of all
the indices of the inputs fanning out of a gate at index 3.

The output of a gate is represented by the species y? or y? _,;» where j is the index of the
input bit and 7 is the index of the gate.

AND/OR/NOT Gate. Table 8 shows the general process to computing AND, OR, and
NOT gates. To compute an AND gate, we add a single copy of the species representing a
true output (y7) and a species representing a false output for each input (V5 € fi" : yf i)
To compute an OR gate instead, we add a species representing a true output (y]T _,;) for each
input and a single yf species. To compute NOT gates, we add one copy of each output
species (y?). For every input into an AND/OR/NOT gate, a corresponding rule should be
created to remove the output species of the gate with the opposite truth value to the input.
If the output species has a unique j — 4 index, then only the input with the corresponding 4
can delete that output species.

These gates can also be computed with (2,1) catalyst rules by making the ac? species
a catalyst. For example, the (2,0) rule x]T +yI' — 0 would be replaced by the (2,1) rule
mr{ + y;f — :C]T
OR Example. Consider OR gate whose gate index is 1 with input bits 0 and 1. Here,
|fin] = 2, and the initial configuration consists of the species zf" and a 1.

This gate can be computed in one step, following Table 8, by adding one y¥ ,,, one 33 .;,
and one y{" species to the system. The species # and yf delete each other. xf" and y{ ,,
are also removed together. Only the species y1 ,; remains, which represents the intended
“true” output of the OR gate.

Majority Gate. The general process of computing a majority gate is shown at Table 9.
To compute a majority gate, all input species are converted into a new species a,’i’ (step 1).
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Gate Type Step Relevant Rules Description
An input species with a certain
truth value deletes the
complement output species.

T T F
Yi T 4y — 0

AND Add Y it

Vi € fi :y]}'?%i $f+y3ﬂ%@

An input species with a certain
truth value deletes the
complement output species.

F T F
Yi z; +y; —0
OR Add . in J
V] S fz : y]T*m‘ xf + y]-Tﬂ' — 0

The input and output species that

T T, T
NOT Add y% a:% * yiF —0 share the same truth value delete
Yi oty =0 each other.
Table 8 (2, 0) rules for AND, OR, and NOT gates.
Steps Relevant Rules Description
. in
1| Add :;{:; . Zi :c;iea? % 0 Vj € f.f", _convell;t b i.nput
" - a; oF +al 50 species into a; species.
Adding ||fi"|/2] amounts of b7 and
o | Add Uff"|/2j b al +0F =0 b species will delete all of the
L1£m1/2] - bF af +07 =0 minority species, leaving some amount
of the majority species remaining.
3 | Add yF al +yF =0 Convert a? into the proper output
yF af +yf =0 species (y?).

Table 9 (2, 0) rules for magjority gates.

The species retains the same truth value b as the original input and has the gate index ¢. If
the number of species fanning into the majority gate is even, an extra false input species is
added in. The species b? is then introduced, which computes the majority operation across
all existing species. Any species that represent the minority inputs are deleted (step 2). The
species remaining afterwards are then converted into the correct output species (step 3).

4.2 Examples

With the computation of individual gates demonstrated in our system, we now expand these
features to computing entire circuits. We begin with a simple example in Figure 3d to show
the concepts before giving the general construction.

Our example circuit has three inputs: z1, x2, and x3. In the first layer, x5 is fanned out
three times. One is fanned into an AND gate with 21, another fanned into a NOT gate, and
the other fanned into an AND gate with x3. Finally, at the next depth level, the output of
all three gates are fanned into an OR gate, whose output is the final circuit output.

Table 10 shows how to compute the circuit in Figure 3d. The primary inputs of the
circuit in Figure 3d are represented by the species in the initial configuration. Steps 1-5 fan
out the second primary input, convert the output species (y?) into input species (?), and
delete excess species. Step 6 computes the gates at the first depth level. Steps 7-11 convert
the output species into input species and deletes excess species. Step 12 computes the final
gate. Steps 13-17 delete excess species and converts the output of the final gate into an input
species that represents the solution to the circuit (z1).

4.3 Computing Circuits with (2,0) Void and (2,1) Catalyst Rules
» Theorem 8. Threshold circuits (TC) can be strictly computed with (2,0) void rules and
(2,1) catalyst rules, O(G) species, O(D) steps, and O(W') volume.

Proof. With only (2,0) rules, there is no known way to perform fan-outs without introducing,
at most, an exponential count of species at certain steps. This makes it impossible to strictly
compute circuits with only (2,0) rules and results in a large volume. The use of (2,1)
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Initial Configuration: yF oyl of
Steps Relevant Rules Steps Relevant Rules
1| Add d. No Rules Apply 8 Add  dy de +ds — 0
2 | Add d, de +do = 0 wl, g Yroa+2i =yl
af,af |yl i —ur 9 | Add @ Ys +a5 =y
3 | Add  3z%, 3zF | ¢l + 2l =T xf, b Yo + 5 — Yo
xi,af | s +a -yl v+ dy, — dy
rd, > d, 10 | Add d, ys +dy —dy
4| Add d, v +d, - d, Ys +dy = dy
ya +dy — dy 11 | Add d, dy+dy — 0
5 | Add d, dy +dy — 0 r o1 | @ +yir—0
12 Add Ya—7, Ys—7 F T @
F T T F T5 + Y557 —
T F Ty +Ya *)Q) Y67, Y7 T F %@
Ys 5 Y14 PRI | T + Y7
T 2, y%«‘“‘ 13 | Add d. No Rules Apply
6 | Add 5 I za +ys — 0
Ys s Yae | T | yE =0 14 | Add d. do +dy — 0
Y6 » y?l:;G :L’?? + y%_f- 0 15 | Add :L';, x? yg;7 + 37;‘ — yg%?
o 16 | Add d, v+ dy —dy
7 | Add dq No Rules Apply 17 | Add dy dy+dy —0
Table 10 (2, 0) and (2, 1) rules and steps to compute the circuit in Figure 3d with Figure 3b’s

indexing.

catalyst rules enables the step CRN to compute with arbitrary fan-out without an increase
in species count, as well as deleting all species that are no longer needed. This allows for
strict computation and decreases the volume of the step CRN to a polynomial size.

The initial configuration of this step CRN should consist of a y® species with the
appropriate indexing and truth values for each primary input. Section 4.1 explains how to
compute TC gates. To run the circuit, we must convert the output species into input species.
In addition, this step CRN uses d, and d, as deleting species. Table 11 shows the steps and
rules needed to perform arbitrary fan-out for a gate. All outputs at the same depth level can
be fanned out at the same time.

Complexity: Having a constant amount of unique species represent each gate in a
circuit and a constant number of helper species results in O(G) species. All gates at a given
depth level are computed at the same time in a constant number of steps. Thus, the circuit
simulation requires O(D) steps. This step CRN only needs to introduce a constant number
of species to compute each gate, and it deletes all species no longer needed after computing
all gates at a given depth level. Thus, the step CRN requires O(W) volume. <

4.4 Computing Circuits with (2,1) Catalyst Rules

It’s worth noting that (2,1) catalyst rules are able to compute TCs on their own. The main
drawback is that there is no known way to directly compute majority gates without (k > 2,0)
void rules. Thus, any majority gate must be computed using AND, OR, and NOT gates
when using only catalyst rules. Furthermore, deleting species that are no longer needed is
slightly more convoluted with (2,1) rules compared to pure void rules.

» Corollary 9. Threshold circuits (TC) can be strictly computed with only (2,1) catalyst
rules, O(G) species, O(Dlog Fpq;) steps, and O(W) volume.

Proof. Section 4.1 explains how to compute AND/OR/NOT gates using (2,0) rules, and
they can easily be changed to (2,1) rules by making the xé’- species a catalyst. The method
used to perform arbitrary fan out in Theorem 8 can be slightly modified to function with
only (2,1) rules. Table 12 demonstrates how this can be done. A special property of using
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Steps Relevant Rules Description
vne{l,---,G}:
be{T,F
1| Add d dV +€m{b ’_> c}l Delete all input species (z%) and helper
v co v species that are no longer needed.
dy + ap — dz
do + b7, = do
2 | Add dx de +de — 0 Remove deleting species d..
yF + 2l =T Add species representing true and false
yF + 2T = oF inputs and delete the species that are the
‘fout‘ T
3 | Add : v Vi e fin: complement of the output. A single output
|fout| IF J i p. p g p
! ¢ y};i +af > y};i species can assign the truth value for as
y]l-:z- +al — y]l-:i many input species as needed.
Yne{l,---,G}:
dy +yn — dy
4| Add d dy +yE — d, Delete all output species (3%) that no
Y Vje fi": longer needed.
dy + ZJJT—M‘ — dy
dy + ij—n‘ — dy
5 | Add dy dy +dy — 0 Remove deleting species d.

Table 11 (2, 0) and (2, 1) rules and steps for a gate with arbitrary fan out.

(2,1) rules to compute gates is that the counts of the species being added are flexible. This is
not the case when gates are computed with pure void rules, as it is necessary for the counts
of certain species to be precise. For example, while Step 3 in Table 11 and Step 5 in Table
12 are functionally equivalent steps, they have different computing requirements. When
computing with (2,0) rules, we need exactly |f?¢| amount of % species by the end of that
step. On the other hand, when computing with (2,1) rules, we only need one copy of xi?, and
even if multiple copies of that species were added, it would not have a significant impact on
the computation of the circuit.

Complexity: The techniques used to compute circuits are functionally equivalent to the
ones used in Theorem 8, so the upper bound of species and volume remain the same, that is,
O(G) and O(W), respectively.

Since majority gates must be computed using AND and OR gates when using only
(2,1) rules, the depth of the circuit must increase. The conversion of a majority gate to
AND/OR/NOT gates can be achieved with O(n) gates and O(logn) depth where n is the
number of input bits of the majority gate [35] (any symmetric boolean function has a circuit
of depth O(logn) and size O(n) for n bits). Thus, the maximum number of steps needed
to compute a circuit would be O(Dlog F,,q5), where F,,,; is the maximum fan-in of any
majority gate in the circuit. |

5 Lower Bounds and Hardness

In this section, we prove negative results for computing with step CRNs. First, we show there
exists a family of functions that require a logarithmic number of steps to compute. Then, we
show hardness of verifying whether a step CRN properly computes a given function.

5.1 Step Lower Bound for Controlled NOT

CNOT. The Controlled NOT gate is a 2-bit input and 2-bit output gate taking inputs X
and Y, and outputting X and X @ Y. In other words, the gate flips Y if X is true.

k-CNOT. We generalize this to a Controlled k-NOT gate. This is a (k + 1)-bit gate with
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Steps Relevant Rules Description
Deleting species d, makes it possible for
1| Add d d, +dl — d, species d,; to exist in the next step
without complications.
U
Vndré+{ ldz - (éf} ) Deleting species d., makes it possible for
b e 7{T [é,} ’ species dl, to exist in the next step
2 | Add d. 5 without complications.
de + T, — ds . . b
d+d —d Delete all input species (z,) and helper
dy + b — d, species that are no longer needed.
3 | Add d de +d — d) Removes deleting species d.

Deleting species dg makes it possible for
4 | Add d/y d/y + dg — d; species dy to exist in the next step

without complications.

yF +2F =47 Add species representing true and false
T yF + a2l —oF inputs and delete the species that are the
5 | Add m’F Vi€ fin. complement of the output. A single output
i y]-TﬁZ‘ +af — y]-Tﬁi species can assign the truth value for as
yfﬁi +a2f — yfﬁi many input species as needed.
dy +dy, — dy
vne{l,---,G}: Deleting species d; makes it possible for
dy + yr - dy species dg to exist in the next step
6 | Add d, dy +yE — d, without complications.
Vje fin: Delete all output species (y5) that are
dy + ij_”» — dy no longer needed.
dy + y]F—n' —>dy
7 | Add d dy +dy — dy Remove deleting species d,.

Table 12 (2, 1) rules and steps for a gate with arbitrary fan out.

inputs X,Y7,..., Y. The Y bits all flip if X is true. We choose this function since it has
the property that changing 1 bit of the input changes a large number of output bits.

Configuration Distance. Recall configurations are defined as vectors. For two configura-
tions cp, ¢1, we say the distance between them is ||cg — c1]]1, i.e., the sum of the absolute
value of each entry in ¢y — ¢;.

» Lemma 10. Let r be a positive integer parameter. For all step CRNs T with void rules of
size (r1,0) with r1 < v and pairs of initial configurations cy and cp with distance 2 and equal
volume, for any configuration crs terminal in the step s from cr, there exists a configuration
crs terminal in step s from cp such that the distance between crs and cpg is O(r*).

Proof. Let T be the species that is in configuration ¢y and not in cp. Similarly, define the
species F' to be the species in configuration ¢z and not in ¢y. Consider the reaction sequence
Ry starting from ¢ and ending in ¢p1. All but one reaction in Ry can be applied to cp.
Consider the reaction sequence Ry that differs from Rp by two reactions. The first is the
reaction in Ry that consumes T and r — 1 other species, and the second is a reaction that
consumes F' and r — 1 other species. Applying R results in a configuration cp; that differs
from ¢y by at most 2r species.

Now, assume there are two initial configurations in step s with distance 2r°~! away from
each other. In the base case, each different species between the configurations can be used in
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at most one rule, thus the species can only propagate r — 1 additional changes in the next
terminal configuration. This results in a difference of 2rr*~! = 2r° in the s stage. <

The configuration distance between two output configurations is related to the Hamming
distance of the output strings they represent. Lemma 10 can be used to get a get a logarithmic
lower bound for the number of steps required when we fix our rule size to be a constant.

» Theorem 11. For all constants v, any CRN that strictly computes a k-CNOT gate with
rules of size (r1,0) satisfying r1 < r requires Q(logk) steps.

Proof. Flipping only the X bit of the the input changes all £ 4+ 1 output bits. It follows
that in order to compute a k-CNOT, we must have at least k distance between the two final
configurations even when starting from configurations with distance 1. We can also assume
these have the same volume since by changing a bit value we are only changing which species
we add. With Lemma 10, we get the following inequality and must compute s.

log k
k< 2r® — logk < 2slogr — ) <
2logr
Since r is a constant we get an asymptotic bound of s = Q(log k). |

We also note the k--CNOT can be computed by & XOR gates in parallel. This implies
this lower bound does not hold with catalytic reactions either as Theorem 8 shows this
can be computed in O(1) steps or without the input-strict requirement. This is because
increasing the fan-out of the X bit does not incur a cost in the number of steps in both of
these generalizations. Plugging this XOR circuit into Theorem 7 gives a bound of ©(log k)
steps showing the construction is optimal for some circuits.

5.2 Function Verification Hardness

We have established that void step CRNs can simulate Boolean circuits. We now discuss the
complexity of the computational problem of determining if a given (void) step CRN does
compute a given function. Specifically, we consider the following decision problem:

(Strict Function Verification): Given a step CRN Cs = (5,X,Y) and a Boolean
function f(-)! where f(z1,---,2n) = y1 : {0,1}" — {0, 1}, decide if Cs computes Boolean
function f(-). In particular, let fo(z1,---,x,) = false, which is false for all inputs.

Theorem 12 shows that strict function verification in a step CRN system with void rules
is coNP-hard, and coNP membership for this problem is shown in Theorem 13.

» Theorem 12. [t is coNP-hard to determine if a given a O(1)-step CRN Cs = (S, X,Y)
with (3,0) rules computes the boolean function fo(x1, -+ ,xn).

Proof. The decision problem 3SAT is a classical NP-complete problem. Its complementary
problem, which is coNP-complete, is to decide if the conjunction of several clauses with
three literals cannot be satisfied. We also reduce from the special case of 3SAT where each
variable appears at most 4 times, shown to be NP-complete in [41]. Let F(z1, - ,2,) =
C1 ANCy A ---Cp, be an instance for a 3SAT problem, where each C; is a clause that has at
most three literals, for example, C1 = (1 V T3 V x3). The function F(.) can be computed
by a boolean circuit of constant depth. Checking if F(z1, - ,2z,) = fo(z1, -, 2z,) for all
(z1,--+,2,) is the complementary problem for 3SAT.

1 We assume that f(-) is given in the form of a circuit cy. We leave as future work the complexity of
other representations such as a truth table.
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It follows from Theorem 7, which shows F(.) can be simulated by a step CRN Cg =
(S, X,Y) with (3,0) rules. The number of steps of the CRN is O(D log F,ut). The depth
of the circuit is constant since all clauses can be computed in parallel and the gates handle
arbitary fan-in. The fanout is also constant because each variable only appears 4 times. <

» Theorem 13. Determining if a given a s-step CRN Cs = (S,X,Y) with (r,0) rules
computes the boolean function fo(x1,--- ,2,) is in coNP.

Proof. This problem can be solved by a polynomial time non-deterministic algorithm which
does the following. Pick a string b of length n and compute fy(b) =Y. Then convert b
to the initial configuration X (b). Guess a sequence of s terminal configurations ¢y, ..., cs
where ¢; is a terminal configuration in the ith step. To verify this, call the NP algorithm for
reachability in Volume Decreasing CRNs from [1] to verify each configuration is reachable in
the correct step. If the final configuration cs; does not represent Y then reject. <

» Theorem 14. It is coNP-Complete to determine if a given a O(1)-step CRN Cs = (S, X,Y)
with (3,0) rules computes the boolean function fo(x1,- -+ ,Zn).

Proof. Follows from Theorems 12 and 13. <

6 Conclusions and Future Work

We have proposed the step CRN model, a natural augmentation to the CRN model, and
shown that void rule CRNs, a simple but computationally weak class of CRNs, become
capable of efficiently simulating Threshold Circuits under this extension. We have shown this
holds even when limited to (3,0) reactions, and further shown that bi-molecular reactions
are equally powerful if permitted access to catalytic reactions. We also show that the
step augmentation is fundamentally needed: without access to a super-constant number
of steps, such computation is impossible. Finally, we utilize our positive results to show
coNP-completeness for the problem of deciding if a given step CRN computes a given function.
The step CRN model presented in this work, along with our results, naturally lead to a
number of additional promising research directions. A small sample of these are:
Lower Bounds and Catalysts: We conjecture (3,0) void rules are the smallest size rules
for strictly simulating TC without the use of a catalyst. Further, we show that more
than a constant number of steps are required for circuit computation for non-catalytic
void rules, but is it true with a catalyst?
Robustness: While void rules potentially offer a simpler path to experimental feasibility
and scalability, some of our techniques require precise counts of species to be added at
different steps of the computational process. Such precision is a hurdle to experimental
implementation. Thus, it is interesting to consider to what extent these results can be
made robust to approximate counts (or have a lower-bound).
Reachability: The reachability problem of determining if a given configuration is reachable
from an initial configuration is well-studied in CRNs and other computational models. We
showed that steps allow for greater computational power with void rules. How does the
addition of steps affect the reachability problem, and specifically, what is the complexity
when relating void rules, catalysts, rule size, and number of steps?
General Staged CRNs: We explored a simple scheme for including separate stages into
the CRN model by simply adding new species at each step. A more general modelling
could include multiple separate bins that may be mixed or split together over a sequence
of stages. Formalizing such a model and exploring the added power of this generalization
is an interesting direction for future work.
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Complexity of Reconfiguration in Surface Chemical Reaction Networks

1 Introduction

The ability to engineer molecules to perform complex tasks is an essential goal of molecular
programming. A popular theoretical model for investigating molecular systems and distrib-
uted systems is Chemical Reaction Networks (CRNs) [6, 26]. The model abstracts chemical
reactions to independent rule-based interactions that creates a mathematical framework
equivalent [8] to other well-studied models such as Vector Addition Systems [18] and Petri
nets [24]. CRNs are also interesting for experimental molecular programmers, as examples
have been built using DNA strand displacement (DSD) [27].

Abstract Surface Chemical Reaction Networks (SCRNs) were introduced in [25] as a way
to model chemical reactions that take place on a surface, where the geometry of the surface
is used to assist with computation. In this work, the authors gave a possible implementation
of the model similar to ideas of spatially organized DNA circuits [21]. This strategy involves
DNA strands being anchored to a DNA origami surface. These strands allow for “species”
to be attached. Fuel complexes are pumped into the system, which perform the reactions.
While these reactions are more complex than what has been implemented in current lab
work, it shows a route to building these types of networks.

1.1 Motivation

Feed-Forward circuits using DNA hairpins anchored to a DNA origami surface were imple-
mented in [5]. This experiment used a single type of fuel strand. The copies of the fuel
strand attached to the hairpins and were able to drive forward the computation.

A similar model was proposed in [9], which modeled DNA walkers moving along tracks.
These tracks have guards that can be opened or closed at the start of computation by
including or omitting specific DNA species at the start. DNA walkers have provided
interesting implementations such as robots that sort cargo on a surface [29].

A new variant of surface CRNs we introduce is the k-burnout model in which cells can
switch states at most k time before being stuck in their final state. This models the practical
scenario in which state changes expend some form of limited fuel to induce the state change.
Specific experimental examples of this type of limitation can be seen when species encode
“fire-once" DNA strand replacement reactions on the surface of DNA origami, as is done
within the Signal Passing Tile Model [22].

1.2 Previous Work

The initial paper on SCRNs [25] gave a 1D reversible Turing machine as an example of the
computational power of the model. They also provided other interesting constructions such
as building dynamic patterns, simulating continuously active Boolean logic circuits, and
cellular automata. Later work in [7] gave a simulator of the model, improved some results of
[25], and gave many open problems- some of which we answer here.

In [2], the authors introduce the concept of swap reactions. These are reversible reactions
that only “swap” the positions of the two species. The authors of [2] gave a way to build
feed-forward circuits using only a constant number of species and reactions. These swap
reactions may have a simpler implementation and also have the advantage of the reverse
reaction being the same as the forward reaction, which makes it possible to reuse fuel species.

A similar idea for swap reactions on a surface that has been studied theoretically are
friends-and-strangers graphs [10]. This model was originally introduced to generalize problems
such as the 15 Puzzle and Token Swapping. In the model, there is a location graph containing
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uniquely labeled tokens and a friends graph with a vertex for every token, and an edge if
they are allowed to swap locations when adjacent in the location graph. The token swapping
problem can be represented with a complete friends graph, and the 15 puzzle has a grid
graph as the location graph and a star as the friends graph (the ‘empty square’ can swap
with any other square). Swap sCRNs can be described as multiplicities friends-and-strangers
graph [19], which relax the unique restriction, with the surface grid (in our case the square
grid) as the location graph and the allowed reactions forming the edges of the friends graph.

1.3 Our Contributions

In this work, we focus on two main problems related to sCRNs. The first is the reconfiguration
problem, which asks given two configurations and a set of reactions, can the first configuration
be transformed to the second using the set of reactions. The second is the 1-reconfiguration
problem, which asks whether a given cell can ever contain a given species. Our results are
summarized in Table 1. The first row of the table comes from the Turing machine simulation
in [25] although it is not explicitly stated. The size comes from the smallest known universal
reversible Turing machine [20] (see [30] for a survey on small universal Turing machines.)

We first investigate swap reactions in Section 3. We prove both problems are PSPACE-
complete using only four species and three swap reactions. For reconfiguration, we show
this complexity is tight by showing with three or less species and only swap reactions the
problem is in P.

In Section 4, we study a restriction on surface CRNs called k-burnout where each species is
guaranteed to only transition k times. This is similar to the freezing restriction from Cellular
Automata [14, 15, 28] and Tile Automata [4]. We start with a simple reduction showing
reconfiguration is NP-complete in 2-burnout. This is also of interest since the reduction only
uses three species types and a reaction set of size one. For 1-reconfiguration, we show the
problem is also NP-complete in 1-burnout sCRNs. This reduction uses a constant number of
species.

In Section 5, we analyze reconfiguration for all SCRNs that have a reaction set of size
one. For the case of only two species, we show for every possible reaction, the problem is
solvable in polynomial time. With three species or greater, we show that reconfiguration is
NP-complete. The hardness comes from the reduction in burnout sCRNs.

Finally, in Section 6, we conclude the paper by discussing the results as well as many
open questions and other possible directions for future research related to surface CRNs.

2 Surface CRN model

Chemical Reaction Network. A chemical reaction network (CRN) is a pair I' = (S, R)
where S is a set of species and R is a set of reactions, each of the form Ay +--- + 4; —
B+ -+ + By where A;, B; € S. (We do not define the dynamics of general CRNs, as we do
not need them here.)

Surface, Cell, and Species. A surface for a CRN T is an (infinite) undirected graph
G. The vertices of the surface are called cells. A configuration is a mapping from each cell
to a species from the set S. While our algorithmic results apply to general surfaces, our
hardness constructions assume the practical case where G is a grid graph, i.e., an induced
subgraph of the infinite square grid (where omitted vertices naturally correspond to cells
without any species). When G is an infinite graph, we assume there is some periodic pattern
of cells that is repeated on the edges of the surface. Figure 1 shows an example set of species
and reactions and a configuration of a surface.
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Problem Type ‘ Graph ‘ Species | Rules Result
Reconfiguration sCRN 1D 17 67 PSPACE-complete [25]
1-Reconfiguration | Swap sCRN Grid 4 3 PSPACE-complete | Thm. 3
1-Reconfiguration | Swap sCRN Any <3 Any P Thm. 6
1-Reconfiguration | Swap sCRN Any Any <2 P Thm. 6
Reconfiguration | Swap sCRN Grid 4 3 PSPACE-complete | Thm. 4
Reconfiguration | Swap sCRN Any <3 Any P Thm. 5
Reconfiguration | Swap sCRN Any Any <2 P Thm. 5
Reconfiguration 2-burnout Grid 3 1 NP-complete Thm. 7
1-Reconfiguration | 1-burnout Grid 17 40 NP-complete Thm. 8
Reconfiguration sCRN Grid >3 1 NP-complete Cor. 15
Reconfiguration sCRN Any <2 1 P Thm. 11

Table 1 Summary of our and known complexity results for sCRN reconfiguration problems,
depending on the type of sSCRN, number of species, and number of rules. All problems are contained
in PSPACE, while all k-burnout problems are in NP.

Species Reaction Rules Surface

0 -00 OO0
@0-0® OO0
0~ OO0
>@-00 OO0

Figure 1 Example sCRN system.

L CIQIO)

Reaction. A surface Chemical Reaction Network (sCRN) consists of a surface and a
CRN, where every reaction is of the form A + B — C + D denoting that, when A and B
are in neighboring cells, they can be replaced with C' and D. A is replaced with C' and B
with D.

Reachable Configurations. For two configurations I,T, we write I —% T if there
exists a € R such that performing reaction r on a pair of species in I yields the configuration
T. Let I —r T be the transitive closure of I —L T, including loops from each configuration
to itself. Let II(T', I) be the set of all configurations T" for which I —p T is true. A sequence
of reachable states is shown in Figure 2

Initial Configuration Target Reconfiguration

@000 @O0 ©@O©QQ)
Oe@Q) _, V@@0 _, .. , V@@Q)
@00 @O0 T @@Q0
OC@0O0 O@O0 O@OO

Figure 2 An initial, single step, and target configurations

208



Alaniz et al.

2.1 Restrictions

Reversible Reactions. A set of reactions R is reversible if, for every rule A+ B — C + D
in R, the reaction C+ D — A+ B is also in R. We may also denote this as a single reversible
reaction A+ B = C + D.
Swap Reactions. A reaction of the form A + B = B + A is called a swap reaction.
k-Burnout. In the k-burnout variant of the model, each vertex of the system’s graph
can only switch states at most k times (before “burning out" and being stuck in its final
state).

2.2 Problems

Reconfiguration Problem. Given a sCRN I' and two configurations I and T, is T €
(T, s)?

1-Reconfiguration Problem. Given a sCRN T, a configuration I, a vertex v, and a
species s, does there exist a T € TI(T", S) such that T has species s at vertex v?

3 Swap Reactions

In this section, we will show 1-reconfiguration and reconfiguration with swap reactions is
PSPACE-complete with only 4 species and 3 swaps in Theorems 3 and 4. We continue
by showing that this complexity is tight, that is, reconfiguration with 3 species and swap
reactions is tractable in Theorems 5 and 6.

3.1 Reconfiguration is PSPACE-complete

We prove PSPACE-completeness by reducing from the motion planning through gadgets
framework introduced in [11]. This is a one player game where the goal is to navigate a
robot through a system of gadgets to reach a goal location. The problem of changing the

state of the entire system to a desired state has been shown to be PSPACE-complete [1].

This reduction treats the model as a game where the player must perform reactions moving
a robot species through the surface.

The Gadgets Framework

Framework. A gadget is a finite set of locations and a finite set of states. Each state is a
directed graph on the locations of the gadgets, describing the traversals of the gadget. An
example can be seen in Figure 3. Each edge (traversal) describes a move the robot can take
in the gadget and what state the gadget ends up in if the robot takes that traversal. A robot
enters from the start of the edge and leaves at the exit.

In a system of gadgets there are multiple gadgets connected by their locations. The
configuration of a system of gadgets is the state of all gadgets in the system. There is a single
robot that starts at a specified location. The robot is allowed to move between connected
locations and allowed to move along traversals within gadgets. The system of gadgets can
also be restricted to be planar, in which case the cyclic order of the locations on the gadgets
is fixed, and the gadgets along with their connections must be embeddable in the plane
without crossings.

The 1-player motion planning reachability problem asks whether there exists a sequence
of moves within a system of gadgets which takes the robot from its initial location to a target
location. The I-player motion planning reconfiguration problem asks whether there exists
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1 2 3

Figure 3 The Locking 2-Toggle (L2T) gadget and its states from the motion planning framework.
The numbers above indicate the state and when a traversal happens across the arrows, the gadget
changes to the indicated state.

a sequence of moves which brings the configuration of a system of gadgets to some target
configuration.

There are many sets of motion planning models and gadgets to build our reduction. We
select 1-player over O-player since in the SCRN model there are many reactions that may
occur and we are asking whether there exists a sequence of reactions which reaches some
target configuration; in the same way 1-player motion planning asks if there exists a sequence
of moves which takes the robot to the target location. The existential query of possible
moves/swaps remains the same regardless of whether a player is making decisions vs them
occurring by natural processes. The complexity of the gadgets used here are considered in
the O-player setting in [12].

Locking 2-Toggle. The Locking 2-toggle (L2T) is a 4 location, 3 state gadget. The
states of the gadget are shown in Figure 3. The L2T has advantages because it universal for
reversible deterministic gadgets. Reversibility was important to picking a gadget since swap
reactions are naturally reversible.

Constructing the L2T

We will show how to simulate the L2T in a swap sCRN system. Planar 1-player motion
planning with the L2T was shown to be PSPACE-complete [11]. We now describe this
construction.

Species. We utilize 4 species types in this reduction and we name each of them according
to their role. First we have the wire. The wire is used to create the connection graph between
gadgets and can only swap with the robot species. The robot species is what moves between
gadgets by swapping with the wire and represents the robot in the framework. Each gadget
initially contains 2 robot species, and there is one species that starts at the initial location
of the robot in the system. The robot can also swap with the key species. Each gadget
has exactly 1 key species. The key species is what performs the traversal of the gadget by
swapping with the lock species. The lock species can only swap with the key. There are 4
locks in each gadget. The locks ensure that only legal traversals are possible by the robot
species.

These species are arranged into gadgets consisting of two length-5 horizontal tunnels.
The two tunnels are connected by a length-3 central vertical tunnel at their 3rd cell. At the
4th cell of both tunnels there is an additional degree 1 cell connected we will call the holding
cell.

States and Traversals. The states of the gadget we build are represented by the
location of the key species in each gadget. If the key is in the central tunnel of the gadget
then we are in state 1 as shown in Figure 4b. Note that in this state the key may swap with
the adjacent locks, however we consider these configurations to also be in state 1 and take
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Robot O{—}O Key
Wire . Lock

(a) Swap rules/species (b) State 1 (c) State 2 (d) State 3

Figure 4 Locking 2-toggle implemented by swap rules. (a) The swap rules and species names.
(b-d) The three states of the locking 2-toggle.

R 1A S SR A R 444

Figure 5 Traversal of the robot species.

advantage of this later. The horizontal tunnels of the gadget in this state contain a single
lock with an adjacent robot species.

States 2 and 3 are reflections of each other (Figures 4c and 4d). This state has a robot in
the central tunnel and the key in the respective holding cell. The gadget in this state can
only be traversed from right to left in one of the tunnels.

Figure 5 shows the process of a robot species traversing through the gadget. Notice when
a robot species “traverse” a gadget, it actually traps itself to free another robot at the exit.
We prove two lemmas to help verify the correctness of our construction. The lemmas prove
the gadgets we design correctly implement the allowed traversals of a locking 2-toggle.

» Lemma 1. A robot may perform a rightward traversal of a gadget through the north/south
tunnel if and only if the key is moved from the central tunnel to the north/south holding cell.

Proof. The horizontal tunnels in state 1 allow for a rightward traversal. The robot swaps
with wires until it reaches the third cell where it is adjacent to two locks. However the key
in the central tunnel may swap with the locks to reach the robot. The key and robot then
swap. The key is then in the horizontal tunnel and can swap to the right with the lock there.
It may then swap with the robot in the holding cell. This robot then may continue forward
to the right and the key is stuck in the holding cell.

Notice when entering from the left the robot will always reach a cell adjacent to lock
species. The robot may not swap with locks so it cannot traverse unless the key is in the
central tunnel. |

» Lemma 2. A robot may perform a leftward traversal of a gadget through the north/south
tunnel if and only if the key is moved from the north/south holding cell to the central tunnel.

Proof. In state 2 the upper tunnel can be traversed and in state 3 the lower tunnel can be
traversed. The swap sequence for a leftward traversal is the reverse of the rightward traversal,
meaning we are undoing the swaps to return to state 1. The robot enters the gadget and
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swaps with the key, which swaps with the locks to move adjacent to the central tunnel. The
key then returns to the central tunnel by swapping with the robot. The robot species can
then leave the gadget to the left.

A robot entering from the right will not be able to swap to the position adjacent to
the holding cell if it contains a lock. This is true in both tunnels in state 1 and in the
non-traversable tunnels in states 2 and 3. <

We use these lemmas to first prove PSPACE-completeness of 1-reconfiguration. We
reduce from the planar 1-player motion planning reachability problem.

» Theorem 3. 1-reconfiguration is PSPACE-complete with 4 species and 3 swap reactions or
greater even when the surface is a subset of the grid graph.

Proof. Given a system of gadgets create a surface encoding the connection graph between
the locations. Each gadget is built as described above in a state representing the initial state
of the system. Ports are connected using multiple cells containing wire species. When more
than two ports are connected we use degree-3 cells with wire species. The target cell for
1-reconfiguration is a cell containing a wire located at the target location in the system of
gadgets.

If there exists a solution to the robot reachability problem then we can convert the
sequence of gadget traversals to a sequence of swaps. The swaps relocate a robot species to
the location as in the system of gadgets.

If there exists a swap sequence to place a robot species in the target cell there exists a
solution to the robot reachability problem. Any swap sequence either moves an robot along
a wire, or traverses it through a gadget. From Lemmas 1 and 2 we know the only way to
traverse a gadget is to change its state (the location of its key) and a gadget can only be
traversed in the correct state. |

Now we show Reconfiguration in sSCRNs is hard with the same set of swaps is PSPACE-
complete as well. We do so by reducing from the Targeted Reconfiguration problem which
asks, given an initial and target configuration of a system of gadgets, does there exist sequence
of gadget traversals to change the state of the system from the initial to the target and
has the robot reach a target location. Note prior work only shows reconfiguration (without
specifying the robot location) is PSPACE-complete[1] however a quick inspection of the proof
of Theorem 4.1 shows the robot ends up at the initial location so requiring a target location
does not change the computational complexity for the locking 2-toggle. One may also find
it useful to note that the technique used in [1] for gadgets and in [17] for Nondeterministic
Constraint Logic can be applied to reversible deterministic systems more generally. This
means the method described in those could be used to give an alternate reduction directly
from 1-reconfiguration of swap sSCRNs to reconfiguration of swap sCRNs.

» Theorem 4. Reconfiguration is PSPACE-complete with 4 species and 3 swap reactions or
greater.

Proof. Our initial and target configurations of the surface are built with the robot species at
the robots location in the system of gadget, and each key is placed according to the starting
configuration of the gadget.

Again as in the previous theorem we know from Lemmas 1 and 2 the robot species
traversal corresponds to the traversals of the robot in the system of gadgets. The target
surface can be reached if and only the target configuration in the system of gadgets is
reachable. <

212



Alaniz et al.

3.2 Polynomial-Time Algorithm

Here we show that the previous two hardness results are tight: when restricting to a smaller
cases, both problems become solvable in polynomial time. We prove this by utilizing
previously known algorithms for pebble games, where labeled pebbles are placed on a subset
of nodes of a graph (with at most one pebble per node). A move consists of moving a pebble
from its current node to an adjacent empty node. These pebble games are again a type of
multiplicity friends-and-strangers graph.

» Theorem 5. Reconfiguration is in P with 3 or fewer species and only swap reactions.
Reconfiguration is also in P with 2 or fewer swap reactions and any number of species.

Proof. First we will cover the case of only two swap reactions. There are two possibilities:
the two reactions share a common species or they do not. If they do not, we can partition the
problem into two disjoint problems, one with only the species involved in the first reaction
and the other with only the species from the second reaction. Each of these subproblems has
only one reaction, and is solvable if and only if each connected component of the surface has
the same number of each species in the initial and target configurations.

The only other case is where we have three species, A, B, and C, where A and C can
swap, B and C can swap, but A and B cannot swap. In this case, we can model it as a
pebble motion problem on a graph. Consider the graph of the surface where we put a white
pebble on each A species vertex, a black pebble on each B species vertex, and leave each C
species vertex empty. A legal swap in the surface CRN corresponds to sliding a pebble to
an adjacent empty vertex. Goraly et al. [16] gives a linear-time algorithm for determining
whether there is a feasible solution to this pebble motion problem. Since the pebble motion
problem is exactly equivalent to the surface CRN reconfiguration problem, the solution given
by their algorithm directly says whether our surface CRN problem is feasible. |

» Theorem 6. 1-reconfiguration is in P with 3 or fewer species and only swap reactions.
1-reconfiguration is also in P with 2 or fewer swap reactions.

Proof. If there are only two swap reactions, we again have two cases depending on whether
they share a common species. If they do not share a common species, then we only need
to consider the rule involving the target species. The problem is solvable if and only if the
connected component of the surface of species involved in this reaction containing the target
cell also has at least one copy of the target species. Equivalently, if the target species is A,
and A and B can swap, then there must either be A at the target location or a path of B
species from the target location to the initial location of an A species.

The remaining case is when we again have three species, A, B, and C, where A and C
can swap, B and C can swap, but A and B cannot swap. If C is the target species, then the
problem is always solvable as long as there is any C in the initial configuration. Otherwise,
suppose without loss of generality that the target species is A. Some initial A must reach
the target location. For each initial A, consider the modified problem which has only that
single A and replaces all of the other copies of A with B. A sequence of swaps is legal in this
modified problem if and only if it was legal in the original problem. The original problem has
a solution if and only if any of the modified ones do. We then convert each of these problems
to a robot motion planning problem on a graph: place the robot at the vertex with a single
copy of A, and place a moveable obstacle at each vertex with a B. A legal move is either
sliding the robot to an adjacent empty vertex or sliding an obstacle to an adjacent empty
vertex. Papadimitriou et al. [23] give a simple polynomial time algorithm for determining
whether it is possible to get the robot to a given target location. By applying their algorithm
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o

o000

Figure 6 An example reduction from Hamiltonian Path. We are considering graphs on a grid,
so any two adjacent locations are connected in the graph. Left: an initial board with the starting
location in blue. Middle: One step of the reaction. Right: The target configuration with the ending
location in blue. Bottom: the single reaction rule.

to each of these modified problems (one for each cell that has an initial A), we can determine
whether any of them have a solution in polynomial time (since there are only linearly many
such problems), and thus determine whether the original 1-reconfiguration problem has a
solution in polynomial time.

<«

4 Burnout

In this section, we show reconfiguration in 2-burnout with species (A, B, C) and reaction
A+ B — C+ A is NP-complete in Theorem 7. Next, we show 1-reconfiguration in 1-burnout
with 17 species and 40 reactions is NP-complete in Theorem 8.

Reconfiguration and 1-Reconfiguration for burnout sSCRNs are in NP since there is the
length of any reconfiguration is bounded. For space we do not include this proof but note
this has been proved in other system such as Resource Bounded Cellular Automata [13],
Freezing Cellular Automata [14] and Freezing Tile Automata [3].

4.1 2-Burnout Reconfiguration

This is a simple reduction from Hamiltonian Path, specifically when we have a stated start
and end vertex.

» Theorem 7. Reconfiguration in 2-burnout sCRNs with species (A, B,C) and reaction
A+ B — C + A is NP-complete even when the surface is a subset of the grid graph. It is
also NP-complete with the same species and reactions without the 2-burnout restriction.

Proof. Let I' = {(A, B,C),(A+ B — C + A)}. Given an instance of the Hamiltonian path
problem on a grid graph H with a specified start and target vertex v, and v, respectively,
create a surface G where each cell in G is a node from H. Each cell contains the species B
except for the cell representing vs which contains species A. The target surface has species C
in every cell except for the final node containing A, v;. An example can be seen in Figure 6.

The species A can be thought of as an agent moving through the graph. The species B
represents a vertex that hasn’t been visited yet, while the species C represents one that has
been. Each reaction moves the agent along the graph, marking the previous vertex as visited.

(=) If there exists a Hamiltonian path, then the target configuration is reachable. The
sequence of edges in the path can be used as a reaction sequence moving the agent through
the graph, changing each cell to species C finishing at the cell representing v;.

(<) If the target configuration is reachable, there exists a Hamiltonian path. The sequence
of reactions can be used to construct the path that visits each of the vertices exactly once,
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ending at v;.

Note that we have not discussed the effect of Burnout on the reduction. However since
each cell transitions through species in the following order: B, A, C this reaction always
results in a 2-burnout sCRN so the reduction holds with and without the restriction.

This means the CRN is 2-burnout which bounds the max sequence length for reaching
any reachable surface, putting the reconfiguration problem in NP. |

4.2 1-Burnout 1-Reconfiguration

For 1-burnout 1l-reconfiguration, we show NP-completeness by reducing from 3SAT and
utilizing the fact that once a cell has reacted it is burned out and can no longer participate
in later reactions.

00060 ©6660 ©0060 066
RO VOO COOee ©©©®®

Figure 7 All the possible configurations of two variable gadgets.

» Theorem 8. 1-reconfiguration in 1-burnout sCRNs with 17 species and 40 reactions is
NP-complete even when the surface is a subset of the grid graph. It is also NP-complete with
the same species and reactions without the 1-burnout restriction.

Proof. We reduce from 3SAT. The idea is to have an ‘agent’ species traverse the surface to
assign variables and check that the clauses are satisfied by ‘walking’ through each clause. If
the agent can traverse the whole surface and mark the final vertex as ‘satisfied’, there is a
variable assignment that satisfies the original 3SAT instance.

Variable Gadget. The variable gadget is constructed to allow for a nondeterministic
assignment of the variable via the agent walk. At each intersection, the agent ‘chooses’ a
path depending on the reaction that occurs. If the agent chooses ‘true’ for a given variable,
it will walk up then walk down to the center species. If the agent chooses ‘false’, the agent
will walk down then walk up to the center species. From the center species, the agent can
only continue following the path it chose until it reaches the next variable gadget. Examples
of the agent assigning variables can be seen in Figure 7.

Each variable assignment is ‘locked’ by way of geometric blocking. When the agent
encounters a variable gadget whose variable has already been assigned, the agent must follow
that same assignment or it will get ‘stuck’ trying to react with a burnt out vertex. This can
be seen in Figure 8.

Initial Configuration. First, the configuration is constructed with variable gadgets
connected in a row, one for each variable in the 3SAT instance. This row of variable gadgets
is where the agent will nondeterministically assign values to the variables. Next, a row of
variable gadgets, one row for each clause, is placed on top of the assignment row, connected
with helper species to fill in the gaps.

For each clause, if a certain variable is present, the center species of the variable gadget
reflects its literal value from the clause. For example, if the variable x1 in clause ¢l should
be true to satisfy the clause, the variable gadget representing x1 in cl’s row will contain
a T species in the center cell. Lastly, the agent species is placed in the bottom left of the
configuration. An example configuration can be seen in Figure 9.

The agent begins walking and nondeterministically assigns a value to each variable. After
assigning every variable, the agent walks right to left. If at an intersection, the agent chooses

215

XX:11



XX:12 Complexity of Reconfiguration in Surface Chemical Reaction Networks

(a) Successful navigation of an intersection.  (b) Agent stuck due to not following the assignment.

Figure 8 The assignment ‘locking’ process.
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(a) Example starting configuration. (b) The surface after evaluating the first clause.

Figure 9 Reduction from 3SAT to 1-burnout 1l-reconfiguration. (a) The starting configuration of
the surface for the example formula ¢ = (mz2 V23V x4) A (-1 V 22 V 24) A (21 V —22 V 23). (b)
The configuration after evaluating the first clause. A red outline represents the unsatisfied state,
and a green outline represents the satisfied state.

a different assignment than it did its first pass, the agent becomes ‘stuck’ only being able to
react with a burnt out vertex.

After walking all the way to the left, the first clause can be checked. The agent starts in
the unsatisfied state, walking through each variable in the row, left to right. If the current
variable assignment at a variable gadget satisfies this clause, the agent changes to the satisfied
state and continues walking. If the agent walks through all the variables without becoming
satisfied, the computation ends. If the clause was satisfied, the agent continues by walking
back, right to left, to begin evaluation of the next clause. If the agent walks all the way to
the final vertex with a satisfied state, then the initial variable assignment satisfies all the
clauses.

(=) If there exists a variable assignment that satisfies the 3SAT instance, then the final
vertex can be marked with the satisfied state s. The agent can only mark the final cell with
the satisfied state s if all clauses can be satisfied.

(<) If the final vertex can be marked with satisfied state s, there exists a variable
assignment that satisfies the 3SAT instance. The variable assignment that the agent non-
deterministically chose can be read and used to satisfy the 3SAT instance. <

5 Single Reaction
When limited to a single reaction, we show a complete characterization of the reconfiguration

problem. There exists a reaction using 3 species for which the problem is NP-complete. For
all other cases of 1 reaction, the problem is solvable in polynomial time.

216



Alaniz et al.

N ©9-00 ©0-00 ©0-00 ©0-00 ©00-0® ©0-00
—— 00 ©@-00 ©© 00@-00 @0 ©©-©®
CloseEvalstionStatust Veres v 0@®-0© 09-00 ©®-00 00-00
OO0 ©@-00 ©@-@@ ©0-®@
e 00-00 ©0-00 ©@-00 ©0-0® ©0-0® ©0-©®
0 0®-0® 00-0® 00 ©0-0®
Traversa Aseiet States: _' _' @@"@@ ©©4©©
®09® 0@-0® 00-@® 00 0®-00

N/S/U - Not Yet Evaluated/Satisfied/Unsatisified

Figure 10 Species identification and transition rules for 1-burnout 1-reconfiguration.

5.1 2 Species

We start with proving reconfiguration is in P when we only have 2 species and a single
reaction.

» Lemma 9. Reconfiguration with species {A, B} and reaction A+ A— A+ B OR A+ B —
A+ A is solvable in polynomial time on any surface.

Proof. The reaction A+ B — A + A is the reverse of the first case. By flipping the target
and initial configurations, we can reduce from reconfiguration with A+ B — A+ A to
reconfiguration A+ A — A+ B.

We now solve the case where we have the reaction A+ A — A+ B.

All cells that start and end with species B can be ignored as they do not need to be
changed, and can not participate in any reactions. If there is a cell that contains B in the
initial configuration but A in the target, the instance is ‘no’ as B may never become A.

Let any cell that starts in species A but ends in species B be called a flip cell, and any
species that starts in A and stays in A a catalyst cell.

An instance of reconfiguration with these reactions is solvable if and only if there exists
a set of spanning trees, each rooted at a catalyst cell, that contain all the flip cells. Using
these trees, we can construct a reaction sequence from post-order traversals of each spanning
tree, where we have each non-root node react with its parent to change itself to a B. In the
other direction, given a reaction sequence, we can construct the spanning trees by pointing
each flip cell to the neighbor it reacts with. <

» Lemma 10. Reconfiguration with species {A, B} and reaction A+ A — B + B is solvable
in polynomial time on any surface.

Proof. Reconfiguration in this case can be reduced to perfect matching. Create a graph
M including a node for each cell in S containing the A species initially and containing B
in the target, with edges between nodes of neighboring cells. If M has a perfect matching,
then each edge in the matching corresponds to a reaction that changes A to B. If the target
configuration is reachable, then the reactions form a perfect matching since they include
each cell exactly once. <

» Theorem 11. Reconfiguration with 2 species and 1 reaction is in P on any surface.

Proof. As we only have two species and a single reaction, we can analyze each of the four
cases to show membership in P. We divide into two cases:

217

XX:13



XX:14

Complexity of Reconfiguration in Surface Chemical Reaction Networks

A + A: When a species reacts with itself, it can either change both species, which is
shown to be in P by Lemma 10; or it changes only one of the species, which is in P by
Lemma 9.

A + B: When two different species react, they can either change to the same species,
which is in P by Lemma 9; or they can both change, which is a swap and thus is in P by
Theorem 5. |

5.2 3 or more Species

Moving up to 3 species and 1 reaction, we showed earlier that there exists a reaction for
which reconfiguration is NP-complete in Theorem 7. Here, we give reactions for which
reconfiguration between 3 species is in P, and in Corollary 15 we prove that all remaining
reactions are isomorphic to one of the reactions we’ve analyzed.

» Lemma 12. Reconfiguration with species (A, B,C) and reaction A+ B — C+C' is solvable
in polynomial time on any surface.

Proof. At a high level, we create a new graph of all the cells that must change to species C,
and add an edge when the two cells can react with each other. Since a reaction changes both
cells to C' we can think of the reaction as “covering” the two reacting cells. Finding a perfect
matching in this new graph will give a set of edges along which to perform the reactions to
reach the target configuration.

Consider a surface G and a subgraph G’ C G where we include a vertex v’ in G’ for each
cell that contain A or B in the initial configuration and C' in the target configuration. We
include an edge (u’,v’) between any vertices in G’ that contain different initial species, i.e.
any pair of cell which one initially contains A and the other initially B.

Reconfiguration is possible if and only if there is a perfect matching in G’. If there is
a perfect matching then there exists a set of edges which cover each cell once. Since G’
represents the cells that must change states, and the edges between them are reactions, the
covering can be used as a sequence of pairs of cells to react. If there is a sequence of reactions
then there exists a perfect matching in G’: each cell only reacts once so the matching must
be perfect, and the cells that react have edges between them in G’. <

» Lemma 13. Reconfiguration with species (A, B,C') and reaction A+ B — A+ C' is solvable
in polynomial time on any surface.

Proof. The instance of reconfiguration is solvable if and only if any cell that ends with
species C either contained C' in the initial configuration, or started with species B and have
an A adjacent to perform the reaction. Additionally, since a reaction cannot cause a cell
to change to A or B, each cell with an A or B in the target configuration must contain the
same species in the initial configuration. |

The final case we study is 4 species 1 reaction. Any sCRN with 5 or more species and 1
reaction has a species which is not included in the reaction.

» Lemma 14. Reconfiguration with species (A, B, C, D) and the reaction A+ B — C + D is
in P on any surface.

Proof. We can reduce Reconfiguration with A + B — C + D to perfect matching similar to
Lemma 12. Create a new graph with each vertex representing a cell in the surface that must
change species. Add an edge between each pair of neighboring cells that can react (between
one containing A and the other B). A perfect matching then corresponds to a sequence of
reactions that changes each of the species in each cell to C or D. <
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» Corollary 15. Reconfiguration with 3 or greater species and 1 reaction is NP-complete on
any surface.

Proof. First, from Theorem 7 we see that there exists a case of reconfiguration with 3 species
that is NP-hard with or without the burnout restriction.

For membership in NP, we analyze each possible reaction. We note that we only need to
consider two cases for the left hand side of the rule, A+ A and A+ B. Any other reaction is
isomorphic to one of this form as we can relabel the species. For example, rule B4+C — A+ A
can be relabeled as A+ B — C + C. Also, we know that C' must appear somewhere in the
right hand side of the rule. If it does not then the reaction only takes place between two
species, which is always polynomial time as shown above, or it involves a species we can
relabel as C.

Here are the cases for A + B and our analysis results:

A+B—+A+C P in Lemma 13
A+ B — C+ B | Pin Lemma 13 under isomorphism
A+B—->C+ A NP in Theorem 7
A+ B — B+ C | NP in Theorem 7 under isomorphism
A+B—-C+C P in Lemma 12
A+B—-C+D P in Lemma 14

When we have A + A on the left side of the rule, the only case we must consider is
A+ A — B+ C (since all 3 species must be included in the rule). We have already solved
this reaction: first swap the labels of A and C' giving rule C + C — B + A, then reverse the
rule to B+ A — C + C and swap the initial and target configuration. Finally since rules do
not care about orientation this is equivalent to the rule A+ B — C' 4+ C' in Lemma 12.

Finally, for 4 species and greater, the only new case is A+ B — C' + D, which is proven
to be in P in Lemma 14. Any other case would have species that are not used since a rule
can only have 4 different species in it.

Thus, all cases are either in NP, or in P which is a subset of NP, therefore, the problem
is in NP. Also, since our results for each case apply for any surface, the same is true in
general. |

6 Conclusion

In this paper, we explored the complexity of the configuration problem within natural
variations of the surface CRN model. While general reconfiguration is known to be PSPACE-
complete, we showed that it is still PSPACE-complete even with several extreme constraints.
We first considered the case where only swap reactions are allowed, and showed reconfiguration
is PSPACE-complete with only four species and three distinct reaction types. We further
showed that this is the smallest possible number of species for which the problem is hard
by providing a polynomial-time solution for three or fewer species when only using swap
reactions.

We next considered surface CRNs with rules other than just swap reactions. First, we
considered the burnout version of the reconfiguration problem, and then followed by the
normal version with small species counts. In the case of 2-burnout, we showed reconfiguration
is NP-complete for three species and one reaction type, and 1-burnout is NP-complete for
17 species with 40 distinct reaction types. Without burnout, we achieved, as a corollary,
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that three species, one reaction type is NP-complete while showing that dropping the species
count down to two yields a polynomial-time solution.

6.1 Computing Polynomial Space Functions

An interpretation of Theorem 3 is that surface Chemical Reactions are capable of computing
any function that can be computed in polynomial space. Perhaps the most important
PSPACE-Complete is the acceptance problem for polynomial space Turing machines. While
there may be a few reduction between these problems, we can may turn any polynomial
space Turing machine into a surface CRN such that the robot species swaps with a wire
species at a target location. In experiments one can imagine the target location as having a
special type of wire species that acts as a reporting, emitting a signal when it reacts with the
robot species. The size of the surface is polynomial in the space of the Turing machine since
these are all polynomial time reductions. While we do not claim this experiment can be done
with such a small number of species, but rather that theoretically more sequence efficient
reaction systems which can compute should exists by taking advantage of the surface.

Our polynomial time algorithms describe experiments with 1, 2, or 3 reactions on surfaces
where well studied algorithms for problems such as matching and motion planning may be of
use.

6.2 Open Problems

This work introduced new concepts that leaves open a number of directions for future work.
While we have fully characterized the complexity of reconfiguration for the swap-only version
of the model, the complexity of reconfiguration with general rule types for three species
systems remains open if the system uses more than one rule. All of hardness results also
use a square grid graph, while our algorithms work on general surfaces. We would like to
know if the threshold for hardness can be lowered on more general graphs. In the 1-burnout
variant of the model, we have shown 1-reconfiguration to be NP-complete, but the question
of general reconfiguration remains a “burning” open question.
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Abstract

We present results on the complexity of reconfigura-
tion of surface Chemical Reaction Networks (sCRNs)
in a model where surface vertices can change state a
bounded number of times based on a given burnout pa-
rameter k. We primarily focus on linear 1 x n surfaces.
Without a burnout bound, or even with an exponen-
tially high bound on burnout, reconfiguration on linear
surfaces is known to be PSPACE-complete. In contrast,
we show that the problem becomes NP-complete when
the burnout k is polynomially bounded in n. For smaller
k = O(1), we show the problem is polynomial-time solv-
able, and in the special case of kK = 1 burnout, reconfig-
uration can be solved in linear O(n + |R|) time, where
|R| denotes the number of system rules. We addition-
ally explore some extensions of this problem to more
general graphs, including a fixed-parameter tractable
algorithm in the height m of an m X n rectangle in
1-burnout, a polynomial-time solution for 1-burnout in
general graphs if reactions are non-catalytic, and an NP-
complete result for 1-burnout in general graphs.

1 Introduction

A prominent area of research in molecular computation,
Chemical Reaction Networks (CRNs), study well-mixed
solutions of molecules. Limited by the inherent lack of
geometry, the model has important restrictions on its
computational power, including no proven capability of
error-free computation of logarithm [6] or Turing uni-
versality [16]. Specifically, CRNs are capable of com-
puting all semilinear functions [5]. The introduction of
a surface and, by extension, geometry, with abstract
Surface Chemical Reaction Networks (SCRNs) removes
these limitations, and thus has increased computational
power. Molecular computing on a surface is an increas-
ingly popular direction in both experimental [4, 18] and
theoretical [10, 13] research.

In this paper, we explore a restricted version of the
powerful surface CRN model, where each molecule in
the system can only change in a reaction a set number of
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times. We refer to this constraint as burnout. Bounding
the number of state changes leads to polynomial-time
and XP algorithms for many reconfiguration problems
that are otherwise PSPACE-complete.

Motivations for the study of problems with burnout
include examples such as optimizing limited lifetime
biomolecules or modeling redox reactions in which the
electron transfer from one chemical species to another
increases the cost of further reaction beyond what any
other current or future neighbors could afford.

1.1 Previous Work

Surface Chemical Reaction Networks (sCRNs) were in-
troduced in [15] with a simulator provided in [7]. These
papers show various constructions such as Boolean cir-
cuits and a Cellular Automata simulation.

Another restricted version of sCRNs uses only swap
reactions, in which the two species only change position,
Example: A+ B — B+ A. In [2], the authors show
swap reactions are capable of feed-forward computation
and provide an analysis of thermodynamic properties of
the circuit. Recently, [1] showed that reconfiguration is
PSPACE-complete for swap surface CRNs with only 4
species and 3 reactions, and in P with any system of
fewer species or reactions. This work also introduces k-
burnout surface CRNs and show two important results:
that 1-reconfiguration (whether a single cell can change)
is NP-complete with 1-burnout and that general recon-
figuration is NP-complete with 2-burnout. Burnout is
similar to the freezing concept from Cellular Automata
[11, 12, 17] and Tile Automata [3], but while freezing is
defined as having an ordering on states or a tile never
revisiting a state, burnout is a constraint where a cell
never reacts more than a fixed number of times. Thus,
returning to a previous state is possible, unlike the freez-
ing restrictions.

1D Cellular Automata are capable of Turing compu-
tation from [8]. P-completeness of prediction, is this cell
in state at time step less than ¢, for Cellular Automata
Rule 110 was shown in [14], implying it is also capable of
efficient computation. This problem is also P-complete
for a number of Freezing CAs in 2D, while it is always
in NL for Freezing 1D CAs [12]. This work also gives a
1D freezing CA, which is Turing universal.
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Shape | Burnout Result Theorem
1xn 1 O(n + |R)) Thm. 1
Ixn 2 O(n-|S]? - |R|%) Thm. 2
1xn 0(1) P for O(1) degree | Thm. 3
I1xmn | k (unary) NP-complete Thm. 4
1 xn | Unbounded | PSPACE-complete [15]
Planar 1 O(JVI*®* +|R|) | Thm. 5%*

General 1 NP-complete Thm. 7
mxn 1 NP-complete [1]F
mXxn 1 FPT in m Thm. 8

Table 1: Comparison of reconfiguration results. For a
CRN system, R is the set of rules and S is the set of
species. V is the set of vertices for the graph defining
the shape. **Non-catalytic rules only. *These results
are for the problem of 1-Reconfiguration.

1.2 Our Contributions

This work investigates the reconfiguration problem for
linear surface CRNs with k-burnout. Our results are
outlined in Table 1. We begin in Section 3, where we
present a polynomial-time algorithm for 1D 1-burnout.
We then increase the burnout number to investigate
1D 2-burnout systems and prove that this is still in P.
Following this, we show that for the case of any fixed
k = O(1), there exists an algorithm that has a polyno-
mial runtime. In the terms of parameterized complex-
ity classes, this is the class XP, also known as slice-wise
polynomial [9]. We then present an NP-completeness
proof for when the burnout is a unary input. This re-
sult contrasts PSPACE-completeness known when the
burnout is unbounded or exponentially high [15].

After 1 x n lines, we begin investigating 1-burnout in
2D systems in Section 5. We start with the problem
of reconfiguration, where we only have non-catalytic
rules. We then show that on an arbitrary graph and
with all types of rules, the reconfiguration problem
is NP-complete. Finally, we study the problem of 1-
reconfiguration for bounded-height surfaces, presenting
an XP algorithm parameterized by height.

2 Preliminaries

A brief overview of the model and relevant problems.
Surface, Cells and Species. A surface for a CRN
T" is an undirected graph G of large size n. The vertices
of the surface are also referred to as cells. Many of our
results deal with 1 x n grid graphs, or linear surfaces.
The state of a vertex is representative of a molecu-
lar species in the system. Chemical reactions consid-
ered here are bimolecular, as in they occur between two
species in neighboring vertices. A rule denoting that
neighboring species A and B may react to become C
and D is written as A+ B — C + D. This is a non-
catalytic rule, as both species change. In a catalytic
reaction, only one of the two species will change, e.g.
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Figure 1: (a) An example sCRN system with 4 species,
three rules, and 1 burnout. (b) Rule types used in
Figure 2 example. Note: The red ring outline shows
whether the verter has been “burned out.” There is no
effect on the reaction rule itself.

Initial Configuration Final Configuration

©0e®0 @0e®
¥ 0
©0e® » @0e®

Figure 2: A possible sequence of reactions for the system
described in Figure 1

C + D — C + B, the other used as a catalyst.

A surface Chemical Reaction Network (sCRN)
consists of a surface, a set of molecular species S, and
a set of reaction rules R. A configuration is a mapping
from each vertex to a species from the set S.

Reachable Configurations. For two configurations
I, T, we write I —} T if there exists a r € R such that
performing reaction r on a pair of species in I yields the
configuration T. Let I —p T be the transitive closure
of I —{ T, including loops from each configuration to
itself. Let II(T',I) be the set of all configurations T
where I —1 T is true.

Burnout. A limit on the number of changes that can
occur in any vertex v;. In systems that allow catalytic
reactions, after this limit has been reached, while v; will
not change again, neighboring species may still use the
species in that cell as a catalyst.

Reconfiguration Problem. Given an sCRN I'" and
two configurations I and T, is T € II(T', I)?

1-Reconfiguration Problem. Given an sCRN T,
configuration I, vertex v, and species s, does there exist
a T e II(I', I) such that T has species s at vertex v?

3 Algorithms for Constant Burnout

We show that reconfiguration of a linear surface is solv-
able in polynomial-time when the burnout is one or two.

3.1 1-Burnout Linear Surfaces

In the case of 1-burnout with a 1 x n line, the problem
of reconfiguration is solvable in linear time with respect
to n and the size of the rule set. As an observation,
there are at most six reactions for any vertex, v;, on a
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linear surface since a vertex has at most two neighbors.
These reactions include the following;:

e A left reaction, where vertex v; reacts with vertex
v;—1 and both vertices reach their final states.

o A left catalytic reaction, where vertex v; reacts with
vertex v;_1 in its initial state to transition vertex
v; to its final state without changing v;_1.

e A left final-catalytic reaction (or left final), where
vertex v; reacts with vertex v;_1 in its final state to
transition vertex v; to its final state without chang-
ing v;_1.

e A right reaction, where vertex v; reacts with vertex
v;4+1 and both vertices reach their final states.

e A right catalytic reaction, where vertex v; reacts
with vertex wv;y; in its initial state to transition
vertex v; to its final state without changing v;41.

e A right final-catalytic reaction (or right final),
where vertex v; reacts with vertex v;41 in its fi-
nal state to transition vertex v; to its final state
without changing v; 1.

Additionally, we also consider when a vertex is in its fi-
nal state. An example system and sequence of reactions
can be found in Figures 1 and 2.

We construct a 7 x n table (Example in Table 2),
where each row represents one of the possible reactions,
including no reaction, and each column represents the
starting configuration’s vertices from left to right. For
each entry in the table, we see if the reaction exists for
that vertex and if the vertex reaches its final state. If
both cases are satisfied, place a 1 in the corresponding
row, otherwise, place a 0. After all cells are evaluated,
we construct a directed graph with edges being directed
from column ¢ to column ¢ + 1 with the following prop-
erties for each row entry in column i:

e In final state: edge to every row in column i + 1
with a 1 except left reaction.

e Left final: edge to every row in column ¢ + 1 with
a 1 except left reaction.

o Left catalytic: edge to every row in column i + 1
with a 1 except left reaction.

e Left reaction: edge to every row in column i + 1
with a 1 except left reaction.

e Right final: edge to every row in column ¢+ 1 with
a 1 except left reaction and left final.

e Right catalytic: edge to every row in column 7 + 1
with a 1 except left reaction and left catalytic.

e Right reaction: edge only to the row corresponding
to left reaction in column ¢ + 1 if there is a 1.

These edges ensure that no matter which reaction is
chosen for a vertex represented by column i, the reaction
chosen for the column 41 vertex will be able to perform
its reaction either before or after the previous reaction.

Once these edges are defined for every column, the
problem is then finding a path from s to ¢, where s is a
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Reaction Type

In Final State
Left - 1 - -
Left Catalytic - - - 1
Left Final - - - -
Right 1 - - -
Right Catalytic - - - -
Right Final - - 1 -

© O @ O

Table 2: Turning the example system from Figure 1 into
a table of reactions.

o O e O

Figure 3: Table 2 as a graph.

vertex that has directed edges to each entry in column 1
and t is a vertex that can be reached from each entry in
column n (see Table 2 and Figure 3 for reference). Any
path represents a set of rules that can be assigned an
ordering to reconfigure all vertices to their final states.

Theorem 1 Reconfiguration in 1-burnout for 1 x n
lines is solvable in O(n + |R)|) time.

Proof. We provide proof by induction for the previ-
ously described algorithm that solves reconfiguration in
1 x n surfaces. This proof guarantees that any solution
from this algorithm constitutes a set of reactions that
can be reordered to successfully reconfigure a given ini-
tial configuration to its final configuration.

Base case: n = 2. Let v; be the leftmost vertex. Since
this vertex does not have a neighbor to its left, there are
only 4 reactions we need to consider for this vertex:

1. In final state: vertex v;11 must be in its final state
or a left catalytic or left final reaction.

2. Right catalytic: vertex v;;; must be in its final
state or a left final reaction.

3. Right final: vertex v;11 must be in its final state or
a left catalytic reaction.

4. Right reaction: vertex v;41 must be a left reaction.

If two such reactions exist for each vertex, then a path
exists from s to t visiting the vertices in the table that
correspond to each reaction. Otherwise, no such path
would exist.

Inductive step: let n = k. Assume that there is a
set of k reactions for vertices vy, ..., v; that can be re-
ordered to transition all k vertices to their final states.
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In order for the reaction chosen for vertex vi41 to be
valid, it must not interfere with the k** reaction corre-
sponding to vertex v. Consider two cases:

1. Vertex vy is currently in its final state or reacts with
its left neighbor vi_;. Vertex wvy41 is never used,
so as long as vi4+1 does not perform a left reaction
with vy, it will not interfere with the k** reaction.

. Vertex vy, reacts with vertex viy1. Consider 3 pos-
sible reactions for vg: (1) Right reaction: the only
valid reaction for vy is a left reaction, (2) Right
catalytic: except left or left catalytic, all reactions
are valid for vi11, and (3) Right final: except left
or left final, all reactions are valid for vj1.

If we think of vy as being column ¢ and vi41 as being
column i + 1, edges are defined from i to ¢ + 1 in a
way that avoid these conflicting reactions. Any other
reaction that is chosen for v;11 can always perform its
reaction before or after v; performs its reaction. As a
result, any path up to column i + 1 would represent a
set, of reactions that can be reordered to transition these
k + 1 vertices to their final states.

Given the initial and final configurations, it takes
O(n) time to compare the states. Constructing the ta-
ble takes O(|R|) time. The path finding algorithm runs
in O(V + E) = O(n + E) time. However, the number
of edges is a constant factor of the number of vertices,
whereas |R| might be exponential in n. Thus, the final
runtime for the algorithm is O(n + |R)|). O

3.2 2-Burnout Linear Surfaces

Theorem 2 Reconfiguration of a 1 x n line for surface
CRNs with 2-burnout is solvable in O(n-|S|*-|R|*) time.

Proof. Since we are considering 2-burnout, every cell
can only change species twice. This is a cell starting
with the initial species, possibly changing to an interme-
diate species, then finally changing to the target species.
It is then possible to track all the possible transitions of
a cell in a polynomial sized table. We define the table
D with each entry D(z,s,r1,72) being a Boolean indi-
cating if the cells at indices 0,1,...,z can reach their
target species using reactions r; and 75 on z, and us-
ing s as intermediate species for cell z. (Note, 1 and
s may be null if the cell only reacts once to reach the
target species.) The reactions are specific with which
neighbor the cell reacts with, left or right. This results
in O(n - |S] - |R|?) cells of the table.

To compute each entry D(z,s,r1,r2), we check if
and 7y are consistent with cell x — 1. Meaning, if ry re-
acts with the left neighbor, some entry D(z—1,s',71,73)
or D(xz — 1,5 r3,r1) for any s,r3 must be true. If r; is
a catalytic reaction, then the species in cell z — 1 does
not change and must be the initial species, intermediate
species, or the target species. We must also be careful
with the ordering of the reactions. If ry or ry reacts with
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the intermediate species s’ of the (x — 1)th cell, then r;
must be the second reaction for  — 1. The run time to
compute each cell of the table is O(|S| - |R|?).

If any D(n — 1,s,71,72) is true, then the answer to
reconfiguration is true. O

3.3 Constant Burnout

In this section, we consider the problem of reconfigu-
ration for a surface CRN with n cells with at most k-
burnouts on a 1 x n board.

Theorem 3 There is an n'T*1°8 " _time algorithm for
k-burnout degree-h 1D surface CRN reconfiguration,
where each species is in at most h rules.

Proof. We have a divide-and-conquer approach in our
algorithm. A brute force method is used to enumerate
all the possible transitions for the median position. The
problem is split into two independent problems that can
be solved independently.

Let p be the position of the median in a 1D surface
CRN. We enumerate all the possible ways to burn out
the position p at most k times. Since each species is
in at most h rules, we have at most k¥ combinations
about the list of transitions involved by position p. Let
T(n) be the running time to solve the reconfiguration
problem. We have the recursion T'(n) = h*(2T(%)). It

brings a solution with T'(n) = h¥1°8m .5 = pltklogh ]

4 Non-constant Burnout on a Line

Here, we show that reconfiguration with k-burnout,
where k is part of the input, is NP-hard. Without
burnout (no bound on state changes), reconfiguration
of a 1 x n line is PSPACE-complete [15], but even with
a burnout k given in binary, the problem may not be in
the class NP since O(kn) possible reactions could occur,
which is exponential in log k. This motivates looking at
bounds on state changes that are polynomial in n and
further motivates the other algorithms in the paper.

Reduction. We reduce from Vertex Cover (VC) by
enumerating all vertices and using them as states on a
1xn line. A state “walks” back and forth choosing a ver-
tex to add to the cover and crossing off instances it finds.
Given a graph G = (V, E) where V = {1,2,...,n} and
an edge e € E is defined as e = {v;,v;} for v;,v; € V
and 7 # j. An edge is listed as two states: 34 meaning
an edge between vertices vz and vs. Between any two
edges we include a spacing state —.

Create the line representing the graph with edges in
any order: BSy—ej;—es—---—e,;, —F, where the B state
indicates the beginning of the line, E' is the end of the
line, and Sy is a special state indicating no vertices are
in the vertex cover. Example: BSy—34—13—21—14—F.

Basically, each edge independently and nondetermin-
istically picks the vertex to cover it with both possible
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rules. Create rules for all v;,v; € V as v; +v; = v, +
and v; +v; = x + v} where x is an ignored state and
the prime state is the chosen vertex for that edge. The
spacing states ensure edges do not affect each other.
Example: 344 — 3 +zand 3+4 — z+4'.

The S counting state sweeps back and forth &k times
to choose a vertex to add to the cover and ignores the
other states. The S state takes the first picked vertex
and removes all duplicates of it while remembering the
count. There is a state SECILS" that exists for each vertex
and count up to k. Thus, the rules S; +vj — S}, + =
are added for each vertex and count up to k. Example:
So + 3" — S + x is used if v3 is the first vertex added.

Once a vertex transitions to an S? state, it ignores
everything but v} states. Meaning it only swaps states,
or “walks” in that direction. Thus, all rules S* + A —
A+ S'is added for any state X that is not v;, B, or E.
For v, St + v} — S + x.

When a S/ vertex is next to the B or E states, it
can transition to S.. The rules B + Sg — B+ S, and
E+SJ — E+ S, exist for all vertices v;. This means
we have removed all instances of the chosen vertex and
can pick a new vertex for the cover.

This requires O(kn) states to handle counting for each
vertex. If k is odd, the final configuration, given a k VC
exists, is B—zx—xzx—xx—---— S E. If k is even, then
the final configuration is BSy, —zx —xx —zx —---— E.
Sk can not interact with anything. This requires k + 1
burnout.

Theorem 4 Reconfiguration of a 1 X n configuration
in sSCRNs with k-burnout is NP-hard, even when k < n,
and NP-complete as long as k is polynomial in n.

Proof. Given a VC with graph G = (V| E) and k € N,
we create a surface CRN system with configuration C
and rules R as described above. We define the output
configuration D based on the number of edges and par-
ity of k as described. G has a VC of size k if and only if
C' can reach configuration D with burnout k + 1. Note
that £ < n as input from VC, so the number of states
and rules in the reduction is polynomial.

Given that the graph G has a k vertex cover, in the
sCRN system, the only transitions possible at first are
for each edge to pick a vertex to cover it. Then the
counting state walks across, increases the count and se-
lects the vertex from the first edge, and that state con-
tinues walking and removes any other instance of that
vertex. In the best case, all locations but the first and
last have changed twice. If this continues, and it always
adds the correct vertices, then after k passes only x’s
are left. Sy does not interact with anything, so noth-
ing else transitions. The k passes and the initial choice
requires k + 1 burnout.

If the sCRN system ends in the output configuration
with 2’s on every edge state, which can only occur if
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the k passes chose vertices that appeared in the other
edges and were crossed out. Thus, every edge correctly
chose the right vertex to cover it so that only k different
vertices were used. (|

5 Extension to 2D Graphs

As an extension to the 1D case, we now consider recon-
figuration and 1-reconfiguration for 2D surfaces. In the
case of reconfiguration, we study a restricted version of
the problem where all reactions are non-catalytic.

Theorem 5 Reconfiguration in 1-burnout for a planar
graph G = (V, E) is solvable in O(|V|*® + |R|) time if
every reaction is non-catalytic.

Proof. Given a planar graph G = (V, E), construct
a subgraph G’ from G such that there is an edge be-
tween pairs of vertices if there exists a non-catalytic re-
action that transitions both vertices to their final states.
Run maximum matching on G’. If all vertices are either
matched or in their final state, then reconfiguration is
possible. Otherwise, reconfiguration is not possible.

Since non-catalytic reactions transition both vertices
to their final states, a vertex must be involved in at
most one reaction. Edges represent these non-catalytic
reactions between two vertices. As a result, limiting a
vertex to one reaction is the equivalent of matching each
vertex in G’ to at most one other vertex it shares an edge
with, which is a perfect matching problem. For planar
graphs, this can be solved using a maximum matching
algorithm. If any unmatched vertex is not in its final
state, then reconfiguration is not possible because this
vertex is unable to react.

Constructing G’ takes O(V + |R|) time. Running the
maximum matching algorithm takes O(V!®) time. A
last check of G’ for any unmatched vertices that are
not in their final state takes O(V') time. Therefore, the
runtime is O(V15 + |R)). O

Corollary 6 Reconfiguration in I1-burnout for general
graphs is solvable in O(V* + |R|) time if every reaction
is non-catalytic, where V is the number of vertices.

Maximum

O

Proof. Proof follows from Theorem 5.
matching on general graphs runs in O(V*) time.

5.1 Arbitrary Graphs with 1-Burnout

We now consider surface CRNs that allow catalytic as
well as non-catalytic rules. With this additional rule
type, we prove the problem of reconfiguration is NP-
complete on an arbitrary graph with 1-burnout.

Theorem 7 Reconfiguration with 1-burnout of an ar-
bitrary surface in surface CRNs is NP-complete.

Proof. We reduce from the dominating set problem to
sCRN reconfiguration with 1-burnout. Let G = (V, E)
be an arbitrary graph and k£ be an integer parameter.
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We need to decide if graph G has a dominating set of
size k. Note that a subset U C V is a dominating set
of G if each vertex v € V — U has (u,v) € E for some
u € U (vertex u dominates v).

Let vy, -+ ,v, be the n vertices of G. We design a
surface CRN system. For each edge (v;,v;) in E, create
two rules v; +v; — v; + v;» and v; +v; — v +v;. We
introduce k additional species uq,--- ,u;. The target
configuration is to let each v; enter v} for i = 1,--- ,n
and each u; enter uj. We set up the rules u; + v —
ui—l—v;- for all t < k and all j < n.

If graph G has a dominating set of size k, the tar-
get configuration is reachable. Assume that v;,, -, v;,
dominate all the vertices in the graph G. For each v;
withj € {1,--- ,n}—{i1, -+ ,ix}, it can be transformed
into v by a rule v;, +v; — v;, +v}. Each v;, can enter
v;_ by a rule us +v;, — uj +v; . Here, the burnout
is 1. Similarly, if the target configuration is reachable,
there is a dominating set of size k. If the target config-
uration is reachable, we have at most v;,,--- ,v;, with
(h < k) such that each v;, enters v; via the type of rule
ug +v;, — uy+v; as there is only one burnout for each
v; and u;. Clearly, v;,,---,v;, dominate all the other
vertices in the graph G.

This is a polynomial-time reduction and membership
is known from [1]. O

5.2 1-Burnout 1-Reconfiguration
Theorem 8 1-Reconfiguration in 1-burnout of a
w X n rectangle for surface CRNs 1is solvable in

O (n- (ISI[R))* - f(w)) time.

Proof. We use a dynamic programming approach sim-
ilar to that in Theorem 2, defining a table D with
Boolean entries D(x, 8,7, ), where = is a column in-
dex, § = [s1,82,.--,Sw), T = [r1,72,...,Tw], and 7 a
permutation of [1,w]. Each s, € S is a potential fi-
nal species of cell (z,y), which changes from its initial
species into (z,y) due to reaction r, € R, and 7 gives
the order in which the reactions occur. As before, 7,
specifies which of its up-to-four neighboring cells par-
ticipated in the reaction, and s, and r, may be null if
the cell never changes species.

Since only one cell (z;,y;) of the target configuration
is fixed, the top-level of the dynamic program will be
column ¢, and it will symmetrically recurse outwards
in both directions, with base-cases at both ends. So,
for x < x; D(x,8,7,m) is true if the cells in columns
0,1,...,x can reach a target configuration in which col-
umn z reaches species § using reactions 7 occurring in
order 7, for x > x; we consider columns z, z+1,...,n—1
instead, and for x = x; we consider the entire surface.

To compute D(z, 8,7, ), say when x < xy, we search
for a smaller subproblem D(z — 1,§",7’, ') which has
value true and (7’,7) together are a chain of reactions
that actually transform columns x — 1 and z into species

(8", 8) from their initial species, given that they must
occur in relative orders 7’ and 7. Specifically, we can
search each possible interleaving of 7(7) and 7' (7'), sim-
ulate the reactions in that order, and verify that the
reactions within these two columns can actually be per-
formed and do result in (§,35). Notably, for reactions
between columns x — 2 and x — 1, we do not need to
validate the species in column x — 2 because the smaller
subproblem already performed that validation, and for
reactions between columns x and x + 1, the species in
column x+1 are assumed to be validated later in a larger
subproblem. For x > x;, the recursion is symmetric.
For top-level subproblems D(xy, §,7, ), we only con-
sider & that include the fixed target species s,,, and
we search for both D(z; — 1,§",7',7') and D(xy +
1,8 7" 7)) and validate between all three columns
x¢—1,x, x;+1 in a similar manner. If any D(zy, §, 7, 7)
is true, then the answer to 1-reconfiguration is true.
The size of D is O (n - |S|™ - (4|R|)* - w!). Computing
each entry involves checking O (|S|" - (4| R|)™ - w!) sub-
problems, and each check considers (5) interleavings
of orderings and runs an simulation taking O(w) time.
Combined, the total time is O (n - (|S||R[)?* - f(w)) for
a function f only depending on w. Therefore, for con-
stant w, this is polynomial time. O

6 Conclusion

In this paper, we have shown that the reconfiguration
problem on 1 x n surface CRNs with k-burnout is in P
when k = 1 or k = 2. To show this, we have given al-
gorithms that output a sequence of reactions to achieve
the given configuration. Further, we show that for any
k = O(1), there exists an algorithm that has a poly-
nomial runtime in k. To conclude our investigation of
1-Dimensional surface CRNs, we prove that when the
burnout number, &, is part of the input (in unary), the
problem of reconfiguration is NP-complete.

Following by exploring 2-Dimensional surface CRNs
and showing that a restricted case of 1-burnout re-
configuration can be seen as perfect matching, show-
ing this case of the problem to still be in P. Finishing
with a proof that the problem of 1-Reconfiguration in
1-burnout can be solved in polynomial time on a w X n
rectangle when w is constant.

Some of the open questions are then:

e What is the lower bound for a given k-burnout?

e In a rectangle/grid graph, what is the lower/upper

bound for k-burnout?

e Most of our complexity is in terms of the size of
the surface. Are there interesting results looking at
the complexity of other aspects of an sCRN such
as states, rules, and burnout?

e We have a direct NP-complete reduction but does
there exist an L-reduction for some inapproxima-
bility result?
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