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Abstract—In this paper we will introduce boolean networks (BN) and
their relevance to gene regulatory networks (GRN). We will have a
closer look on update schemes. Specifically, synchronous, sequential
and asynchronous update schemes and their effect on the behavior of

BN and GRN resiectiveli.

1 INTRODUCTION
Possible points to mention here:

o Explain shortly gene regulatory networks (GRN)

e Explain why boolean networks are used to model
GRN

e Maybe mention history of boolean networks

e Set the focus to the update scheme as it seems to be
rarely covered in the field of GRNs

e Possible open question about which update scheme
might be best to model GRNs. Answer to this must
follow in the conclusion

2 BOOLEAN NETWORKS

A boolean network consists of nodes z;(t) that have a
boolean state, either 0 or 1, at a point in time ¢. Each
node has a corresponding update function z;(t + 1) =
fi(z1(t), z2(t), ..., z,(t)) expressing the new state of z;(t +
1). The state of the boolean network can be describe as a
boolean number xiz3 ...z, where each node is replaced
with the corresponding state.

Consider the boolean network shown in fig. 1. Assume
the current state is 0011, meaning that 1, z2 are 0 and 23, 24
are 1. The next state when applying the update function all
at once is 1011. Updating the network multiple times creates
a trajectory, which is the sequence of the states starting
from the initial state. With our example, the trajectory is
0011 — 1011 — 1101 — 0100 — .... Each trajectory in

a reasonably small boolean network eventually reaches one
of two scenarios. Either it falls into a state, called attractor,
that doesn’t change when updated, or it falls into a cycle of
states. In the example, there are 2 cycles of length 8 visible
in fig. 2.

f1 =z
fo=m
fa=x1® x4
Ja=1z3

Fig. 1. Example of a boolean network with four nodes. Each vertex
indicates that a node is part of the update function of the other node.
For instance z; is part of fo and fs.

0000 1000 1110 ——=0111
Ol(II‘O 1101 1011 eOOlbl
0001 1010 1111 ——=-0101
OliT‘O 1100 1001 eOO;LO

Fig. 2. State graph of the boolean network shown in fig. 1 using syn-
chronous update scheme.

3 UPDATE SCHEMES

Explain different update schemes including characteristics
for behavior especially chaotic behavior. These will mostly
focus on boolean networks only. Maybe mention of use-

cases for each uidate scheme.

3.1 Synchronous scheme

In section 2, we have used the synchronous update scheme
to introduce the workings of boolean networks. This scheme



assumes that each update function takes the exact same
amount of time and executes at the same time, meaning
regardless of the outcome of the first function, any other
function will have the same result. Updating the network
with this method is on one side quite simple, deterministic
and doesn’t require a lot of computing power in order
to simulate larger networks, as each state of the network
results in exactly on updated state. In regards to gene
regulatory networks, this is an oversimplification as normal
GRNs never execute fully synchronously.

3.2 Sequential scheme

When using the sequential update scheme, the update cycle
processes each after another in a fixed order. For example
take the sequence z1,z2,x3,x4. Updating the state 0000
means first using f; which results in an intermediate state
1000, then using fo, then f3 and lastly fs. This will lead
to 0000 — 1111, a different state as when using the syn-
chronous update scheme. In fact the whole state graph
changes depending on the update scheme used, namely
every initial state will fall into a single 4-state cycle being
0000 — 1111 — 0011 — 1100 — 0000, see ??.

3.3 Block-sequential scheme

mix of synchronous and sequential. predefined blocks up-
date sequential, inside a block the update follows the syn-
chronous scheme

3.4 Probabilistic scheme

The Probabilistic update scheme is a synchronous scheme
in terms of executing the functions, however, there is no
longer only one function per node. Instead you can have
multiple functions per node with each a fixed probability.
This introduces some noise into the system and can lead
to more realistic simulations. In order to show it using the
example from fig. 1, we need to extend the set of functions
with alternatives and probability, which will only be used in
this section.

PLACEHOLDER

3.5 Asynchronous deterministic

one node is updated per tick following a specific sequence

4 RELEVANCE FOR GENE REGULATORY NET-
WORKS

Tie the update schemes and their different outcomes or
behavior to GRN.

Emphasizing the drawbacks of asynchronous models
when applied to GRN e.g. it takes way to long to update
a GRN using asynchronous deterministic for it to have an
effect; assuming that one update takes a few minutes, when
the whole process can take days to complete.[1]

5 CONCLUSION

Not yet included: robustness! might be covered for each
update scheme individually.
References: [1][2][3][4][5
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