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Programmable self-assembly enables the construction of complex molecular, supramolecular, and crystalline archi-
tectures from well-designed building blocks. We introduce a hypergraph-based formalism, Blocks & Bonds (B&B),
that generalizes classical chemical graph theory by incorporating directed and multicolored interactions, internal sym-
metries, and hierarchical organization. Within this framework, we develop the Structure Code (SC), a compact and
versatile language for describing self-assembled architectures. We define a Kolmogorov-style Structural Complexity
as the total information content of SC, obtained through its tokenization and Shannon information assignment. Com-
plementing this encoding-based measure, we introduce a much simpler quantity, the Compositional Complexity, which
depends only on the number and cumulative usage of block and bond types in the construction set. A central result
of this work is a strong empirical correlation between the token-based Structural Complexity and the Compositional
Complexity across all examined systems. Owing to this agreement, the Compositional Complexity emerges as the most
practical and broadly applicable measure: it is easy to compute, requires no explicit encoding, and yet closely tracks the
actual information content of structurally diverse architectures. Applications to molecular systems (ethylene glycol,
glucose), DNA-origami lattices, and crystalline assemblies show that B&B hypergraphs provide a unified, scalable, and
information-efficient representation of structural organization, naturally capturing symmetry, modularity, and stereo-
chemistry. This framework establishes a quantitative foundation for complexity-aware classification and inverse design

of programmable matter.

I. INTRODUCTION

Programmable self-assembly has emerged as a powerful
paradigm in nanoscience and materials engineering. En-
abled by advances in DNA nanotechnology, colloidal design,
and and bio-mimetic chemistry, researchers can now engineer
building blocks with highly specific interactions that drive the
autonomous formation of target structures' ™. This capability
has transformed the field from descriptive studies of natural
assemblies to predictive and design-oriented frameworks for
artificial matter. Recent successes include addressable DNA
origami lattices, patchy colloids with programmable valences,
and hierarchically organized supramolecular materials.

These developments expose a fundamental question: how
should one quantify the complexity of a self-assembled struc-
ture? As structures become increasingly intricate, multi-
component, and hierarchical, traditional descriptors—bond
graphs, coordination environments, or space-group symme-
tries—are no longer sufficient to capture their true information
content. A meaningful complexity measure must simultane-
ously reflect the diversity of building blocks, the specificities
of their interactions, and the compressibility of the structure
arising from symmetries, repetitions, and hierarchical reuse
of subunits.

These advances highlight the long-standing challenge of
defining the very concept of complexity: as assemblies be-
come more intricate, how can one quantify and compare their
structural information content? Kolmogorov defined the com-
plexity of an object, such as a text, as the length of a com-
puter program that can generate that object as an output?1%,
In practice, exact Kolmogorov complexity is uncomputable,
but useful proxies can be constructed through compression al-
gorithms, such as the Lempel-Ziv—Welch (LZW) family 112,

which generate a dictionary of repeating motifs and under-
lie common compression formats including gzip, zip, tiff, gif,
and png.

In the context of chemistry and materials science, a vari-
ety of complexity measures have been proposed, but none
have been universally adopted!®. A plausible candidate is
the so-called molecular information content originating from
Rashevsky’s!# and Mowshowitz’s'> work on graph entropies,
later refined by Bonchevl®, Bertz 18 and others! 223

However, these classical measures were designed for sim-
ple molecular graphs and therefore fail to capture essential
features of modern programmable assemblies: multi-terminal
building blocks, patch specificity, internal and emergent sym-
metries, and hierarchical modularity. A modern complexity
measure must generalize beyond pairwise graphs and account
for the nested, multi-layered structure typical of DNA con-
structs, patchy colloids, addressable lattices, and supramolec-
ular architectures.

In this work, we propose a framework for encoding and
quantifying the complexity of programmable self-assembled
structures using hypergraphs=®.  Extending conventional
chemical graph theory, our Blocks & Bonds (B&B) hyper-
graphs represent composite units and multiple interaction
types while naturally capturing nested and hierarchical or-
ganization. We further define structural complexity as the
minimal information required to encode such hypergraphs,
drawing explicit connections to Kolmogorov and information-
theoretical perspectives. This approach allows a classification
of complexity across molecules, supramolecular assemblies,
and synthetic hierarchical materials.
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Il.  FROM GRAPHS AND HYPERGRAPHS

Graph theory provides a powerful language for describ-
ing complex, network-like organizations across many scien-
tific fields. In chemistry and materials science, graph-based
models have long been used to represent the connectivity and
structural complexity of molecules and crystalline solids. In a
chemical graph, atoms correspond to vertices and bonds corre-
spond to edges. When a structure is sufficiently symmetric, its
graph admits automorphisms, i.e., mappings of the graph onto
itself that preserve all connectivity relations. Such automor-
phisms naturally group atoms into equivalence classes: sets
of vertices that can be permuted among one another without
changing the graph. These classes correspond to chemically
equivalent atomic sites.

Suppose a molecule contains (M) atoms that fall into (K)
equivalence classes, with (my,...,mg) atoms in each class.
Rashevsky (1955)'% proposed the following expression as a
measure of a chemical graph’s “information content” or com-
plexity:

1 K m;
H:fﬁi;milogz (M) (1)

The form of this expression closely resembles Shannon’s en-
tropy, and this analogy motivated its early adoption. Over
the decades, it has been widely used and generalized in the
work of Mowshowitz2, Bonchev16, BertZ 18 and many
others'®*23 a5 a general indicator of molecular or topologi-
cal complexity. However, the actual meaning of Rashevsky’s
information content has remained ambiguous. In essence,
Eq. (E]) describes how much information, on average, is re-
quired to specify which equivalence class (i.e. a chemically
equivalent site) a randomly selected atom belongs to. What
it does not describe is the amount of information required to
encode the molecular graph itself. To our knowledge, no rig-
orous connection has been established between Rashevsky’s
formula and the minimal information needed to represent a
graph uniquely. This limitation was noted by Bertz 18, who
ultimately abandoned the information-theoretic interpretation
and proposed an alternative measure that incorporates addi-
tional topological features of the graph. The resulting “Bertz
complexity” remains widely used, despite the lack of its clear
interpretation.

While chemical graphs provide a useful abstraction frame-
work, they face several limitations when applied to more com-
plex architectures such as supramolecular complexes or pro-
grammable self-assembly. In particular, standard graphs treat
atoms as indivisible vertices, but ignore geometrical aspects
of their binding, as well as the diversity of bond types often
employed in programmable self-assembly. In addition, real
self-assembled systems often involve composite units (func-
tional groups, colloids, DNA tiles) with a non-trivial inter-
nal organization. Graph-based complexity measures capture
global automorphisms but largely ignore such nested or recur-
sive organizational levels.

To address these challenges, we generalize the representa-
tion of complex structures by employing hypergraphs®* rather
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FIG. 1. Examples of Blocks & Bonds (B&B) hypergraph represen-
tations. (a) Polyhedral blocks such as octahedron [6/0], tetrahedron
[4/A4], and square [4/C4]. (b) Variants of octahedral blocks with
different labeling symmetries. (c) Composite hypergraph structure
constructed from square blocks. (d) Molecular hypergraph represen-
tation of ethylene glycol, (CH,OH ),.

than standard graphs. A hypergraph is defined as a pair (V,E),
where V = {vj,...,vn} is the set of vertices and E is a col-
lection of subsets of V, called hyperedges. Unlike ordinary
edges, hyperedges may connect any number of vertices simul-
taneously.

As a generalization of molecular graphs, we introduce
Blocks & Bonds (B&B) Hypergraphs. In the B&B framework,
two types of hyperedges are distinguished:

* Blocks: hyperedges that group together k vertices. Each
block is endowed with a group G C S, where S; is the
symmetric group on k elements, which defines equiva-
lence among vertex permutations.

* Bonds: pairwise connections ¢;;(v;,v;), subject to the
restriction that each vertex may participate in at most
one such bond.

Vertices of a block not involved in internal bonds are called
terminals. Each block is characterized by its valence k (the
number of terminals) and by the equivalence group G, which
is a subgroup of S, the full permutation group on k elements:



G C 8. The group G defines which permutations of terminals
are considered equivalent. Such a block is denoted B = [k/G].
Several familiar polyhedral structures can be expressed in this
way, as shown in Figure|[Th.:

* A block [6/0] represents the six vertices of an octa-
hedron. The 6! possible permutations are partitioned
into 30 equivalence classes of 24 permutations each, re-
lated by octahedral rotations, e.g. (x,y,z,x*,y*,7*) ~
(2,2, %, x5, 25, ) ~ (0,2, %, %, 2%, x*) ~ ...

* A tetrahedron corresponds to [4/A4], since any even
permutation of four vertices (group A4) corresponds to
a 3D rotation.

* A square can be represented as [4/C4] (cyclic rotations
only) or [4/Dy] (including reflections).

In some cases, group actions split the vertices into indepen-
dent subsets, or orbits, with different multiplicities. For such
cases, we will use notation

B=|(ki,....ks)/G] 0

where the k; denote orbit sizes. For instance, as shown in
Figure [Th., a square pyramid has four basal vertices permuted
by C; and one apex fixed by the group, giving [(4,1)/C4].
A triangular bipyramid corresponds to [(3,2)/D3], with three
equatorial and two apical vertices.

If no symmetry is imposed, the trivial group is assumed,
and all permutations are distinct. A block [k/Si] with full
permutation symmetry is equivalent to a vertex of degree k
in the standard conventional graph theory. In the context of
m, molecular hypergraphs, atoms of low valence correspond
to symmetric blocks, e.g., oxygen [2/C,] or nitrogen [3/S3].
For higher valence, only certain permutations are realizable
by spatial rotations; e.g., for sp> hybridized carbon, the tetra-
hedral arrangement of valence electrons corresponds to block
[4/A4].

It is essential to distinguish between a block’s equivalence
group and its symmetry group, as these two concepts play dif-
ferent roles in the B&B formalism.

The equivalence group G C S; is a formal property of the
block definition. It specifies which permutations of the k ter-
minals are regarded as representing the same block type. For
example, the octahedral block [6/0] identifies all vertex la-
belings that differ only by rigid rotations of an octahedron.
Thus G determines how terminals may be permuted without
changing the identity of the block.

The symmetry group Sym, in contrast, depends on the
actual labels assigned to the terminals when the block is in-
stantiated inside a structure. It consists of permutations that
preserve both the geometry of the block and the specific la-
beling. These notions are illustrated by octahedral examples
in Fig. [[b. An octahedron with six distinct terminal labels
(x,v,z,x*,y*,z") has equivalence group O, but its symmetry
group is trivial, since no nontrivial permutation preserves the
labeling. If all six labels are identical, the symmetry be-
comes the full Oy, which includes reflections absent from O.
A mixed labeling such as (a,b,b,b,b,a) yields a symmetry
group D4, which is a subgroup of Oy, but not of O.

To capture both aspects explicitly, we denote a block
with equivalence group G and symmetry group Sym as B =
[k/G].Sym. This notation makes clear that G constrains the
permissible terminal permutations, while Sym encodes the
actual symmetry of the labeled instance used in a structure.

I1l. STRUCTURE CODE

While B&B hypergraphs provide a versatile structural rep-
resentation, they do not by themselves specify a unique encod-
ing of a structure. To quantify information content, we require
a concrete and unambiguous textual representation. Below,
we present Structure Code, a compact language whose syntac-
tic structure mirrors the hierarchical organization of B&B hy-
pergraphs, enabling Kolmogorov-style analysis of Complex-
1ty.

A block will be called fundamental if all of its vertices
are terminals, i.e., it contains no internal bonds. A structure
is specified by listing its fundamental blocks together with
their bonds. Naturally, highly symmetric structures can be
encoded with fewer block and bond types. In general, a com-
posite block can be expressed in the following Block—Vertex—
Multiplicity—Symmetry (BVMS) format:

B= [Bl(vl,..,vl)ml,(V1+1,..7Vj)mz...
.| B2....| B3....].Sym (3)

Here, B1,B2,B3, .. are predefined sub-blocks, fundamental or
composite; v; are vertex types and ml,m2,.. are multiplici-
ties of the specific blocks, and Sym is the symmetry group of
the composite block B. There is a natural correspondence be-
tween the vertex types used in the structure code and bond
”colors” in the context of programmable self-assembly. The
latter are typically encoded by mutually complementary DNA
chains attached at specific locations of DNA origami building
blocks. This type of description can be scaled up to encode
an arbitrary B&B hypergraph with a Structure Code (SC). Its
brief description is presented at the end of this section, and
full specifications are given in Appendix [B] Below, we illus-
trate its key elements on several examples.

Our first example, consider the composite structure shown
in Fig.[Tk. It has the following SC:

SQ = [4/C4]; SQ4 = SQ.Dy
SOy = 8Q.Cy(a,*,a,%); SO = SQ.Ch(a,a,b,b)  (4)
S=[SOx(1%,2%,%)* | SO (1,%)* | $Q4(2)].D4

Here 1,2,1%,2* denote vertex types, with (v,v*) designating
bond-forming pairs, and * marking terminals with no desig-
nated type. We used block symmetries for a compact list-
ing of vertex types. In this construction, all fundamental
blocks are squares with equivalence group C4. The assem-
bled structure possesses global D4 symmetry, while individ-
ual blocks differ: the central square SQ.Dy is fully symmetric,
four side blocks exhibit mirror symmetry C,, and four cor-
ner blocks also have mirror symmetry C5, but with respect to
a different axis. Overall block S is of type [(4,4,4)/C4].Dy,
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FIG. 2. Hypergraph representations of a-D-glucose. (a) Conven-
tional graph representation. (b) B&B hypergraph. (c) Hierarchical
encoding using composite C—O blocks, enabling compact represen-
tation of repeated motifs.

which means that 12 terminals can be split onto 3 orbits of
the equivalence group Cy4. If no symmetry was specified, that
would allow all the terminals to be distinct, subject to the
equivalence relationship (1,2,3,4,5,6,7,8,9,10,11,12) ~
(4,5,6,7,8,9,10,11,12,1,2,3). However, due to symme-
try Dy, there are only two terminal types: D4(a,b) =
(a,b,a,a,b,a,a,b,a,a,b,a).

Another example is a molecular hypergraph of Ethylene
glycol, (CH,OH ) shown in Figure [IJd:

C=[4/A4).C2; 0=1[2/C3); H=11] 5)
EG=[C(0,2,3)%| 0(2*,1)* | H(0")*, (1)%].C,

Here and below, the absence of a complementary vertex to
type 3 indicates that this type is self-complementary, i.e. the
bond is formed between two vertices of the same type.

The B&B hypergraphs provide a natural framework for de-
scribing structures with hierarchical organization. That is be-
cause any subgraph that can be isolated from the rest of the
hypergraph by cutting its outside bonds is itself a block. This
allows for a more compact encoding even when no true sym-
metries are present. As an example, consider a somewhat
more complicated molecule than before, &-D-glucose, shown

4

in Figure[2] Panels a and b represent this molecule as a graph
and a B&B hypergraph, respectively. An important advantage
of the B&B hypergraph is that it allows us to distinguish spe-
cific stereoisomers (e.g. & — D vs B — D versions of glucose),
a feature that is captured by a simple graph representation.
Neither the molecule itself no its hypergraph has any global
symmetry. The graph has a single C, automorphism, which
corresponds to swapping the two hydrogen atoms that belong
to the side chain. This implies a relatively high complexity
according to the Rashevsky formula, as well as a long and te-
dious SC. However, one can notice structural repeats within
the glucose molecule. For instance, one can define a com-
posite block C — O, as shown in Figure 2. The type of this
block, [(3,1)/C5] is dictated by its constituents: once Oxy-
gen is bound to C, the remaining 3 terminals of C preserve
the cyclic equivalence group C3. Now, a-D-glucose can be
composed of these blocks, and its structure can be encoded
as:

C=[4/As]; 0=12/Cr]; H=]l] (6)
CO = [C(*,x,%,17) | O(1,%)]

G =[CO(2,%,%,%),(2%,%,3",7%),(%,3,4,%),
(%,4%,5% %), (5,6,%,%), (6%, 7,%,%)].512

Glea = [G(O) | H(0)"]

Note that once we encoded the ring structure out of 6 CO
blocks, all 12 of its terminals have been assigned the same
type 0%, by applying S;» permutation group. This is not, of
course, the symmetry group of the structure itself, but a com-
pact way of encoding repeated vertex types. In fact, each type
of monovalent (terminal) group, such as Hydrogen H, only re-
quires a single bond type to encode its positioning anywhere
in a hypergraph.

As another demonstration of the power of hierarchical de-
sign, consider the classical Cgo fullerene structure, i.e., the
truncated icosahedron. Since this is a known allotrope of car-
bon, it may be tempting to use a minimalistic code featur-
ing a single trivalent block type, with all blocks connected
by the same bond type: C = [3/S3], C60 = [C(1)%°].;,. This
code would indeed unambiguously select the Cg cluster from
among multiple carbon nanostructures, since it is the only one
containing 60 atoms and possessing icosahedral symmetry 1j,.
However, in a broader context, the code is ambiguous: there
exists another geometrically plausible structure with the same
symmetry, composition, and connectivity: a truncated dodec-
ahedron (see Figure[3). Thus, a more complex structural code
is needed to uniquely identify Cx60. Once again, we employ
a hierarchical construction. Starting with a lower-symmetry
trivalent block “Y”, we define a pentagonal composite block
P, as shown in Figure E}l and then assemble the final cluster
from twelve copies of it:

Y =[(2,1)/C].Co; P=[Y(1,%)°].Cs
Cc60 = [P(2)"?].1, (7)

A similar hierarchical code based on triangular motifs, 7 =
[Y(1,%)3].C3, is possible for the truncated dodecahedron, as
shown in Figure [3p.



Cg, (truncated icosahedron) TD (truncated dodecahedron)

FIG. 3. Two structures, both containing 60 trivalent blocks, and pos-
sessing icosahedral symmetry: (a) Cgg fullerene, and (b) Truncated
dodecahedron (TD).

The SC can also be employed for infinite crystals. As an
example, consider designs for programmable self-assembly
generated by MOSES algorithm, described in Ref'®. It was
developed specifically for the self-assembly platform based
on multi-chromatic octahedral DNA origami(i.e. Oct = [6/O]
in present notations). Each octahedral unit acts as a 3D pixel
(voxel), allowing to the positioning of specific “cargo” at pre-
determined locations within a cubic lattice. For instance,
below is the MOSES-generated design of Zinkblende (ZnS)
structure, in which two types of “cargo voxels” are positioned
at the sub-lattices within a cubic crystal that correspond to lo-
cations of Zn and S, respectively:

Oct = [6/0]; B,C1,C2 = Oct.Oy,

A = Oct.Cy(a,b,x,a,b,x) (8)

ZB=[A(5",2",3",17)°,(5,2,6,4)°

| B(3),(4%) | C1(1) | C2(6%)]".F43m
Here notations [...].Sym are used to indicate that the struc-
ture is a crystal, with crystallographic symmetry group Sym
specified. Block multiplicities are given per (cubic) cell. Note
that there are three distinct octahedral types and symmetries
Oy: B,C1,C2. Two of them, C1 and C2, are cargo voxels that
are arrange into the Zinkblende structure.

Another example from Ref® is the design for the cubic
Laves phase, MgCus:

Oct =[6/0]; B,C1,C2 = 0Oct.Op; D= Oct.C3;

Al = Oct.C>Cy(a,b,*,a,b,%); A2 = Oct.C(a,b,b,a,c,c);
LF =[0ct(11,13,14,12,3,2)'2 (16,18,8,17,9,15)'2

| A1(2%,3%,4,1%)%,(5,6,7,4)%,(8%,9*,10%,7%)®

| A2(6%,15%,14%)% (5,18*,13%)% | D(17*,11%)* )
| B(10), (12%)* | C1(1) | C2(16*)*]".Fd3m

Below is a brief overview of the SC language. Its full spec-
ifications are presented in Appendix [B]

1. Vertex types. Terminals are assigned types v, v, or x.

Complementary types v and v* form a bond, while “x
denotes a non-binding terminal.

2. Block declarations. A fundamental block of valence k
is declared as

B = [k/G].Sym,

where G C Si is an Equivalence group defining which
permutations of terminals are considered identical
(multi-orbit blocks may be written as [(k1,...,k¢)/G]).
Sym is the Symmetry group of the block, that enforces
equivalence of vertex types that belong to the same orbit
of it.

3. Composite blocks. Larger units are encoded us-
ing the Block—Vertex—Multiplicity—Symmetry (BVMS)
format:

B=[Bi(v,...)"™ | Ba(..)™ | ---].Sym

Each term specifies a sub-block B;, the assignment of
vertex types to its terminals, and its multiplicity m;.
Composite blocks may be nested hierarchically.

4. Bonds. Bonds are implicit: each vertex type v must pair
exactly once with its complement v*, unless explicitly
redefined (e.g. 3 = 3%).

5. Crystalline structures. Periodic assemblies are en-

coded per unit cell using

[---]".Sym

where Sym is a crystallographic space group in
Hermann-Mauguin notation.

IV. COMPOSITIONAL COMPLEXITY

Now that we have established a format for encoding a struc-
ture as a string, the length of this code provides a natural
measure of its information content, and therefore of its Kol-
mogorov Structural Complexity®1Y. More precisely, this Com-
plexity is defined as the length of the shortest SC that unam-
biguously specifies the structure in (3D) space. Symmetry and
hierarchical organization reduce this complexity by minimiz-
ing the number of distinct block and vertex types required to
describe the structure, thereby shortening the code. Since any
SC can, in principle, be compressed, its true information con-
tent is determined by the most efficient possible encoding>.

We now introduce a practical proxy for Kolmogorov-style
Structural Complexity, which we refer to as the B&B Com-
plexity. It estimates the minimal number of bits needed to
encode all block and bond types appearing in a Sc. Based on
Shannon’s source coding theorem?®, this minimal information
is given by

Q
. lo
CpsB = — ) Iyl — 10
m[ L g(N)] (10

where the minimization is taken over all SCs that uniquely
specify the same physical structure. Here I is the Index of
block or bond type a:



e The index of a block B, is the number of occurrences
of B in the definitions of other blocks. Introducing a
block as a clone of an existing one (e.g. A = B) does not
contribute to the index.

* The index of a bond type b is defined as the number of
the corresponding vertex types appearing in the code. In
all the codes presented above, this corresponds to I = 2
for bonds formed by different complementary vertices,
I =1 for the self-complementary case, and 0 for un-
bound void * vertices.

Q in Eq. (I0) denotes the total number of block and bond
types, and

N=Y1I, (11)

is their cumulative index, i.e., the total number of occurrences
in the code.

The apparent similarity between Eq. (I0), and the Ra-
shevsky formula, Eq. (I)), is somewhat misleading. While
both are related to Shannon’s Information Entropy, the two
results have very different origins and interpretations. In
particular, Rashevsky complexity is typically measured in
bits/atom, and its cumulative value (obtained by multiplying
Eq. (I) by the number of atoms M) is extensive in the sys-
tem size. In contrast, the B&B Complexity is by definition
already a cumulative value, and there is no compelling rea-
son to calculate its per atom content: Cpg,p may well be finite
even for an infinite system, such as a crystal. This is quite
natural, since one does not require much information to en-
code an infinite repeat of a particular unit cell. In addition, the
hypergraphs provide a much richer framework than regular
graph theory. As a comparison, consider two representations
of glucose shown in Fig. |2 a-b, respectively. The graph con-
tains 24 vertices, only 2 of which are in the same equivalence
class. This gives, according to Eq.(I)), information content of
H =log,24—1/12 =4.5 bit/atom, or 108.0 bits cumulatively.
The hypergraph of the same structure, shown in Fig. [2b, con-
tains 24 blocks and 48 bonds connecting 96 vertices, all of
them distinct. This gives a naive result for B&B complexity
as high as 24log, 120 = 828.8 bits. This dramatic increase is
simply due to the higher complexity of the hypergraph repre-
sentation: it has 1 block and 4 vertices per atom, as opposed to
a single vertex in the graph. However, once modularity and hi-
erarchical properties of the hypergraph are taken into account,
as in Eq.(6), the B&B complexity gets reduced down to 76.2
bits.

We now introduce a compact book-keeping tool for record-
ing the indices of a given structure, which we call the Index
Monomial. To construct it, we define the index multiplicity
Uy as the number of distinct vertex or block types that occur
with multiplicity /. The Index Monomial (IM) of an arbitrary
structure is defined as

Imax

M=T]1H, (12)
=1

where any index value between 1 and I, that does not occur
in the structure has multiplicity t; = 0 and therefore does not

appear explicitly in the monomial. For example, in the struc-
ture S encoded by Eq. (@), SQ is the only block type with index
I = 3, void * is the only type of vertices with index / = 2, and
all 7 other blocks and vertices have indices I = 1: SQ», S Q’z,
SQ4, 1,2,1%,2%. This means that gy = u3 =1, and yu; =7,
resulting in the following IM of the structure S:

M (S)=3"2"17 (13)

Starting from the IM in Eq. (I2), the B&B complexity can
be computed by replacing the summation over object types o
in Eq. with a summation over indices:

N=Y1Io=Y wl (14)
o 1

1
= i — E 11 — 1
CB&B valir(lilil()ldes [ 7 Hi 082 (N )] ( 5)

For each vertex or block type «, one may define its
“weight” in a given SC as wg = I /N. Since ¥, woq = 1, this
yields the classical upper bound on entropy:

Q
Cpgp = —N Y wglogywe < Nlog, Q. (16)

a=1

Motivated by this bound, we introduce a new measure of
block/vertex diversity, the Compositional Complexity, that
only depends on the number of block and bond types, Q, and
their cumulative usage in the code, N:

Ceomp = Nlog, Q. (17)

V. STRUCTURAL COMPLEXITY

Structure IM QN Cpgp Ceomp Cstruct
Ceo ¥ 4 4 800 800 7575
S 132231 6 10 24.46 25.85 123.77
(CH,OH), 1423 7 10 27.22 28.07 130.41
Zinkblende 15254' 11 19 62.71 65.73 192.72
Gleg 1°28 13 21 7624 7771 224.83

Laves phase 1021881 25 50 222.19 232.19 492.46

TABLE I. Index monomials, number of block and bond types €, cu-
mulative index N, B&B complexity Cpgp, compositional complex-
ity Ccomp, and token-based structural complexity Csyruct computed for

six SCs, Eqs.@)- ).

In Table |I| we list B&B and Compositional Complexities
for all the Scs presented above, Eqs (@)-(9): the “square” S,
Fig. [k, Ethylene Glycol EG, Fig. [Ild), the hierarchically en-
coded o-D-glucose, Fig. @}:), Cg0, as well as the Zinkblende
and Laves phase lattices from Ref®, As expected, Cpgp <
Ceomp for all cases. In fact, this inequality is very tight: the
gap between Cpgp and Ceomp is below 5% for all examples.
This further justifies the use of the simpler quantity, Ceomp as a
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FIG. 4. Comparison of three measures of structural information for
all structures discussed in the text. Structural complexity Ciryct
obtained by direct tokenization of each SC (circles), and Cggp
(squares), plotted against compositional complexity Ceomp. As €x-
pected, Cpgp < Ccomp (blue dashed line). The orange dashed line
shows a linear regression of Cgiryct versus Ceomp. All three measures
exhibit very strong mutual correlations.

reliable, quick estimate of the compositional complexity. Fur-
thermore, the resulting numerical values correlate well with
the apparent length of each Sc.

Our definition of B& B Complexity, Eq. (10), implicitly re-
lies on a partial “tokenization” of the Sc: the process of de-
composing the SC into elementary informational units (to-
kens) and assigning an information content to each. In prac-
tice, we treat block types and vertex types as the primary lin-
guistic units of SC, since they correspond directly to physi-
cally meaningful ingredients of the structure. For simplicity,
several syntactic components are omitted from Cpgp: (i) dec-
larations of fundamental block types (except when introduc-
ing a new symmetry variant, as in B = A.Sym); (ii) declara-
tions of block symmetries, written “.Sym”™; (iii) multiplicity
superscripts that appear within composite-block definitions.
These elements encode additional information, but including
them explicitly would introduce a level of granularity unjus-
tified by the structural role they play and would obscure the
hierarchical nature of SC without adding conceptual clarity.

In order to compute the full Kolmogorov Structural Com-
plexity, we need to perform a more comprehensive assessment
of the SC information content. This can be achieved by a full
tokenization of the SC text and assigning to each token an
information cost based on its frequency. The SC format nat-
urally admits such a procedure. We replace all original de-
limiters with semantic prefixes: | preceding each block name,
+ and — preceding vertex types v and v*, respectively. All
remaining delimiters are replaced by “.”, and every token be-
ginning with “.” (e.g. symmetry groups, multiplicities, orbit
sizes) is added to a global dictionary together with the prefix
tokens {|,+, —}. This establishes a Kolmogorov-style encod-
ing in which block and vertex identifiers use local probabil-
ities (computed within the given SC), while all other tokens

use global frequencies.

The Structural Complexity is computed as the total infor-
mation content of a minimal SC that unambiguously defines
the structure:

Cstruct = — Zlogz Pi, (18)
i

where the sum runs over all tokens in the Sc and p; denotes
either a local or a global token probability, depending on the
token type. Details of the tokenization rules and probability
assignments are provided in Appendix [C]

Formally, Cgyyet is not a theoretical lower bound but a di-
rectly computable Shannon information: it is the total infor-
mation contained in the Sc obtained through full tokeniza-
tion. As such, it provides an estimate of the underlying Kol-
mogorov complexity of the structure. In principle, a minimal
SC must satisfy two conditions: (i) it must uniquely specify
a single structure, and (ii) no strictly shorter code may do so.
Establishing these conditions rigorously is generally difficult.
For practical purposes, therefore, we characterize the com-
plexity of a structure by the information content of the best
available Sc, which provides a well-defined and reproducible
proxy for its algorithmic complexity.

By its definition, Cgyyer contains Cpgp as the contribution
from the local tokens: blocks, and bonds. We can therefore
formulate general Complexity Inequalities valid for an arbi-
trary SC:

Cpss ,S Ccomp < Cstruct (19)

As we have seen for all the structures listed in Table |Ij the
first of the two inequalities is very tight: Cggp are Ceomp are
nearly equivalent for most practical purposes. The gap be-
tween Ceomp and Cgyer is more significant. This Complexity
Gap quantifies the amount of additional structural information
that is not directly reducible to listing of the blocks and bonds.
This information includes the multiplicities of the blocks and
their symmetries, including the symmetry of the overall struc-
ture.

The calculated values of Structural Complexity Cgycr are
included in Table [I, alongside Cggp, Ccomp. Figure A com-
pares the three Complexity measures. As noted already, Cpg.p
and Ceomp track one another closely. Even more striking is
the strong correlation between both of these measures and the
independently computed token-based Structural Complexity:

Cruct = T4 + 1.8Ceomp = 74 + 1.8Nlog, Q. (20)

The strong correlation between Structural and Composi-
tional Complexity can be understood heuristically. In most
SCs, the majority of tokens correspond either to block names
or vertex names, whose frequencies reflect the underlying
multiplicities of block and bond usage. As a result, the Shan-
non information of the full token sequence is dominated by
these frequencies, making the combinatorial quantity Ceomp
an excellent proxy for the full information content.



VI. CONCLUSIONS

In this work, we introduced the Blocks & Bonds (B&B) hy-
pergraph formalism as a unified framework for encoding hi-
erarchical self-assembled structures. This approach general-
izes classical chemical graphs by capturing multi-type interac-
tions, internal symmetries, and recursive modularity. Within
this framework, the Structure Code (SC) provides a compact,
hierarchical script for specifying assemblies across molecular,
colloidal, and supramolecular systems.

We defined three related measures of structural informa-
tion. The Structural Complexity quantifies the minimal infor-
mation required to encode a fully specified assembly, follow-
ing a Kolmogorov-style logic. The closely connected B&B
and Compositional Complexities capture the diversity and us-
age of building blocks in the construction set, and are far sim-
pler to compute.

Beyond the development of SC, the central finding of this
work is a strong correlation among all three complexity mea-
sures. Across all systems we examined—ranging from small
molecules to DNA origami and complex crystalline architec-
tures—these quantities track one another with remarkable ac-
curacy. This observation elevates the simplest of the three
measures, the Compositional Complexity, to the status of a
highly practical tool for evaluating the information content of
a structure:

Ceomp = Nlog, Q.

The compositional complexity represents the information
required to specify the assignments of N non-equivalent in-
stances drawn from Q distinct block or bond types. The same
Shannon-style form appears as a complexity measure across
multiple scientific domains. For instance, in the context of
biocomplexity, Refs?!'28 show that maximal sequence, net-
work, or state heterogeneity scales proportionally to Nlog, Q,
where N is the number of degrees of freedom and Q the num-
ber of admissible states. In social and economic systems,
entropy-based treatments of diversity (e.g., in Ref??) like-
wise identify Shannon-type measures as an adequate prox-
ies for structural complexity. Finally, in the context of in-
formation sciencé’?31) the information needed to specify a
system of N variables over an Q-symbol alphabet is precisely
Nlog, Q bits. Within our hypergraph approach, this interpre-
tation is confirmed empirically for complex hierarchical archi-
tectures: Ceomp Strongly correlates with the token-base infor-
mation content.

The B&B hypergraph representation captures global sym-
metry, modular organization, and stereochemical constraints,
while enabling substantial compression of structural informa-
tion. This formalism offers a scalable and interpretable lan-
guage for describing hierarchical assemblies and provides a
foundation for data-driven classification, inverse design, and
complexity-aware materials discovery.

ACKNOWLEDGMENTS

This research was done at and used resources of the Center
for Functional Nanomaterials, which is a U.S. DOE Office
of Science User Facility, at Brookhaven National Laboratory
under Contract No. DE-SC0012704.

Y. Ke, L. L. Ong, W. M. Shih, and P. Yin, “Three-dimensional structures
self-assembled from dna bricks,” science 338, 1177-1183 (2012).

2J. D. Halverson and A. V. Tkachenko, “Dna-programmed mesoscopic ar-
chitecture,” Physical Review E—Statistical, Nonlinear, and Soft Matter
Physics 87, 062310 (2013).

3A. Reinhardt and D. Frenkel, “Numerical evidence for nucleated self-
assembly of dna brick structures,” Phys. Rev. Lett. 112, 238103 (2014).

4W. M. Jacobs and D. Frenkel, “Self-assembly of structures with addressable
complexity,” Journal of the American Chemical Society 138, 2457-2467
(2016).

50. Gang and A. V. Tkachenko, “Dna-programmable particle superlat-
tices: Assembly, phases, and dynamic control,” MRS Bulletin 41, 381-387
(2016).

6C. L. Bassani et al, “Nanocrystal assemblies: Current advances and open
problems,” ACS Nano 18, 14791-14840 (2024).

7T. E. Videbak, D. Hayakawa, G. M. Grason, M. F. Hagan, S. Fraden, and
W. B. Rogers, “Economical routes to size-specific assembly of self-closing
structures,” Science advances 10, eado5979 (2024).

8). S. Kahn, D. C. Redeker, A. Michelson, A. Tkachenko, S. Hong,
B. Minevich, and O. Gang, “Arbitrary design of dna-programmable 3d
crystals through symmetry mapping,” ACS Nano 19, 14795-14807 (2025).

9A. N. Kolmogorov, “Three approaches to the quantitative definition of in-
formation,” Problems of information transmission 1, 1-7 (1965).

10 A, Kolmogorov, “Logical basis for information theory and probability the-
ory,” IEEE Transactions on Information Theory 14, 662—-664 (1968).

113, Ziv and A. Lempel, “Compression of individual sequences via variable-
rate coding,” IEEE Transactions on Information Theory 24, 530-536
(1978).

2Welch, “A technique for high-performance data compression,” Computer
17, 8-19 (1984).

13X, Mao and N. Kotov, “Complexity, disorder, and functionality of nanoscale
materials,” MRS Bulletin 49, 352-364 (2024).

14N. Rashevsky, “Life, information theory, and topology,” The bulletin of
mathematical biophysics 17, 229-235 (1955).

15 A. Mowshowitz, “Entropy and the complexity of graphs: L. an index of the
relative complexity of a graph,” The bulletin of mathematical biophysics
30, 175-204 (1968).

16D, Bonchev, D. Kamenski, and V. Kamenska, “Symmetry and information
content of chemical structures,” Bulletin of Mathematical Biology 38, 119—
133 (1976).

17S. H. Bertz, “On the complexity of graphs and molecules,” Bulletin of
Mathematical Biology 45, 849-855 (1983).

18S. H. Bertz, “The first general index of molecular complexity.” Journal of
the American Chemical Society 103, 3599-3601 (1981).

M. Dehmer and A. Mowshowitz, “A history of graph entropy measures,”
Information Sciences 181, 57-78 (2011).

20 A. Mowshowitz and M. Dehmer, “Entropy and the complexity of graphs
revisited,” Entropy 14, 559-570 (2012).

215, Krivovichev, “Topological complexity of crystal structures: quantitative
approach,” Foundations of Crystallography 68, 393-398 (2012).

228, V. Krivovichev, “Which inorganic structures are the most complex?”
Angewandte Chemie International Edition 53, 654-661 (2014).

23D. S. Sabirov and I. S. Shepelevich, “Information entropy in chemistry: An
overview,” Entropy 23 (2021), 10.3390/e23101240.

24X. Ouvrard, “Hypergraphs: an introduction and review,” arXiv preprint
arXiv:2002.05014 (2020).

25W. A. Pearlman and A. Said, “Entropy coding techniques,” in Digital Signal
Compression: Principles and Practice (Cambridge University Press, 2011)
p. 41-76.

26C. E. Shannon, “A mathematical theory of communication,” The Bell Sys-
tem Technical Journal 27, 379-423 (1948).


http://dx.doi.org/10.1103/PhysRevLett.112.238103
http://dx.doi.org/10.1557/mrs.2016.92
http://dx.doi.org/10.1557/mrs.2016.92
http://dx.doi.org/10.1021/acsnano.3c10201
http://dx.doi.org/10.1021/acsnano.4c17408
http://dx.doi.org/10.1109/TIT.1968.1054210
http://dx.doi.org/10.1109/TIT.1978.1055934
http://dx.doi.org/10.1109/TIT.1978.1055934
http://dx.doi.org/10.1109/MC.1984.1659158
http://dx.doi.org/10.1109/MC.1984.1659158
http://dx.doi.org/10.1557/s43577-024-00698-6
http://dx.doi.org/https://doi.org/10.1016/S0092-8240(83)80030-5
http://dx.doi.org/https://doi.org/10.1016/S0092-8240(83)80030-5
http://dx.doi.org/10.1021/ja00402a071
http://dx.doi.org/10.1021/ja00402a071
http://dx.doi.org/10.3390/e14030559
http://dx.doi.org/10.3390/e23101240
http://dx.doi.org/10.1002/j.1538-7305.1948.tb01338.x
http://dx.doi.org/10.1002/j.1538-7305.1948.tb01338.x

2TH. Zenil, N. Kiani, and J. Tegnér, “Methods of information theory and
algorithmic complexity for network biology,” Interface Focus 6, 2015004 1
(2016).

281. Gémez Acosta and J. Chacén Pacheco, “Entropy and statistical complex-
ity in bioelectrical signals: A literature review,” |Signals 6, 7 (2025).

2@G. Teza, M. Caraglio, and A. L. Stella, “Entropic measure unveils country
competitiveness and product specialization in the world trade web,” Scien-
tific Reports 11 (2021), 10.1038/s41598-021-89519-3|

308, Lloyd, “Measures of complexity: A nonexhaustive list,” IEEE Control
Systems Magazine 21, 7-8 (2001).

3ID. P. Feldman and J. P. Crutchfield, “Measures of statistical complexity:
Why?” Physics Letters A 238, 244-252 (1998).

Appendix A: Group Theory Primer for Block Symmetries

The description of blocks in the Blocks & Bonds (B&B)
framework relies heavily on elementary group theory. In this
Appendix we provide a short primer, focusing on permutation
groups and their role in defining equivalence among block ver-
tices.

1. The Symmetric Group

The most general group acting on k labeled vertices is the
symmetric group Sy, consisting of all k! possible permuta-
tions of the labels {1,2,... ,k}. Each element o € S; is a
bijection from the set of vertices to itself, and group com-
position is given by permutation composition. It is conve-
nient to represent elements of S; groups in cycle notations,
e.g. (123)(45) € S corresponds to a group element that per-
mutes cyclically the triad (1,2,3) and the pair (4,5), leaving
6 untouched.

As an example, S3 contains 3! = 6 permutations: the iden-
tity e, the three transpositions (12), (13), (23), and the two 3-
cycles (123),(132).

2. Equivalence Groups of Blocks

A block B = [k/G] is defined by its valence k and an equiv-
alence group G C Sy. Two labelings of the block’s k terminals
are considered equivalent if they are related by an element of
G. This captures the notion that certain permutations corre-
spond to symmetries of the block’s geometry or function.

3. Cyclic and Dihedral groups

In general, C;, = ((123...k)) is the cyclic subgroup of Sy
generated by a single k-cycle. The dihedral group Dy com-
bines C; with reflection. These groups frequently appear as
equivalence groups for planar and polyhedral blocks.

4. The Octahedral Block

The octahedron has k = 6 vertices, and its equivalence
group is the octahedral group O C S¢, which is a subgroup
of all possible permutations. This group contains 24 elements
and can be generated, for example, by:

r=(1245),
s = (123)(456),

rotation by 90° about z-axis

120° rotation about the main diagonal

Together, r and s generate all 24 even permutations of the oc-
tahedron’s vertices that correspond to proper rotations. Thus,
the octahedral block is denoted [6/0].

Within O, there exist multiple distinct twofold rotations,
C,. For instance, a 180° rotation about the z-axis is (14)(25),
while a 180° rotation about the xy-diagonal (12)(36)(45).
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5. The Square Block

For a square block [4/C.], has k = 4 vertices, with equiv-
alence group C4. This implies that there are four equiva-
lent resresntations of the same block, different by rotation:
(1,2,3,4) ~ (2,3,4,1) ~ (3,4,1,2) ~ (4,1,2,3). Since the
equivalence group does not include reflection, (1234) is not
equivalenmt to 1432. In contrast, a completely symmetric
square block [4/C4].Ds, such as (1,1,1,1) posseses full Dy
symmetry. Analogous to the octahedron, there are multiple
inequivalent C, subgroups of Dy4: (13)(24) corresponds to a
180° rotation about the square’s center; (12)(34) corresponds
to reflection symmetry across a vertical axis; (14)(23) corre-
sponds to reflection across the diagonal.

Appendix B: Specification of the Structure Code

This Appendix provides a complete, minimal specification
of the Structure Code used to encode finite or periodic B&B
(Block—and-Bond) hypergraphs. The code defines: (i) vertex
types; (ii) fundamental and composite blocks; (iii) bonds via
complementary vertex types; (iv) hierarchical block composi-
tion; (v) optional crystalline periodicity.

1. Primitive Objects

a. Vertex types. Each vertex is assigned a type from the
set ¥ ={0,1,2,... }U{0*, 1*,2*,... } U {*}. Types v and v*
are complementary and denote the endpoints of a bond. The
special type * is a non-interacting terminal.

b. Blocks. A block B of valence k is a hyperedge with k
terminals. Its label has the form

B = [k/G].Sym,

where G C Sy, is an equivalence group acting on the terminals
and Sym C G is the symmetry group of the block instance. If
the terminals split into orbits of sizes (ki,...,k;) under G, we
write [(ki,...,k¢)/G].

A block is fundamental if all terminals are bare vertex
types. It is composite if it is constructed from other blocks.

c. Bonds. Bonds are implicit: each vertex of type v must
match exactly one vertex of type v*. If v* is not present in
the code, type v matches its own type. By default, no other
matching is allowed.

2. SC Syntax

A SC consists of: (i) block-type declarations; (ii) a top-level
block or crystal definition.
a. Fundamental block declaration.

B = [k/G].Sym

where Sym is optional.
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b. Composite block declaration. Composite blocks use
the Block—Vertex—Multiplicity—Symmetry (BVMS) form:

B=[T1|T»| ...].Sym,
where each term 7 has the form
T =Bi(vi,-..,va)",
with:

* B;: a previously defined block type (fundamental or
composite);

* (V1,...,vy): vertex types assigned to the terminals of

Bi;
o m: multiplicity (default m = 1);

* terms separated by
distinct block types.

“|77

correspond to contributions from

c. Hierarchy. Any composite block may be used as a
building unit when defining a higher-level block. Definitions
must not be recursive.

3. Crystalline Structures

Periodic structures are encoded per unit cell:
B=[T|T»| ...]”.Sym,

where the subscript co denotes infinite repetition, and Sym is a
crystallographic space group in Hermann—Mauguin notation.
All vertex types with complements must match within the pe-
riodic arrangement.

4. Reserved Symbols and Conventions

* Block names are alphanumeric strings (e.g. C, 0OCT, B1).

e Vertex multiplicity is denoted by a superscript:
(Viyeeyvn)™

* Groups C,,,D,,Ap, Sy, 0, Oy, etc. follow standard math-
ematical conventions.

113

° Lt}

separates contributions of different block types
within a composite definition.

T3 L]

* “x” is a neutral terminal and never participates in bond-
ing.

e Complementary vertex types must pair one-to-one
globally.



Appendix C: Appendix: Tokenization Procedure for
Structure Codes

This Appendix describes the tokenization procedure used to
estimate the information content of each Structure Code (SC).
The goal is to construct, for each structure, a linear sequence
of tokens {#1,12,...,%y,}, and then assign to each token an in-
formation content based on either local or global occurrence
probabilities.

1. Token Types and Classes

We distinguish two classes of tokens:

* Local tokens: names of block types and vertex types.
Their probabilities are computed separately for each
SC.

* Global tokens: the three prefix symbols {4, —, |}, and
all tokens of the form “.X” (i.e. those beginning with
a dot). These include group labels, exponents, orbit
sizes, space groups, etc. Their probabilities are com-
puted once from the combined ensemble of all seven
SCs.

@

The dot character “.” itself does not appear as an isolated
token: it is always absorbed into the following symbol, as
explained below.

The void terminal “*” is treated specially: it produces only
a prefix token “+” with no associated local symbol.

2. Construction of the Token Sequence

Starting from the plain-text Structure Code, we apply the
following steps:

1. Base splitting. The code string is split into fragments
using the structural delimiters [],(),{},=,1,,,:,.,/ as
separators. Empty fragments are discarded.

2. Prefix assignment. Each fragment is classified and
converted into one or two tokens:

o If the fragment is a block name (e.g. A, B, C,
Oct), it yields a block prefix token “— followed
by a local block token.

o If the fragment is a vertex body (an integer v, op-
tionally followed by “*”, or the bare “*”):

— bare integer v — prefix “+” and local vertex
token v;

— v¥ — prefix

[T3RL]

and local vertex token v;
— bare “*” — prefix “+” only (no local token).

 All other fragments (group names, orbit sizes, ex-
ponents, space-group symbols, etc.) are turned
into global tokens by prefixing them with a dot,
ie. “.X".
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Thus, at this stage the token stream consists of the three
prefix symbols |, 4, — and a collection of block names,
vertex labels, and raw fragments.

3. Dot absorption. Any occurrence of the dot symbol .
in the original text is absorbed into the following token:
instead of a separate token “.” followed by X, we create
a single global token “.X”. In the final token streams,

@

there is no standalone “.” token; all dot-prefixed tokens
are of the form “.X” and treated as global.

After these steps, each SC is represented as a sequence
whose elements are:

* global prefix tokens: |,+,—;

¢ local block tokens: block names, always immediately
following “—7;

* local vertex tokens: integer labels, always immediately

[TIRLR

following “+” or “-”’;

* other global tokens: all .X strings: .S3, .A4, .I, .Fd3m,
etc.

As an illustration, we show the token sequences for Cyg
and ethylene glycol (EG), using space-separated tokens in a
typewriter font.

a. Cyy dodecahedron. Starting with SC

C=[3/8;3]; C20=[C(1)*].1L,
the token sequence is

|C+3.53]C20|C+ 1.1 h

b.  Ethylene glycol (CH,OH),. From SC

C=1[4/A4].C2; O0=[2/C); H=]l];
EG=[C(0,2,3)’|0(2",1)*|H(0)*, (1"))].C;
We obtain the token sequence

|C+4.A4|C2|042.Co|H+ 1 Cn
|EG|C+0+2+320-2+12H-04-12.¢,

Tokenized versions for the remaining structures (Cgp, S,

Glcy, Zinkblende, and the Laves phase) are obtained in ex-

actly the same way and were used in the numerical analysis
below.

3. Information Content of a Structure Code

For each SC we build a local dictionary of block and vertex
tokens and compute their local probabilities

n(loc) ( x)
NUoc) ?

P9 (x) =



where n(1°¢) (x) is the number of occurrences of token x among
block and vertex tokens in that SC, and N (loc) i the total num-
ber of local tokens in that SC.

In parallel, a global dictionary is built by aggregating all
occurrences of prefix tokens |, +, — and all dot-prefixed tokens
“.X” across the seven SCs. Their global probabilities are

n(glob) (y)

(glob) _
p (y) - N(glob) 9

where n(glob) (y) counts occurrences of the global token y in
the combined corpus, and N(€°P) is the global total.

For each token ¢; in the sequence of a given SC, the proba-
bility assigned in the information calculation is

{P(k’c) (t),
pi =

plEod) (1) if 1; is a prefix or dot-prefixed token.

if ; is a block or vertex token,

If an SC contains N; tokens in total, its information content is
defined as

N
Cstruct = - Z logz Pi, (C2)
i=1

where the probabilities p; are assigned according to the
scheme above. This mixed local/global assignment reflects
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the idea that block and vertex labels are structure-specific (lo-
cal), while the syntactic symbols and group-related tokens
form a global “language” shared across all codes.

Table [l summarizes, for each of the seven structures con-
sidered in the main text, the total number of tokens N; in its
SC and the resulting information content Cyyyer computed via

Eq. (C2).

Structure N Nioe Cstruet (0its) Cstruct /N
Cso 25 9 75.75 3.03
S 41 16 123.77 3.02
EG 43 18 130.41 3.03
Zinkblende 62 27 192.72 3.11
(€) (M 80 30 22483 2.81
Laves phase 134 57  492.46 3.68

TABLE II. Total number of tokens N;, number of local tokens N,
(block and vertex labels), and information content Cgyct for each
Structure Code, computed using the mixed local/global token proba-
bilities described in Appendix [C} The last column shows the average
information per token.
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