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Abstract

We sketch a method for creating a zero-knowledge proof of knowledge for the correct execution
of a program within a model of higher-order, recursive, purely functional programming by leveraging
Halo 2. To our knowledge, this is the first ZKP for general purpose computation based on purely
functional computation. This is an attractive alternative to using a von Neumann architecture based
zero-knowledge virtual machine for verified computing of functional programs, as compilation will
be more direct, making it more easily verifiable and potentially more efficient.

Interaction nets are a natural setting for recursive, higher-order functional programming where
all computation steps are linear and local. Interaction nets are graphs and traces for such programs
are hyper-graphs. Correctness of a trace is a simple syntactic check over the structure of the trace
represented as a hyper-graph. We reformulate this syntactic check as a Halo 2 circuit which is
universal over all traces.
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1 Introduction to Interaction Nets

Interaction nets are a model for computation introduced in [Laf89]. They are a setting for higher-order
functional programming comparable to systems like the lambda calculus. They can be considered as
patching some shortcomings of the lambda calculus. Consider the following pseudocode for evaluating
lambda expressions

spine((XY),[A..]) = spine(X, [spine(¥; [, A..])
spine(Az.X,[]) := Az.spine(X,[])
spine(Ax. X, [A, B...]) :=spine(X[A/z],[B...])
splne(x, L) :=fold(x,L)
fold(X7 n =X
fold(X,[4, B...]) :=fold((XA),[B...])

spine will attempt to normalize a given lambda expression by splitting off elements from its spine into
a list and using those elements to eliminate lambda binders when possible. At the end, when it reaches a
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Figure 1: The six combinators of the Symmetric Interaction Combinators. Principal ports are marked
with a black dot. In order, these combinators correspond to lambda binding, function application,
duplication for both polarities, and deletion for both polarities.

variable, it builds that spine back up. Notice the first case of spine, where spine is called on the argument
being put into the list. This call makes this an eager evaluator. It will attempt to normalize everything
appearing in the expression. Even if this expression will later be deleted, this work will still be done.
This also implies that some expressions which should have normal forms, like (Ay.Az.x)((A\x.zx)(Az.2x)),
will not normalize using this program. Consider the following evaluator instead;

spine((XY),[A...]) :=spine(X,[Y,A...])
spine(Az.X,[]) := Az.spine(X,][])
spine(A\z. X, [A, B...]) :=spine(X[A/x],[B...])
spme( ,L) :=fold(x, L)
fold( ) =X
B..]

fold(X, [A, ) :=fold((X spine(4,[])),[B...])

Now entries put into the spine list will be left untouched, only being normalized when reconstructing
the spine as part of the call to fold. This implementation will only do work which is necessary for
normalization, making this a lazy evaluator. But this has its own shortcomings. If an expression is
copied into multiple locations, it will be evaluated as many times as it’s copied. This means that, while
all the work it does is necessary, it may do the same work multiple times.

The conventional compromise to this problem is to implement a sharing mechanism. To be brief,
whenever an expression is to be substituted into a lambda expression, it’d instead be stored onto a
heap and the address of that expression would be substituted instead. Whenever an address needs
to be evaluated, that address would be looked up in the heap, evaluated to head normal form, sub-
expressions would be given their own addresses, and the head with sub expression addresses would be
copied to wherever the original address was referenced. This prevents both doing unnecessary work and
duplicating work. However, there’s still much ambiguity in terms of how one should implement this
optimally. One may view interaction nets as a model of computation where the sharing mechanism is
integrated into its computational model.

Interaction nets can also be thought of as a graphical generalization to (arboreal) combinator calculi,
such as the SKI calculus. As such, nodes and, synecdochically, the model of interaction nets itself are
sometimes referred to as "interaction combinators". Like combinator calculi, there are different models
of interaction nets with different sets of combinators. Each combinator in an interaction net model will
be a node in a graph with some number of positively or negatively "polarized" ports. Each combinator
will also have a special port, called its "principal" port. An interaction net itself will then be a graph
with combinators acting as nodes such that each positive port has a unique link to a negative port. One
of the most basic examples of such a calculus are the Symmetric Interaction Combinators [Maz07]. This
system has six combinators, depicted in figure [Il Some presentations include an additional "root" node
which allows one to complete programs with a single dangling positive port.

Each interaction calculus comes equipped with interaction rules which replace two nodes connected
by their principal ports with some new sub-graph. The Symmetric Interaction Combinators has nine
interaction rules, some of which are depicted in figure

Combinators with positive principal ports can be viewed as being constructors and combinators with
negative principal ports as being consumers. In order for evaluation to take place, a consumer must be
connected to a constructor; that is, a consumer must be connected to an expression which is at least in
head normal form, and all computation, such as copying or deleting, happens at these heads. It is in this
sense that interaction nets have an integrated sharing mechanism, as described earlier in this section.
This idea is at the root of the optimal evaluation of functional programming languages [AG98].
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Figure 2: Two of the nine interaction rules for the Symmetric Interaction Combinators. The first performs
linear S-reduction when an application is applied to a lambda binder. The second copies a lambda binder.
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Figure 3: The S combinator, A\f.Ag.Az. fz(gx), translated into the Symmetric Interaction Combinators.
The letters are there to aid in understanding the translation and aren’t part of the net.

As a programming setting, interaction combinators are very similar to the lambda calculus. Non-
principal positive ports can be thought of as variable binders while non-principal negative ports are
ancillary arguments. There is a more or less direct way to translate lambda calculus expressions into
Symmetric Interaction Combinator nets. An example of this is given in figure As a consequence,
powerful programming techniques available in that setting, such as fixed-point combinators and lambda
encoding, still exist in this new setting.

Interaction combinators have some other attractive features. Consider the evaluation step

AxAf.fex)T — Nf.fTT

How much work does this step take? Well, T' could be arbitrarily large, so this step could take an
arbitrarily large amount of work to copy 7', despite being only a single step. This makes resources hard
to deal with in the vanilla lambda calculus. Interaction combinators, on the other hand, don’t have this
problem. There are only a finite number of replacement rules, each replacing a fixed finite sub-graph
with another fixed finite sub-graph. Evaluation for interaction combinators is linear. It is this property
which makes interaction combinators a good candidate for arithmetization.

Traces can be formulated to only have a fixed, finite width. They can be seen as graphs themselves,
with each rule acting as a node. Checking the correctness of these traces then becomes a context-free check
on the structure of the graph. The goal of the rest of this paper is to describe this in detail and arithmetize
the process in halo2 [Com21| to demonstrate practicality. This will provide an arithmetizable setting
for general purpose, higher-order functional programming. Contrast this with projects like TinyRAM
[CGTV20] which require the programmer to use a form of assembly code which will be more onerous for
most applications.

2 Defining Interaction Nets and Traces

Interaction nets require an existing specification for the types of nodes which may appear in the graph.

Definition 1 Node Context A node context consists of
1. A finite set, 7, of node types.
2. A function P : T — N assigning a number of positive ports to each type.

3. A function P~ : 7 — N assigning a number of negative ports to each type.

Definition 2 Interaction Net Given a node context (7,PT,P7), an interaction net over that specifi-
cation consists of
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5.

A finite set, N, of nodes.

A function 7 : N — T assigning a type to each node.

The set PT :={(n,m) € Nx N | m < P*T(r(n))} of positive ports.
The set P~ :={(n,m) e Nx N | m <P~ (7(n))} of negative ports.

A bijection w : Pt — P~ wiring each positive port onto a negative port.

The actual interaction rules specifying a step in a computation are a bit more complicated.

Definition 3 Interaction Rule Given a node context (7,PT,P~), an interaction rule consists of

1.

® N>

Two elements IT and I~ taken from 7. These will be the types of the two nodes at the input to
the rule. I™ will be connected from its (principal) positive 0 port to I”’s negative (principal) 0
port. Principal ports are not explicitly marked, but they may be inferred by their presence within
an interaction rule.

The set Bt :={n |0<n<PHI")}+{neN|n<PHI)} of positive boundary ports where +
denotes a disjoint union.

Theset B~ :={n |0<n <P (I)}+{neN|n<P (I} of negative boundary ports.
A finite set, O, of output nodes.

A function o : O — 7T assigning each output node a type.

The set O := {(n,m) € O x N | m < P*(o(n))} of positive output node ports.

The set O~ :={(n,m) € O x N | m <P~ (o(n))} of negative output node ports.

A bijection i : B~ +0% — BT +0~ wiring each positive (output or boundary) port onto a negative
(output or boundary) port.

Notice that negative boundary ports may be wired to negative output ports by 4, and similarly for
positive boundary ports and positive output ports. This is because the boundary ports correspond to
the ports facing outward on the input, and such ports are wired to ports facing the same direction on
the output.

Each trace requires a background setting dictating what interactions are available.

Definition 4 Trace Setting Given a node context (7, PT,P~), a trace setting consists of

1.
2.

A finite set R of interaction rule names.

A map D mapping each t € R to an interaction rule, (Ig(t), B(t), Oop(1), 0p(1)s iD(1)), OVer

(T, P*,P7).

Finally, We will define an interaction trace.

Definition 5 Interaction Trace Given a trace setting (R, D) over the node context (7,P+,P7), an
interaction trace consists of

1.

2.

An interaction net (N;, 7;, w;) specifying the starting state.
An interaction net (N,, 7,, w,) specifying the ending state.
A n € N specifying the number of interactions within the trace.

The set S := {n € N | n < n} of interaction steps. This way of defining S allows one to enforce a
canonical order.

A map T : S — R assigning an interaction rule to each step.

For each t € T, the set N;" := {n € N; | 7i(n) =t} + {(s,n) € S x Op(r(s)) | 0p(T(s)) () =t} Of
positively polarized nodes.



7. For each t € T, theset N, :=={n e N, | 1,(n) =t} +{s eS| ID(T( y =t +{s €S [Ipp) =t}
of negatively polarized nodes.

8. For each t € T, a bijection b, : N;" — N, .
9. A condition, to be stated at the end of this section, called "temporal consistency".

Before defining temporal consistency, a few things need to be noted.
Firstly, establish a canonical number to all the nodes. Define

level(n) :=q¢n+1 ifneN,

i+ 1 if nis a node of interaction step i

Extend this to a function over ports (which we’ll also call "level") that assigns to each port the level
of the node it belongs to.

The trace definition (ignoring temporal consistency) makes references to nodes, but not their ports.
However, each node within the trace has a collection of ports. These ports are connected together in a
structured way through the various bijections in the definition.

The maps b; collectively define a bijection between all the positive and negative nodes. This follows
from the observation that each interaction has only one type, and so the domain and codomain of the
different bs don’t overlap. This bijection can be lifted into a bijection between all the ports on the graph.
Specifically, it defines a bijection between ports of the same polarization, but going from positive nodes
to negative nodes of the same type.

Additionally, each interaction, as well as the input and output nets, contains a bijection among its
ports through its respective wiring. Since interaction steps do not overlap on their nodes or ports, these
collectively define a bijection over all the ports on the graph.

Define the set of positive ports of a trace to be the following:

{(n,m) e N; x N | m < P*(n)}

(n,m) €N, XN |m< P (n)}

((s,0),m) € (S x Op(r(sy) x N | m < P*(0)}
(s;m) € S X N[ m <P~ (Ipp)}

(s,m) € S XN | m <P~ (Ipp,)))}

Notice that the ports on negative nodes swap polarity. So the positive ports consist of all the positive
ports on the positive nodes plus the negative ports on the negative nodes. Define the negative ports of
a trace similarly:

p~={(n,m) €EN; xN|m <P (n)}

m) € N, x N | m < P*(n)}

(5,0),m) € (§ x Op(r(s))) X N | m <P~ (0)}
m)
m)

+{(n,
+{
+{(s,

S S xN | m < P+( D(T(s)))}

(
(
(
( eSxN|m<P(D(T()))}

+{(s,

The negative ports consist of all the negative ports on the positive nodes plus the positive ports on
the negative nodes.

Observe that both the previously mentioned bijections are from p* to p~. Define the bijection
generated by the bs to be

b*:={((i,a,n), (j,b,m)) € pT xp~ | n=m A3, bi(a) =bV b(b) = a}

There are also certain special links. Each interaction rule reserves the Oth positive port of IT and
the Oth negative port of I". This link is part of the wiring of that interaction step. This will be called
the principal link between principal ports. Define the bijection generated by the rules and starting and
ending nets to be



r* = w; Uwy U U ipr(sy) U{(a,b) €p™ xp~ |Is € S,a=(4,50) A b=(3,5,0) }
sES

That last expression in the union chain declares the links between the principal ports. Here, 4 and 3
refer to the index within the respective coproducts defining p~ and p™.

By composing the two bijections together, a bijection from either p* or p~ back onto itself is formed.
Either way, this defines a permutation among the ports. This permutation decomposes into cycles of
ports. These cycles form the boundary of the surfaces within the trace graph. Call the cycle containing
some port p the "cycle of p".

One may recast cycles in two different ways. Cycles can be viewed as a permutation over r*, that is,
over pairs of ports linked by interactions. Define this permutation as

r® = {((a,b), (w,9)) € 7" x 1" [ b"(a) = y}

Just as easily, cycles can be viewed as a permutation over b*, over pairs of ports linked by the b;
maps. Define this permutation as

b° = {((a,b), (2,y)) € b* x b* | r*(a) = y}

This latter permutation will be most important for understanding the correctness proof in the next
section.
We am now in a position to define temporal consistency. It is the following two requirements;

1. For all port cycles, there is at most one occurrence of a principal link, and the principal ports of
this link have a level greater than or equal to the level of every other port within said cycle. In
other words, no part of a cycle can appear after the principal link of that cycle within a trace.

2. A port cycle does not have a principal link if and only if it has exactly one occurrence of a link
from the ending state.

From these, obtain the following important corollary

Corollary 1 Monotonicity of Trace Wirings

vt € R,¥n € N, level(n) < level(b;(n)). That is, the node wiring within the trace must be strictly
increasing with respect to node levels.

Proof. To see this, imagine a scenario where a positive node is connected to a negative node of a
lower level. Such a scenario is depicted in figure [l As explained in that figure’s caption, this creates a
port cycle which violates condition 1. of temporal consistency.

3 Correctness of Trace Representation

It’s not obvious that the definition of trace presented here is correct. This section is dedicated to
presenting a collection of theorems which clearly verify that we’ve represented a trace. Specifically, we
will prove that a list of reasonable intermediate states between the starting and ending state can be
extracted from our representation.

We need the following lemma.

Lemma 1 Knitting Lemma Given the finite sets O, O~, ST, S=, I, and I~ and bijections b; :
Ot +8% O~ + S~ and by : [T+ S~ — I~ 4+ ST the following hold;

1. Vo € OF,3n, (by o by)™(b1(z)) € O~ V (bgoby)(x) € I~
2. Vz € I't,3n, (byoby)"(ba(x)) € I~V (by 0 be)"(z) € O~

Note that this statement is abusing notation to coerce an A + B into either an A or a B where
appropriate.
Proof. 1. By induction on [S*|+ |S7|.

1. Assume |[ST| +|S~| = 0. by will be a bijection between O and O~. This allows us to conclude
that (b1 o bg)o(bl(l‘)) eO.



Figure 4: An impossible slice of a trace graph. The dots are interaction steps, lines are links between
nodes, and colored surfaces are bound by port cycles. The level increases from bottom to top. This
slice depicts a hypothetical scenario where a positive node (the left positive node of the right interaction
here) is connected to a negative node (the right negative node of the left interaction here) such that the
level of the negative node is less than the level of the positive node. One may notice that the port cycle
bounding the yellow region will have an occurrence on the right interaction at a higher level than its
principal port in the left interaction. This is impossible by temporal consistency.

2. For the inductive cases consider three mutually exclusive, exhaustive cases;

(a) For each quadruple (z,y,z,w) € OT x S~ x ST x (O~ + 87) such that (x,y) and (2, w) are
in the graph of b; and (y, 2) is in the graph of bs, define bijections

by :OT +{ee St [et2) =0 +{eeS ey} = (b:\(2.), (zw)}) U{(z, w)}

by:IT+{eecS |e#yt =T +{ec ST |e#z}:=b\{(y,2)}
Observing that
{eeSTle# 2} +{eeS™ [e#y} <|STI+|S7|

use the inductive hypothesis to conclude the existence of a natural number n such that (b} o
b)) (b (z)) € O~ Vv (b o by)™(x) € I~. From the observation that by(ba(b1(x))) = b} () and
otherwise that Vy,b1(y) = b} (y) and Vy,ba(y) = bh(y), conclude that (b1 o by)" (b1 (x)) €
O~V (bgob))"(z) eI,

(b) For each triple (x,y,2) € OT x S~ x I~ such that (x,y) is in the graph of b; and (y, 2) is in
the graph of by, conclude that (by 0 by)!(x) € I~.

(¢) For each pair (z,y) € OF x O~ in the graph of by, conclude that (by o b2)?(b1(x)).

2. follows from 1.; simply swap O and I, swap ST and S, and swap b; and by in the premises.
QED.

A corollary of Lemma [1]is that the existence of the bijections Ot + ST — O~ + S5~ and [T + 5~ —
I~ 4+ ST imply the existence of a bijection Ot + It — O~ 4+ I~.

Definition 6 Interaction Patch Given a node context (7,PT,P~), an Interaction Patch consists of the
following data

1. BT, a finite set of positive boundary ports.
2. B7, a finite set of negative boundary ports.

N, a finite set of nodes.

L

7: N — T, a function assigning each node a type.
5. The set N* :={(n,m) € N x N | m < PT(r(n))} of positive node ports.
6. The set N~ :={(n,m) € O x N | m <P~ (r(n))} of negative node ports.

7. w: Nt 4+ Bt — N~ 4 B~ a bijection wiring negative ports to positive ports.



An interaction patch is essentially an incomplete piece of an interaction net. Every interaction
rule defines two interaction patches; one on the input and the other on the output. Given an in-
teraction rule R = (IﬁIﬂO,B*‘,B‘,o,i), the input patch is the interaction patch defined by R =
(B=,B* {I",1"}, \z.2, f), where f wires each boundary port to itself and wires the Oth positive port
of I to the Oth negative port of I”. For the same rule, the output patch is the interaction patch defined
by R= (B~,B%,0,0,1).

Also note the fact that the Knitting Lemma [I] can be used to stitch two patches together. Given
patches p = (BT, B~, N, 7, wp) and ¢ = (B~,B", N, 7,,w,) over the same node context, note that
wy : Nf + BT — N + B~ and w, : Nf + B~ — N, + BT. By the knitting lemma, a new bijection
Wyq : N + N;f — N7+ N is defined. Then define the interaction net (Ny, 4+ Ny, 7, 4 74, wpq). Denote
this by pq.

Also note that an interaction net can, itself, be viewed as an interaction patch with no boundary
ports.

Definition 7 Patch Homomorphism Given two interaction patches
(BI‘»>B;7N177-1’N1+7N17aw1) and (B;aBgaN27727N;aN57w2)
over the same node context (7,PT,P7), an interaction patch homomorphism consists of
1. For all t € T an injection i; : {n € Ny | 11 (n) =t} — {n € N2 | a(n) =t}
2. The injections, i} : N;7 — N5~ defined by (n,m) — (i;(n), m)

The injections, i; : Ny — Ny defined by (n,m) — (i¢(n), m)

- W

An injection ;T : B — N + B3
5. An injection j~ : B — N, + B, .

6. Such that ¥n € N;" + B, [i;, i J(wi(n)) = we([i),j+](n)), for the type appropriate i;, where
[f,g] : A+ B — C is the universal property of the coproduct on f: A — C and g: B — C.

Using this, define a category of patches with patch homomorphisms as morphisms. Given the patch
homomorphisms, one can compose them by composing their defining functions, and there is an obvious
definition for reflexive morphisms. This leads, in particular, to a notion of patch isomorphism.

Definition 8 Patch Isomorphism Given two interaction patches,
(Bf, By ,Ni, 71, N{",N; ,w1) and (B3, By ,Na, 72, Nj*, Ny, ws)
over the same node context (7,P*,P~), a patch isomorphism between them consists of
1. For all t € T a bijection b, : {n € Ny | 7 (n) =t} = {n € Ny | =(n) =t}.
2. The bijections, b;” : N;t — N5 defined by (n,m) + (bs(n), m)

The bijections, b, : N — Ny defined by (n,m) — (b(n), m)

- W

A bijection j* : Bf — Bi.
5. A bijection j~ : B — B .
6. Such that Vp € N;" + B, [b;, 77 (wi(p)) = wa([b], j](p)), for the type appropriate b;.

Patch isomorphisms act as the isomorphisms in our aforementioned category of patches. Restricting
to patches with no boundary ports, obtain a notion of interaction net isomorphism.

Definition 9 Patch Complement Given the interaction patch,

(BrvBl_leaTlaNl—i_aNl_7w1)

and interaction net

(N2a7—27N2+5N2_7w2)



Figure 5: Two possible slices of a valid trace graph. The center dot is an interaction, lines are links
between nodes, and colored surfaces are bound by port cycles. The level increases from bottom to top.
The left graph demonstrates that interactions eliminate and can create surfaces/port cycles. The right
demonstrates that port cycles can increase then decrease in level at an interaction.

over the same node context (7,P*,P~) and a patch homomorphism

h = ({isheer, {if heer, {iy Yeer dT257)
the patch complement, denoted z\h, is the interaction patch defined by
1. Bt =B~
2. B~ := Bt
3. N := No\ Uyer Im(ir)

4. 7:={(n,t) € o |Vt € T,n ¢ Im(ir)}
. N*:=N3\ User Im(iy)

N7 =Ny \U,er Im(iy)

(@31

&

w: NI\User Im(if) + B~ = N3\ U,e7 Im(i; ) + BY
= (w2\Uper{(a,b) | a € Im([if, j7]) Vb € Im([i;,57])}) Ui~ UG

This allows us to create a hole within a net using a homomorphism. Note that stitching a patch
with a complement generated with a homomorphism out of that same patch yields the original net the
complement was taken from. That is, for any net n and homomorphism from the patch p onto n, h, n
is isomorphic to p 1 (n\h).

For any trace, one can take a slice out of the trace at any point between any two interactions. This
gives, for all i € {0, ...,n}, the following set of slice node links;

Li == {(t,a,b) € R x N;" x N;” | by(a) = bAWl(a) < i AWI(b) > i}

further identify the set of port links determined by a slice. Define the following notations:

L :={(p,n) € Ly x N | n < P*(m1(p))}
L7 :=={(p,n) € Lix N | n <P~ (m(p))}
denoting the positive and negative ports associated to the nodes within L;. Note that the ports on any
L; will simply be the ports associated to the type of the nodes on either end. These ports are exactly the
elements in b* restricted to layer i. For any ((¢,a,b),n) in either L] or L}, VI((¢,a,b),n) = (Ivl(a),1v1(b)).
With this in hand, prove the following lemma:



Lemma 2 Slice Wiring For all k, Given a pair (a,b) € L;, there exists a pair (z,y) € L, such that
there exists a n € N such that (b°)"(a,b) = (z,y) and, for all 0 < m < n, there exists some | < k such
that (b°)™(a,b) € L;" U L; . That is, for any link in L}, one can follow b° through lower Ls until a L,
is reached.

Proof. By induction on the level.

Start with 7y and a pair (a,b) € L. Note that Ivl(a) < 0 implies that a is a port on the starting net.
This implies that r*(a) = w;(a) will be another port of opposite polarity, also on the starting net. This
implies that b°((a, b)) will be another pair with its second element, 7*(a), having a level less than or equal
to 0. The first element of this pair, b;(r*(a)), must satisty Ivl(b;(r*(a))) > 0, which holds as a direct
consequence of the monotonicity of trace wiring. This gives a pair b°((a,b)) = (b,(r*(a)),r*(a)) € Ly .
So, n = 1 for the base case. Furthermore, note that b° produces an isomorphic wiring to w;, in this case.

If we am at a T4 then we need to determine an element of L 1 for each L',: 41 There are two main

scenarios to start with. For any (a,b) € L;H, we know that Ivl(a) < k + 1.

1. If Ivl(a) = k + 1, then it is an output port of interaction k. Follow the output wiring of k to get
either a negative port within the output of the same level (analogous to following the boundary
of the yellow surface in the left graph in figure , or it may produce a boundary port (analogous
to following the inner boundary of either the blue or red surfaces down in the left graph in figure
. In the case of an interior port we’re done and our n = 1 since r* will reproduce the output
wiring of k in this case. In the case of a boundary port, we must traverse back down the trace in
the hopes of returning to Li41. Put a pin in this.

2. If Wl(a) < k+ 1 then Ivl(a) < k and so (a,b) € L. In this case, we can use the inductive
hypothesis to conclude that, after some m applications of b°, we will get another pair (z,y) € L, .
We know that Ivl(y) > k. If Ivl(y) > k + 1, we've arrived in L, , and am done. If, however,
Ivl(y) = k + 1, then we will be arriving at a port on interaction k. A priori, this could be a
principal port (analogous to traveling along the boundary of the green surface in either graph in
ﬁgure or a boundary port. However, we know that (a,b) is part of the same cycle as (x,y). Since
b has a higher level than k4 1, condition 1. of temporal consistency prevents us from arriving at a
principal port. Therefore, y must be a boundary port. This immediately implies the existence of
a wiring,

wy, : {(a,b) € L, [ Wl(a) <k+1}+ B} = {(a,b) € Ly, | Wl(a) <k+1}+ By,

from the inductive hypothesis, where Blj and B, are the boundary ports for interaction k.

If we’ve arrived at a boundary port, we can then use the output wiring of interaction k to get either
an interior port within the output at the correct level (analogous to following the inner boundary
of either the blue or red surfaces up in the left graph in figure , or we will get a boundary port
(analogous to following the interior boundary of the red surface in the right graph of figure . In
the case of an interior port, we’re done and our n = m + 1. In the case of a boundary port, we
must traverse back down the trace in the hopes of returning to L.

If we end up traversing back down the graph from interaction k, nothing prevents us from returning
to interaction k along another one of its boundary ports. We must prove this ends at some point. We
may observe that the elements of (a, b) of either LZT 41 or Ly, attached to interaction k are exactly those
satisfying lvl(a) = k 4+ 1. We can therefore recast the output wiring of interaction k as a bijection

i, :{(a,b) € Lf ;| Wl(a) =k + 1} + B, = {(a,b) € L, | Wl(a) =k + 1} + B;
By the knitting lemma, we can turn wj, and ¢}, into a bijection
{(a,b) € LZ,F_H | Wl(a) < k+ 1} + {(a,b) € LZ_H | vl(a) =k + 1}
{(a,0) € L, | Wl(a) <k+1} +{(a,b) € L, | WVl(a) =k + 1}
b)

{(a,b) € Lif,, | Wl(a) <k+1} = {(a,b) € Ly, | Wl(a) < k+1}
= L:—H — LI;-H

oy

Which is exactly the wiring we were looking for. By summing up the ns associated to each path
through the trace used by the bijection defined by the knitting lemma, we get the expected n. QED.
And, finally, we can state and prove the full correctness theorem for interaction traces.
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Theorem 1 Trace Correctness For any interaction trace

(A7 B7 n, S? T7 {Nt+}tER7 {Nt_}tERa {bt}tER)~

for all i € {0,...,n + 1}, there exists an interaction net, X;, such that:

1.
2.

5.

The nodes of X; are L;.
X is isomorphic to A.

For all i € {0,...,n — 1}, there is a homomorphism, h;, from T(7) into X;.

For all ¢ € {0,...,n—1}, X, is isomorphic to T (i) > (X;\h;). That is, X; and X;;1 are the same
everywhere except the patch altered by interaction rule 7.

Xny1 is isomorphic to B.

This correctness condition essentially states that the trace representation can be automatically foliated
into a sensible history of intermediate interaction nets such that the initial and final nets are what one
expects.

Proof.

Using the slice wiring, obtain the links between the ports of L;, and therefore obtain a wiring for each
layer. The wire is essentially determined by following the permutation cycle down the trace until we pop
up back in L;. Lemma [2]is merely the assertion that this process always succeeds. And, furthermore, by
following the cycle in the other direction, obtain the necessary condition that this wiring is a bijection.

From Lemma [2] establish all the conditions of the correctness criterion.

1. follows trivially from the base case of the slice wiring.

2. and 4. follow from essentially the same reasoning; since the wiring is determined by a partial port
cycle, and temporal correctness guarantees that principal links and ending net links each complete
a unique port cycle, get a one-to-one correspondence between them which determine the desired
homomorphism and isomorphism, respectively. This was already demonstrated in the principal
case as part of the inductive step.

3. follows from the observation that the call to the knitting lemma in the inductive step implies the
same bijection used in the definition of patch stitching. That is, the inductive hypothesis essentially
defines X1 to be T(k) > (Xi\hi), making that condition trivial.

QED.

4 Halo 2

This section will briefly describe arithmetic circuits in Halo 2. The point of an arithmetic circuit is to
define a relation over matrices of finite field elements. A circuit consists of the following;

1.
2.

3.
4.

5.

F — A finite field.

¢ — A vector of column types, where the column types are taken from the set {F, A, I} x {E, N}.

These are used to mark a column as, F-fixed (independent of user input), A-advice (dependent on
user input), I-instance (encoding the statement we’re arithmetizing), E-equality constrainable, and
N-not equality constrainable.

d — An integer denoting the polynomial degree.

P — A vector of polynomials of degree < d with formal variables in [|¢]] x Z. These act as
polynomial constraints over columns and relative row references within a matrix.

[ — A vector of "lookup constraints", where a lookup constraint is a pair of same-length vectors,

& — A vector of polynomials of degree < d with formal variables in [|¢]] x Z.

@ — A vector of column indexes, that is, a vector of values taken from [|c]].
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6.
7.

8.

These are used to check that all values specified by the Z's are within the columns specified by d.
r — A positive integer denoting the number of rows.

€ — A collection of vectors taken from ([|¢]] x [r])?, that is, each entry is a pair of coordinates
which will be asserted to be equal.

X — A uxr matrix of Fs, where w is the number of fixed columns. These act as the table of values
for each fixed column.

Each Halo 2 circuit defines a relation over a v X r matrix of Fs, where v is the number of instance
columns. It denotes the assertion that, for a given Y € FY*" there exists a matrix Z € F**["l| where
w is the number of advice columns, such that the matrix M = [XY Z] € FLI11X7 satisfies the following
constraints:

1

2.
3.

4.
5.

For all 4,7, X; ; = M; ;; that is the values of the fixed columns stay fixed.
Each polynomial in p’is 0 when evaluated on points within M.

For each lookup constraint, the output values of the polynomials in the Zs when evaluated on points
taken from M are present in the columns of M specified by the ds.

Each column mentioned in the s has the F/equality constrainable type.

Every pair of values taken from € within M are equal.

See section 2 of [Tho22] for a more detailed account of this definition.

This paper will not stick exclusively to the tools provided by this definition. It is, by this point,
somewhat of a rote procedure to convert boolean constraints into arithmetic constraints. See, for example,
sections 5 and 7 of [TH22|. Additionally, there is much tedious bureaucracy in accounting for the fact
that every column must have the same row number, among other requirements for real world circuits.
For the sake of a clearer presentation, we will take for granted that an interested party will be able to
fill in these missing details.

5 Arithmetization of Traces

An interaction trace is parameterized by a node context and trace setting. This can be incorporated as a
variety of different polynomial constraints. Give arbitrary, numerical names to the various types, nodes,
and rules.

1.

Denote by p0*(z) a polynomial which is 0 iff the type named by x has no positive ports. In the
case of symmetric interaction combinators, for example, this holds for root (0) and deletion (5)
nodes, which implies the definition;

p0* (@) == (z = 0)(z — 5) (1)

in that case. Denote by p0~(z) a polynomial which is 0 iff the type named by = has no negative
ports. Define it analogously to p0™(x).

Denote by Tarax the maximum value for a node type. In the case of symmetric interaction
combinators, this is 6, since the 7 node types will be labeled 0 through 6.
Define the polynomial pT'(z) which will be 0 iff  is a valid type. Define this as

Tarax

pT(z):= [] (@-4) (2)

=0

Denote by P;r max the maximum value of a positive port for type t. Denote by P, ;4 the
maximum value of a negative port for type ¢t. This value does not exist for types without positive
(respectively, negative) ports.

Furthermore, define P}CI 4x(t) to be the interpolating polynomial which maps ¢ onto 77;' MAX-
Similarly for P4 (t)-
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The interaction rules can be incorporated similarly.

1. A polynomial pRO™ (z) which will be 0 iff 2 names a rule with no output nodes. This will be defined
in the same way as p0™*(x), as the product of all expressions (z — i) where i names a rule with no
output ports.

2. Define Rpsax to be the maximum value representing a rule name. For the symmetric interaction
case, there are 9 rules labeled 0 through 8, so R4 x will be 8. Also define pR(x) to be a polynomial
which is 0 iff z is a valid rule name. This can be defined as

Rmax

pR(x) = [[ (@-1) 3)

=0

3. Furthermore, define the maps from rules to input node types. it and i~ will be the interpolat-
ing polynomials which map each rule onto the number corresponding to the node type of I or,
respectively, 1™

4. Also have, for each rule r, the number RO, prax indicating the max value for an output node, if it
exists. For example, if r has 4 output nodes, they will be labeled 0 through 3, so RO, prax will be
3. Furthermore, RO ax (r) will be the interpolating polynomial mapping rule 7 onto RO, aprax -

5. Define a bivariate polynomial which will map each pair of rule and output node to a type in
accordance with o. Call this interpolating polynomial po.

6. Lastly, for each rule r, have a six variable polynomial, pw,.. The arguments are, in order,

The polarity of the input node (0 for positive/output, 1 for negative/input).

The input node number.

The input port number.

The polarity of the output node.

The output node number.

The output port number.

pw, will be 0 iff the three numbers defining the input node are mapped to the three numbers

defining the output node by the wiring of the rule. As an example, the wiring for the second rule
in figure 2] corresponds to the following table of arguments.

100 0 0 O
0010 20
02 0111
00 00 3 O0
021011
03 0110
01 0101
031010

The node names are arbitrary with 0 being the top-left, 1 the top-right, 2 the bottom left, and
3 the bottom-right. The ports are named starting at 0, clockwise starting at the principal port.
Both positive and negative port namings start at 0. Each argument can be given a parabola;

(z1 = a)® + (w2 = 0)* + (23 — ¢)* + (w4 — d)* + (x5 — €)* + (w6 — [)*
which will be 0 iff (z1,29, 23, 24,25, 26) = (a,b,c,d,e, f). pw, will be the product of all these
parabolas for each argument in the argument table for rule r. Note that the table of arguments
does not contain the principal link of that rule, only the information from the output wiring.

we will need the following fixed column to aid in the later arithmetization;

' — A column which starts at 0 and contains all 1s elsewhere.
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Throughout the rest of this section, k& will always be used to denote a row index, and this value will
be universally quantified for every constraint.

A collection of instance columns to encode the starting net is needed. First, have two columns
encoding the types of each node in the net

1. SN — An enumeration of each node in the starting net.
2. ST — An assignment of a type to each node in the net.

As a running example, we’ll describe part of the arithmetization for evaluating a garbage collector
being applied to the identity function. The starting net will have four nodes, 0-root, l-application,
2-lambda, and 3-the garbage collector.

SN St
0 0
1 2
2 1
3 6
3 6
3 6

The main restriction is that every same entry in SN is given the same value in S7. Enforce this via
the constraints;

1. tpy1 =0V SNk = Sjvk+1 vV Sjvk +1= Sjkarl
2. Sj\fk = Sjvk+1 — S_’}'k = S_’Tkjul

These conditions cause these columns to define a partial function. Denote by S7(z) = y the lookup
constraint (z,y) € (SN, ST).
Additionally, ensure that each entry in S7 is a valid type.

pT(STk) =0

Further columns for the internal bijection are needed.

1. SY_;+ — Types for entries in S]_\}+.

2. SJ_\}Jr — Elements from SN to be mapped out of.
3. S]_D)jL — A positive port of the node in S](ﬁ.

4. S]:f_ — Elements from SN to be mapped out of.

5. S]S_ — A negative port of the node in SN'_.

6. ST* — Types for entries in SN*.
7. SN*,SP* — The contents of (S](f’f, SI_D'*) put in lexicographic order to aid in bijectivity checking.

The starting net table for our running example looks like

sTt SNt spt SN- SpP- ST+ SN* SP*
2 1 0 0 0 0 0 0
1 2 0 1 0 1 1 0
1 2 1 2 0 0 1 1
6 3 0 1 1 1 2 0
6 3 0 1 1 1 2 0
6 3 0 1 1 1 2 0
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Check that the types are all correct.

ST(SN;) = ST;t

ST(SN}) = ST

Verify completeness. Firstly, verify that every node with a positive port does, in fact, appear in .S N+.

(SNy, S7,) € (SN+, ST+) 3 p0T (S71) # 0

Verify that every node with a negative port does, in fact, appear in S N*.

(SNi, S7) € (SN*,8T%) <+ p0~(S73,) # 0

Next, verify that every port is covered uniquely by the table. Start by ensuring that SN+ and SN*
are ordered.

k41 =0V S]V]:r < SN]:F_H
lk4+1 = 0V SN]: S SN/:-&-I
Now that the nodes are ordered, ensure that all ports are present. Verify that the first port for each
node is always 0 and the last port is always a max.

SPf =0
SN # SN, = (SPY = Pliax (ST ) ASP, =0)
SP; =0

SNy # SNy = (SP = Ppax (STi) ASPiy, = 0)
Furthermore, the port number should keep incrementing so long as it hasn’t reached a max.
SN =S8N}, = SPf+1=5P,
SNy =SNp, = SP; +1=5SP;

Lastly, check that (SN*, SP*) is a permutation of (SZ(F, 8137). Verify this with the simple lookup
constraint;

(SN}, SPY) € (SN~,SP™) (4)

Every entry in (SJ_V *,S’ﬁ*) being unique (ignoring ending repetitions), along with the fact that
(SN™,SP7) has the same number of entries (prior to ending repetitions), imply that (SN™, 513*) must

fill all slots available in (SN, Sﬁ_). The other direction of the inclusion is implied by the previous
checks.

A collection of instance columns to encode the ending net are needed. First, have two columns
encoding the types of each node in the net

1. EN — An enumeration of each node in the ending net.
2. ET — An assignment of a type to each node in the net.

and columns to encode the bijection of the ending net are needed
1. E%+ — Types for entries in E](f*'.

2. E]_\}+ — Elements from EN to be mapped out of.

3. EI;Jr — A positive port of the node in E]_\}+.

4. E](f_ — Elements from EN to be mapped out of.
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5. EP~ A negative port of the node in EN™.
6. ET* — Types for entries in EN*.

7. EN*, EP* — The contents of (E]_\7 -, Eﬁ—) put in lexicographic order to aid in bijectivity checking.

These will be subject to identical constraints to those for the starting net columns.
A collection of advice columns to encode the trace information is needed. Start with two columns,
assigning interaction types to each step.

1. @ — A column containing, at each row, the total number of steps plus 1.
2. §— An enumeration of each interaction step in the trace.

3. ¥ — An assignment of a rule of interaction to each step.

Have a constraint asserting that f is, in fact, a constant.

N = Ngt1

(5, 7) will be functional in the same sense as (SN, S7), and so will satisfy some of the same constraints.

—

Sk =Sp+1 V Sy + 1= 5k

—

Sk = Sky1 = Th = Tht1
Sk =Nk —> Sk+1 = Ng41

by 7(z) = y we mean the lookup constraint (z,y) € (5, 7).
Also ensure that each entry in 7 is a valid rule.

pR(ri) =0
Columns to dictate the node wiring within the trace are needed:
1. TIE{+ — Precomputed rule for entries in T§+.
2. T§+ — The step of the nodes in TZ<7+
3. TNT — Precomputed types of T]_\}"Ir and TJ_\}_.
4. T](f+ — Output/starting nodes of the trace.
5. Tff_ — Precomputed rule for entries in T§ T
6. TS’L — The step of the nodes in T]_\’F
7. TN~ Input/ending nodes of the trace.
8. TR* — Precomputed rule for entries in T S*.
9. Té*, TN* — The contents of (T§ -, TJ_\} ~) put in lexicographic order to aid in bijectivity checking.

Many of the checks on these columns will be very similar to those for the starting and ending nets.
Check that the rules are all correct. Note that step 0 will refer to the starting net and step n + 1
will refer to the ending net, so the numbers appearing in the T'S columns will be the level, not the
step number. The rule numbers for the starting and ending nets will be Ryax + 1 and Ryax + 2,
respectively.
TS =0— TR} =Ryax +1
TSIQL =N — TR; =Ryax +2

(TSH #O0NTSH #ny) = (TS —1)=TR{
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TS, =0—=TR, =Rmax +1
TSk_ =Ng — TR]: =Rypax +2
(TSk_ %OATS,: #Ny) %T(TSk_ -1 =TR,

TS, =0—TR; =Rpax +1
TS, =ny - TR, =Ryax +2
(TS;, #0NTSE #ng) = r(TS; —1) = TR;,
Check that the input and output types match on each node.

(iT (TN, ) = TNT; Apo(TR}, TN,") = TNT},)
i (TN, ) = TNTy Apo(TR;", TN;) = TNT})
(TS =0ATS; #ng ATN, =0) = (i (I'N, ) = TNT, ANST(TN}) = TNTy

(TS #0ATS; #ng ATN, =0) —
(TSH #0NTS, #ny ATN, =1) —

)
(TS;F =0ATS, #n, ATN,” =1) = (i (T'N,,) = TNT, A ST(T'N;) = TNT},)
(TS} #0ATS, =ng) = (ET(T'N, ) = TNT, Apo(TR},TN,") = TNT},)
(TS =0ATS, =ng) = (ET(TN,) = TNT,, A ST(TN,") = TNT})

Verify completeness. Firstly, verify that every step with output ports does, in fact, appear in TS+.

(ki) € (TST, TRY) < (pROT (ry,) # 0)

Every step will appear in TS~ and T'S* since every rule has an input. A special check isn’t needed
for this; instead, this follows from the ordering constraints. These say that

tk+1 =0V TS;r < TS;:Ll

TS; =1
1 =0VTS; =TSp VTS, +1 =TS,
ny € TS*
(TS} = N A s #0) = (TS} 1 = Nist)

Now that the steps are ordered and present, ensure that all nodes are present.

Do this by first
verifying that the first node for each step is always 0 and the last port is always a max.

(TS # TS}y ATS] #0) (TN} = Ripax (TRY) AT}, = 0)

TN; =0
(TS # TSk  ANTS;E #n) = (TN =1ATN;,, =0)

Furthermore, the port number should keep incrementing so long as it hasn’t reached a max.

(TS =TS,y Akgr #0) = TN +1=TN,/,

(TSg =TSp 1 Ngg1 #0) = TNE +1=TN;;
Verify that all the nodes in the starting net appear in TN+.

(0,SN,) € (TS+,TN+)
Verify that all the nodes in the ending net appear in TN*.

(N, ENy) € (T'S*, TN*)
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Lastly, check that (SJ_\?*, 513*) is a permutation of (S]i}f, 5137). Given the previous checks, verify
this with the simple lookup constraint;

(SN}, SP!) € (SN~,SP™) (5)

The very last thing needed is a group of columns enumerating and explicating the port structure of
the trace. The following columns are needed:

-

1. S , G , N , /j, P — Columns containing the ports of the trace in lexicographic order by: step (S), node
polarity (G), node (N'), port polarity (£), then port (P).

2. NT — The precomputed node types for N,

SR — The precomputed rules for the interaction step.

- W

T An ordered list giving names to each port cycle.
5. F — An ordered list of flags swapping between 0 and 1 and starting at 0.

6. S, 5!,A7!, E!,ﬁ!,Sj%! — The ports within the trace listed according to their order within a port
cycle, starting at the negative (principal or output) port and ending at the positive.

7. Sb,./\f D, [D, PD — Columns indicating the negative (principal or output) port at the beginning
of each cycle.

The number of ports in the trace will dominate the number of rows in the circuit.

For our running example, the full trace will start with the identity function applied to a garbage
collector. This will then be evaluated to a garbage collector connected to a root node in a single step.
This trace will have two port cycles. The full trace will look like;

=1

Sb ND LD 7PD

NT SR

©
oco@o"‘:o:ooow@oorow"‘o)
o o =t

[N}

NN R PR RP,P, 000000000
el e e e i e B e R el e B e S e B s B UG\
FOR R ROOOWNNN R~ R~ OZ
O PR OFROOORROORKFORFIN
OO O0OO0OOHOOOHOROOOY
CTO N NN O = =DNDNDDNDO
OO0 O WO W © WO
(S U S e I o I ol i o Bl o Bl e Bl e Bl e Bl e Bl e Wl
R ORORFROROROROROROT
RO ORNOORROORERLROON W
mFOoOORROORROOR R OORY
OMHHHWHHO[\D[\DOHHOOZl
cCorroOOR OO RROORR~DY
cococoorRrrRrrRrROoOOOOo OO
o= H 0N R NN NN RN N N
HRE NP OOO0OO0OO0OO0OOO0OO0OOO
e e el e e e e e e
[ I e R N e R el e W e B e I e B e Wi e B e Bl o B e B e B )

— =
o O

Ensure that the rules are correct.

(Sk # 0A Sk # Ni) = (S — 1, SRy) € (5,7)
S.=0—>8SRr, =Rmax +1
Sk=n = SRy =Rmax +2

Ensure that the node types are correct.

Sp =0 — (N, NT},) € (SN, S7)
Sk =N, = (N, NTy,) € (EN, ET)
(S #O0ASE # N AGr =0AN;, =0) = it(Sy,) = NTj,
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(Sk #O0NSK N AGr =0AN, =1) =i (Sk) = NT,
(Sk ZO0ANSp N AGr = 1) = po(SRi, Ni) = N'Ty,
Constraints to show that S. , N , P are a complete enumeration are also required.
The step column must start at 0 and periodically increment to cover all steps.
So=0
tet1 =0V S = Sk11 VSk +1 =38k
n,esS
(Sk =Ng Atgy1 #0) = Skp1 = Nipy
With the steps now listed in order, verify that the port polarities are complete. Positive ports will
be denoted with a 0 and negative ports with a 1. The port polarities will be listed with negative ports
first, since all interaction rules have negative ports.
Sp=0—=0G,=0
Sp=n; = Gr=1
Sk =8k+1 = (G = Gr+1 VG = Gry1 + 1)
(Sp #Spy1 ASk #O0ASE #Ni ApROT (SR, — 1) =0) = (Gr = 1AGry1 = 1)
(Sk # Skr1 ASk #ZO0ASy # N APROT (SR, — 1) #0) — (G =0AGrpq1 = 1)

These verify that the node polarities are completely enumerated. Now verify that all and only the
correct nodes appear in N.

—,

(0.5N;) € (SN
(N, EN) € (S, N)
(Sk = Skt1 AGr = Grg1) = Nix = Nig1 VNE + 1 = Nig1)
(Sk=8kt1 NGr +1=Gpy1) > N =1 ANz =0)
(Sk # Sk+1 NSk #0) = (N = ROprax (SR — 1) ANjg1 =0)
At this point, verifying completeness can get a bit hairy. Verify that two subsequent nodes are
different via the following relation;
ANy := S # Sk41 V Gr # Grp1 V Ni # Ny
With this, check port polarity completeness with

—dNy, = Ly =Lr1 VL +1=Lir
(AN Ap0~ (N'Ty) #0ApOT(NTyi1) #0) = (Ly = 1A Lyyq = 0)
(AN Ap0~ (NTy) = 0 A p0tT (NTji1) #0) = (L =0A Li11 = 0)
(AN Ap0~ (NTy) #0ApOT(NTyi1) =0) = (Ly = LA Lpyq = 1)
(dNk AP0~ (NTy) = 0 A pOT (N Thi1) =0) = (Ly =0A Lyry = 1)

This check relies fundamentally on the cyclic nature of checks, which guarantees that the Oth row
will be set to 0 without having to say this explicitly.
Now that all the port polarities are present, verify the presence of all the ports via
(AN A L =0) = (Pr = Pi;ax NTk) A Pry1 = 0)
(de ALy = 1) — (Pk = ]\_/IAX(NTk) A Pry1 = 0)
(—|de AL +1= £k+1) — (Pk = ,PZ\ZAX(NT]‘:) APry1 = 0)
(—|de ALy = £k+1) = Pr+1="Pr1

These, again, rely on the cyclic nature of checks. This completes all the completeness checks.
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Now put together the constraints necessary to check temporal consistency. Firstly, check that the
columns containing the ports in cycle order are a permutation of all ports in the trace.

(Sks G Niey L1e, Py SRy € (81,61, N1, L1, P, SRY)
The flag column should swap back and forth between 0 and 1.

Fo=0
1—Fy=Fr1
Incidentally, this implies that the total number of ports is even. And, in fact, the total ports in each
port cycle is even, so the first flag of each cycle will be 0 and the last flag will be 1.
The port cycles themselves should be uniquely named by !, but have no structure beyond that.
=0
1 =0V g =l VI + 1=l

To check each port cycle, use one of the two bijections used to define the port cycle. The flag dictates
which bijection is being used.

If the flag is 0 then follow the trace wiring between different steps.
(e = Lot A Fp = 0A Gl = 0) = (Sl N, s, Niyt) € (TST, TN+, TS~ SN™)
(!k = !k+1 ANF,=0A g'k = 1) — (8!k+17N!k+1;S!k,N!k) S (T§+,Tﬁ+,T§_,Sﬁ_)
("% =Yt1 AFr=0) = (Ll = L1 APl = Plit1)

When the flag is 1 follow the internal wiring of either the rules or the starting net.
The step shouldn’t change.

(!k =l AN F = 1) — Sl =Sl
For the starting net:

(=Lt AFy = 1ASY = 0A Ll = 0) — (N, Ples Nt Plest) € (SNT, P+, SN~, SP7)

(=Yt APy =1ASY =0A LY =1) = (Nt Plest, N1, Ply) € (SN, SPH, SN—, SP™)

For each rule r, have two constraints for the interactions
(=l 1 AFr=1AS Z0AS ZNp A (Gl =0ALYL =0)V (Gl =1ALYE =1)ASRl,=71)
— pwr (Gl N, Pliy Gl N1, Plin) = 0

('k: !]ﬁq/\Fk:1A8!k7£0/\81k#nk/\((g!k:()/\[:!k:1)\/(g!k:1/\,C!k:0))ASR!k:T)
= pwr (Gl 1, N1, Pliyt, Gl N, Pli) = 0

Now check that the ends of the cycles match. The ends of each cycle should be output and principal
ports.
e 1 (S =N V(G =1APY =0) A (Slke1 =N V (Glgyr1 = 1A Pl =0)))

This condition forces the port cycle to change any time either an output or principal port is encoun-
tered. Also, ensure that the starting port is copied over to the D columns;

!k # !k-+1 — (SDkJrl - S!k+1 /\NDkJrl :N!k+1 A\ EDk+1 - E!k+1 /\PDkJrl = P!k+1)
e = k41 — (SDk+1 =8D; /\NDk+1 =NDj; A LDgy1=LDp NPDjy1 = PDk)

Ensure that the port cycle reaches a maximum at its ends;

Sl < S8Dy,
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And the very last thing to be checked is that the ends of the same port cycle connect along principal
or output ports.
In the case of output ports:

(!k # 1 ANSDy, = nk) — (S!k =N A (N!k,P!k7NDk,PDk) € (EN+,EP+7EN_,EP_))
In the case of principal ports:

!k#!k+1—>(S!k:SDk/\P!k:OApDk:OAﬁ!kZO/\ﬂD;@:1/\g!k21>

That completes all the constraints necessary to arithmetize interaction net traces.

6 Conclusion and Future Work

We have presented a description of interaction nets and have described how to arithmetize them in Halo
2.

While we’ve sketched out a design, this has yet to be implemented. Implementing it would be an
obvious next step. Other practical considerations, such as efficiency and optimizations, must be examined
to assess real world utility. Additionally, a formalization effort would be useful to confirm the correctness
of the construction presented here.

Additional variations of this construction could easily be made. Instead of making the computational
rules part of the polynomial constraints, one could make them instance columns, allowing for a circuit
which is universal over all interaction combinator calculi.

An additional variant might fix the ending net and/or part of the starting net, allowing one to
arithmetize bespoke statements along the lines of "X is an input which causes a fixed f to output a fixed
Y".

Additionally, more useful variants of interaction combinators often include custom operations for
performing arithmetic and boolean operations. This may be required for real-world usage.

Interaction nets are a special case of a string diagram [Sel10]. These have been used in many appli-
cations such as physics [Eas22|, linear algebra [Zan1§|, boolean unsatisfiability [Zan|, and many, many
more. A theory of relational universal algebra based on string diagrams was presented in [BPS17].

Instead of arithmetizing statements as assertions about the execution of programs, one might instead
arithmetize statements and proofs inside diagrammatic relational calculi.

These are not so different from interaction combinators that new arithmetization techniques would be
required. The main difference is that inputs to replacement rules are allowed to be more sophisticated.
When evaluating graphical calculi, an instance of the subgraph isomorphism problem must be solved in
order to find a subgraph that can be replaced. This can make evaluation nontrivial. For interaction
nets, this check becomes a trivial check that two principal ports are connected. This makes interaction
combinators more practical as a model for programming. However, we are verifying traces after the fact,
so there is no real benefit from that in this setting. Generalizing to more generic forms of graphical
calculi seems desirable.

Most graphical calculi of interest are essentially syntaxes for particular traced symmetric monoidal
categories, where the nodes act as atomic morphisms. Weakening the replacement rules, these become
freely-generated 2-categories, where traces/derivations become 2-cells. Creating a scheme for arithme-
tizing 2-cells in free traced symmetric monoidal 2-categories should capture most calculi of interest in a
single construction.

Alternatively, we could return to the precursor of interaction combinators; proof nets [Laf95]. Such
nets are conceptually similar to sequent calculi, but rendered as a graph instead of a tree. Addition-
ally, proof nets are syntactically invariant to things like premise permutation, which require additional
bureaucracy in the sequent calculus. Some correctness criteria for proof nets are graphical reduction pro-
cedures comparable to those for interaction combinators [Str06]. Recent work on transcendental syntax
may aid in creating generic descriptions of these ideas, which would be a good target for arithmetization
[ES22]. Existing work on combinatorial proofs seem like ready-made targets for arithmetization in this
vein [HSW21], though the field is still primitive, so generalizing and modifying them may be necessary
for real world applications.
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