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Abstract.  We investigate the influence of a deterministic but non-synchronous
update on random Boolean networks, with a focus on critical networks. Knowing
that ‘relevant components’ determine the number and length of attractors, we
focus on such relevant components and calculate how the length and number of
attractors on these components are modified by delays at one or more nodes.
The main findings are that attractors decrease in number when there are more
delays and that periods may become very long when delay times are not integer
multiples of the basic update step.
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1. Introduction

Random Boolean networks (RBN) are widely used as models for complex systems that
consist of interconnected units that influence each other and have two states (‘on’ and ‘off’).
Kauffman [L, 2] used them as a simple model for gene regulation, but they can also be applied
in a social and economic conte; ], for neural networks and protein networkg.[Recently it
was shown that the idealized representation of genes as Boolean units is sufficient to understand
the essential dynamics of certain real gene regulation networks. In these cases, one need not
include rate equations for the concentrations of the molecules involved in the processes in order
to identify the sequence of steps taken by such a sysigH].

A RBN is a directed graph consisting bf nodes andN links between them. The nodes
have values; € {0, 1} and receive input frork other nodes, which are chosen at random when
the network is constructed. Each nadbas an update functiofi, which assigns to each of
the X states of itk input nodes an output 1 or 0. The update function of each node is chosen
at random among all2 possible update functions. All nodes are usually updated in parallel
according to the rule

oi(t+1) = fi(fo; (OD. 1)

The assignment of connections and functions to each node remains fixed throughout the whole
time evolution, the model is therefore referred to as ‘quencHgd’ |
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The dynamics follows a trajectopy(t) = {o1(t), ..., on(t)} in configuration space which
eventually leads to a periodically repeating sequence of configurations, caligrleaas the
state space is finite and the dynamics is discrete. Such a cycle is cabttlaator if there is a
set of transient states leading to it; these constitutd#sen of attraction

The dynamics can be classifie@] pccording to the way information spreads through the
network.

1. In thefrozen phasgall nodes apart from a small number (that remains finite in the limit
of infinite system size) assume a constant value after a transient time. If in the stationary
state the value of one node is changed, this perturbation propagates during one time step
on average to less than one other node.

2. In the chaotic phasenitially similar configurations diverge exponentially. Attractors are
usually long, and a non-vanishing proportion of all nodes keep changing their state even
after long times.

Critical networks are at the boundary between the frozen and chaotic [#jasel[neighboring
configurations diverge only algebraically with time. Whether a network is frozen, critical or
chaotic depends on the value lofand on the probabilities assigned to the different types of
update functions. When all update functions are chosen with the same probability, networks
with k < 2 are frozen, networks witk= 2 are critical and networks witkh > 2 are chaotic10].

The usual synchronous way of updating is not very realisti s natural systems are
rarely controlled by an external clock. It is known that properties of attractors for synchronous
dynamics can differ from those for asynchronous dynamics. This is generally known for cellular
automata, where part of the self-organization is closely tied to the synchronous updajing [
Also for RBNs, the dynamics changes considerably when other updating schemes are chosen.
For instance, when small stochastic deviations from synchronous update are introduced, only
part of the attractors survivd g, 14]. For an update rule where the next node to be updated is
determined at random, the number of attractors becomes a power law of the netwolflSlize [
in contrast to the superpolynamially large attractor numbers found for parallel ufg@hte |

In contrast to stochastic updating schenasterministicupdating schemes that are not
fully synchronous have been investigated less1 i), [different asynchronous updating schemes
are compared numerically for small network sizes with the conclusion that ‘the number of
attractors does not depend too much in the synchroncity of the updates, as they depend on their
determinism’. One obvious way to implement such an updating scheme would be to assign
a time delay to each link between two nodes. This can be motivated biologically, since the
expression of genes is not an instantaneous process, but the transcription of DNA and transport
of enzymes may take from milliseconds up to a few seconds. However, a network with different
delay times can be mapped on a network with synchronous update by introducing a chain of
nodes with unit delay times between nodes with longer delays. For this reason, we want to
focus in this paper on a different type of asynchronous deterministic networks, namely on
those with a ‘quenched randomness’ in updating times. This means that some nodes are less
frequently updated than others. Such networks represent an intermediate step between parallel
and fully stochastic updating rules. Quenched randomness in update intervals can be motivated
by the necessity for each node to hawef@actory time i.e. a time during which a node cannot
respond to an input signal because it is still processing or recovering from the previous input
signal. While a realistic implementation of update delays and refractory times would lead to
more complex rules, using fixed update intervals for each node is an instructive and important
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step in the investigation of not fully synchronous networks. To each nhedeassign a delay

time 7;. The values; of nodei is updated in time intervalg, and each node must be assigned

an initial ‘phase’y; < 7; (i.e. the time until the first update). The model is referred to as a
deterministic random Boolean network (DRBN). The system is deterministic as the succession
of network states (t) is entirely defined by the initial conditian(0) and the initial phase&; }.

The case of parallel update, the so-called classical RBN (CRBN), is a special DRBN with all
5 =1, ¢y = 0. The size of the state spa@echanges fromiQ2|cren = 2 t0 |Q|pren =[], 2 T,

when allt; are integers.

The outline of the rest of this paper is the following: first, we review the concept of relevant
components (sectiof). This shows that the most frequent relevant components are simple
loops, and less frequent are collections of loops with additional links within and between them.
In the subsequent sections, we therefore study simple loops with one delayed node, simple
loops with several delayed nodes, two loops with a cross-link and one delayed node and a loop
with one additional link and a delayed node (sectiBn6). In the conclusion, we discuss the
consequences of our findings for the entire network, which is composed of several relevant
components.

2. Relevant components

It has proven useful to classify the nodes of a RBN according to their behavior on attraéors [
[18]-[23].

1. The state offrozen nodedecomes constant after some time. Interestingly, the nodes
that become frozen are the same nodes most of the time, and they constitfraez¢me
core The frozen core is identified by starting from nodes with constant functions and by
iteratively identifying nodes that become frozen due to frozen inputs. Networks without
frozen functions can also develop a frozen c@4,[however, the mechanism is different.

In critical networks, the frozen core comprises all but a proportidir /2 of nodes.

2. Relevant nodeare non-frozen and have different dynamics on different attractors, and they
influence at least one relevant no@&][ They determine the attractors, and the number of
relevant nodes scales in critical networksh\dg® [22].

3. Finally, there are tharelevant nodesvhich are not frozen but are slaved by the relevant
nodes.

The non-frozen nodes of critical networks essentially forkn=al network. This means
that typically all but one input of a non-frozen node are frozen. In critical networks, relevant
nodes are arranged @ (In N)componentsmost of which are simpl®ops Typically, there is
only one component that is not a simple loop but pasodes with two relevant input26§].

There exist two possible components with= 1, and then more complicated components with

u > 1. If u =1, there are either two loops with a cross-link or a loop with an additional link,
see figure2. Two loops with a cross-link occur twice as often as a loop with an additional
link [26].

Itis important to realize that the classification of nodes into frozen, relevant and non-frozen
irrelevant nodes is independent of the updating scheme. To which class a node belongs, depends
only on the topology of the network and on the functions assigned to the nodes. The update
time of a node does not influence the question whether a node freezes if some of its inputs are
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Figure 1. The two possible simple loops. The dashed lines depisttaupling,
the solid lines a-coupling. The left one is an odd, the right one an even loop.

frozen. For this reason, the relevant nodes determine the long-term dynamics of RBNs for the
Nay updating scheme. The dynamics of the outgoing trees is slaved by the relevant parts, and
the frozen nodes are obviously irrelevant. Thus, we will in the following study the properties
of the relevant components. What we learn about their dynamics can directly be applied to the
dynamics of the entire network.

3. Loops with one delayed node

The simplest relevant component is a loop consisting of nodeskwiti incoming edges and
Boolean functions which either copp] or invert (©) the previous node’s value. A constant
function within a loop will freeze the whole loop, and can therefore not occur in relevant
loops. A loop withn inversions can be mapped bijectively on to one with- 2) inversions

by replacing twos with two @ and by inverting the values of all nodes between these two
couplings. It is therefore sufficient to distinguish loops with an even or an odd number of
inversions, and we call them ‘even’ and ‘odd’ loops, respectively. When discussing even loops,
we consider loops with onlg-functions. Irrespective of the updating scheme, there are two
fixed points for such an even loop, namélye {0, 1}. To odd loops we assign ore-function,

the connection to a node with this function is called ‘twisted’. In contrast to the even loop it has
no fixed points. For synchronous update, the shortest attractor of an odd loop has period 2, with
alternating 1s and Os. If no node is delayed, expressions for the number of attractors for loops
consisting of a prime number of nodes can easily be written down, because the pattern of zeros
and ones traveling around the loop is repeated only after one (even loop) or two (odd loop) full
rotations (except if we have an even loop at one of its fixed points or an odd loop on the cycle of
period 2). The number of cycles on an even loopNofiodes is then 2 #2N — 2)/N and on an

odd loop itis 1 +2Y — 2)/2N. If N is not prime, shorter cycle lengths exist, which are divisors

of N. Let us now introduce a delay in the loop. Let node 1 be the delayed node, i.e. we choose
avalue 1<y, =t* e N, while ; =1 fori > 1. This means that one gene needs much longer

to be expressed than all the others. Since node 1 remains at the same vatuéna steps,

node 2 receives* times the same input, leading to blocks of sizdraveling around the loop.
When the head of a block arrives at nddenodeN will have the value of this block for* time

steps, and during one of these steps node 1 will be updated. In the following, we will consider
even and odd loops separately.
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3.1. Even loops

An even loop with one delayed node has two fixed points, just as the loop with no delayed node.
The other attractors are characterized by blocks of leagthaveling around the loop. Assume
node 1 is updated at time 0. A block with the value of node 1 will start traveling around the
loop, and the head of the block will arrive at noNeat timeN — 1. The next update of node 1
will be attimeT = [(N —1+t*)/t*| - t*, where the Gaussian brackets| denote the largest
integer less or equal. The value of node 1 becomes the same as at time 0, and the same block
travels around the loop again. The same consideration can be made for all starting times that are
multiples ofzr*, leading to the result that the state of the loop is repeated dvérge steps.

After the transient timeN — 1, the loop has reached an attractor that contaiasT /t*
blocks, each of which either has only values O or values 1, and with the blocks that contains
node 1 andN being shorter than the other onesNfis not a multiple oft*. Every attractor
corresponds to a pattern of blocks traveling around the loop. We can now make use of the
results obtained for even loops without delays by replacing states of nodes with states of blocks.
If the number of blocks is a prime numbére P, the lengthA, of the attractors is identical
toT,
%:T:L%Jr*:é-r*, VEeP. (2)

For t* > N there is onlyé =1 block containing all node and the fixed points are the only
attractors.
The number of different attractorsg, can be calculated from the number of different
patterns, £ Including the 2 fixed points this leads to
2 -2

Vg =

+2,  VéeP. (3)

Foré& ¢ P the pattern of blocks can have a period that is a divisdr, because the same pattern

can appear already after less time than a full rotation. Therefore the mean attractor length is
shorter. Since each pattern of blocks is part of an attractor, the number of attractors increases
compared to loops with a prime number of blocks.

3.2. Odd loops

Without loss of generality, we assign the twisted edge of the odd loop to be in front of the
delayed node. As in the synchronous case, there are no fixed-point attractors for odd loops. Let
again node 1 be delayed and updated at time 0. We can now proceed in the same way as for the
even loop by considering blocks. At tinfe node 1 will have the opposite state as the original
one. After time Z', node 1 returns to its original state, which implies that the loop returns to
its original state after P time steps, if it is on an attractor. If all nodes are identical initially, a
single domain wall travels around the loop, and aftdime steps all nodes are again identical,
but with the opposite state. The shortest attractor has a perio@2d it has alternating blocks.
If the number of blockg€ = T /7* is a prime number, all other attractors have the peridgd 2
and the number of different attractors is
26 -2

Vo = 2% +1. 4)
If & ¢ P, the number of attractors increases as the length of some attractors is shotter.N¥,
there is only one attractor with perioad?2
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3.3. Non-integer delays

Let us now consider the case thatis not an integer, but a rational or a real number. Real
numbers can be approximated by a series of rational numbers, and we therefore consider the
caset* =r/s with two incommensurate integersands, with r > s. During r time steps,

s blocks emerge from node 1, part of them of lengif}, part of them of length £ | + 1. When

the first block reaches node 1, the same sequence of blocks will emerge again only if node 1 is
in the same phase at its next update as it was at its first update. Otherwise, the pattern of blocks
will be changed at each circulation around the loop, until it starts repeating agais édte2s

for an odd loop) circulations (or a divisor of it). It follows that for irrational valuesrdthe
dynamics never become exactly periodic but are quasiperiodic. Of course, for valueN,

the only attractor is a fixed-point (for an even loop) or a state with only one domain wall (for an
odd loop).

4. Loops with multiple delayed nodes

Next, we consider loops with multiple delayed nodes and integer delay tineel. . Loops

with rational values; =r;/s can be mapped on those with integer values; ddfy measuring

time in units of the inverse of the least common multiple okalln the following, we will first

look at two special cases before we focus on the general case where updates may occur in any
order.

4.1. Sequential update

We chooser; = N and update the nodes in the order in which they occur on the loop,
i.e. ¢y =1 —1 (connection-wise (cw) update) ax = N —i (counter-connectionwise (cc)
update).

For cw-update, all nodes of an even loop have the same value, after every node has been
updated once. Thus, we have two fixed-point attractors consisting of the two homogeneous
configurationsg € {0, 1}. For an odd loop, the attractor has a single domain wall that travels
around the loop, and the period of the attractorNs 2

For cc-update, nodg is updated before nod¢ — 1. Therefore,N update steps give
the same result as 1 update step in the case of parallel update, and the reSuttsnolbe
taken over.

4.2. Same delay, different phases

We now choose agaif) = N, but we update the nodes in any order, i.e. the valugsafe some
permutation of the numbers 0 t% — 1. There are two classes of nodes, according to whether

a node is updated before or after its predecessor. Nodes that are updated after their predecessor
have afteiN time steps the same state as their predecessor. Such nodes and their predecessor are
therefore part of the sanmedfective nodeThe numbemlN* of effective nodes is identical to the
number of nodes that are updated after their predecessor. Let us give an example, for instance
N = 6 and the updating order

{pi} =1{50,3,1, 2, 4}.
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If we specify only whether a node is updated before (b) or after (a) its predecessor, this can be
written as
{a,b,a,b,a,a},

leading toN* = 2. Once we have identified the effective nodes, we can Mdjme steps on

such a loop with sequential update on one time step on a loop oN\Siz&th parallel update.

All results concerning attractor numbers and lengths obtained for loops with parallel update can
then be transferred to loops with sequential update.

4.3. Different delay times

We now consider the general case where the delagad the phaseg can take any integer

value. In order to determine whether the initial state of a given node influences the attractor,
we proceed in the following way: we fix the state of this node, let us say, to 1, and we evaluate
to which nodes this 1 propagates with time. In order to make sure that later on all 1s on the
loop will be due to this initial 1, we set all other nodes to 0 and choose an even loop. When
the chosen node is updated before its successor, the 1 is lost, and the initial state of this node
does not affect the attractor. If the node is updated after its successor, the 1 has moved to the
successor and is not yet lost. Next, we check whether the successor is updated before the 1 that
is now there can propagate further. During the course of time, the 1 may spread to become a
block of larger size, which continues to change its size with time. Now we consider the loop
at times which are a multiple af* = lcm(z;). At these times, the phases of all nodes are the
same as at the beginning. We wait until either the original node has again state 1 or until all
1s are gone. In the first case, the 1 will survive forever, and the initial state of the chosen node
will consequently affect the attractors. In the second case, the chosen node does not affect the
attractors.

If we repeat this procedure for every node, we will know the initial state of how many
nodesN* will affect the attractors. We only consider these ‘relevant’ nodes from now on, and
we consider them only at times that are multiples afLet m be the number of relevant nodes
through which each block moves during time steps. Ifim and N* have no common divisor,
we order theN* nodes in the sequence in which they are visited if the system is only considered
at times that are multiples af*. Then we have mapped the task of finding the attractor number
and length on a loop of sizd with any rational delay times of the task of finding the attractor
number and length in a loop of sia¢*. If mandN* have a common divisdt we can map our
system ol loops of lengthN*/I with parallel update and thus find the number and lengths of
attractors.

For irrational delay times, the mapping on integer delays cannot be performed.
Nevertheless, one can determine whether a 1 at a given node will eventually become a block
that is so large that it will never vanish. If all delays have irrational ratios, there will eventually
come a moment where all nodes are updated cw, and from then on there is only one block left.

5. Two loops with a cross-link

Now we consider a complex component consisting of a loop \Wfhhodes connected to a
loop with N, nodes, see figur&a). The node is the one with two inputs and its input nodes
are labeleds; andG,. The first loop is either odd or even, the second loop can without loss of
generality be chosen such that it has oBkgouplings, except &. We insert no nodes between
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Gy

(a) (b)

Figure 2. The complex components considered in this paper: (a)cthe
component consists of a loop witl, nodes connected to a loop wilty nodes.
(b) thee-componentis aloop dil = L + M + 2 nodes having an additional link.

Table 1. Boolean functions used in thec-component for nod&. The second
letter in the label of the canalizing functions stands for ‘homogeneous’ or
‘inhomogeneous’.

Inputs  Reversible Canalizing functions

G:

@

2 frev fci fch

1 0

PRk OO
R OR O
R RO R

0 1
0 1
1 1

G; andX, as a system witin nodes on the cross-link can be mapped on a system with a direct
link by connecting node numben (counted clockwise fron®;) directly with nodeXx.

We consider only the nontrivial cases where the coupling function of @bibea function
that responds to both of its inputs. If we take into account that certain of these functions can be
mapped on to each other by inverting the states of all nodes or by inverting the states on the first
loop, we end up with three functions that are truly different. They are shown inlable

In the following, the results by Kaufman and Dross@][ for components under
synchronous update will be generalized to components with one delayed node.

5.1. Delayed node on first loop

If the first loop has a delay*, the value ofG; can change only at times that are multiples tf
and the pattern of change is repeated after the attractor period of the first loop. If the first loop
is on a fixed-point, the second loop can be considered as an independent loop with a function at
¥, which depends on the fixed-point value of the first loop. We therefore consider here the case
that the first loop is not on a fixed-point but provides a periodic input of pepio X, with
blocks of sizer* of identical bits. The second loop then behaves like an independent loop where
the Boolean function at changes after* steps, and where the pattern of changes is repeated
periodically with periodp;.

If fx = fie, the second loop switches between truth and negation, for the (in)homogeneous
canalizing functionf.,( fj) the second loop changes between truth (negation) and constant value
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oy = 1. The attractor period is at mosp2\,. More detailed results for possible attractors of
such a system under synchronous updating can be foun2i6jnthe only difference being

that p, is now related in a different way witiN;. An interesting finding is that for the
homogeneous canalizing function, the second loop becomes frozen on the valpe dnid

N, have no common divisor. Furthermore, for the inhomogeneous canalizing function, the first
loop enslaves the second loop and imposes its period omitaidN, have no common divisor.

5.2. Delayed node on second loop

We now proceed to the case where a single delayed node is on the second loop. The first loop
behaves in the same way as for simple (synchronously updated) CRBN-loops. We focus on the
sequence of values of the delayed node. We assign the delay to th&nadg/stem with the
delayed noden nodes afte can be transformed into a system with the dela. dty rotating
the first loopm nodes counterclockwise.

Node ¥ responds to the input fron®; only everyt* time steps. Let us denote with
p; the period of the sequence of values®f every t* time steps, which is the period of
the input sequence t& generated by the first loop at those times whErés updated. Let
& = [(N,—1+7*)/t*| denote the number of blocks of the second loop.

All results for the attractors on two loops with a cross-link and no delay can now taken
over by replacingN, with &, by replacing nodes with blocks, and by taking as the time
unit. In particular, for a reversible functiofg, the largest period ig;£7*. A homogeneous
canalizing functionfy freezes the second loop on the value Jifand& have no common
divisor. Furthermore, for an inhomogeneous canalizing function, the first loop enslaves the
second loop and imposes its period (timéyon it if p; andé have no common divisor.

5.3. General case

Now we consider the case of multiple (integer) delays on both loops. Let the first loop have
a periodp, and the second loop (if even and decoupled from the first loop) a pegiotihe
general system of two interconnected loops without any delay has been studiéd Thre, it
was shown that the attractor length lies betweemand 20, N, /g, whereg = lcm(pz, N,). We
can conclude that now the attractor length lies betwesind 2p, p,/g, whereg is the greatest
common divisor ofp; and p..

For a homogeneous canalizing functibp = f¢,, the second loop is frozen i, and p,
are incommensurable. The longest attractors occur for reversible functiogs fie..

6. Loop with one additional link

The other complex component with one node with two inputs is a loop With L + M +2

nodes and one additional link. We call again the node with two inRuésd its inputss; and

G,, see figuré(b). The link fromG, to X can be treated as a direct link: a system vtk L

nodes in the additional link can be mapped on to a system with a direct link by connecting
node(M +1 +n) to X (if we neglect delays). We consider five update functions atompare
table2 (we now use the common decimal representation as identifiers for the functions). The
other canalizing or reversible functions yield the same result, one only has to invert the output
values of the truth table. Without loss of generality, all other functions in the loop are copy
functions.
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Table 2. Boolean functions used in the-component for nod&. The names

for the functions are the decimal representation of the corresponding column
of outputs, for instance & 2°+0 x 21+ 1 x 22+ 1 x 22 = 13. Function fq is
reversible and the other functions are canalizing.

G Gy fi. fo fiz fua fo
0

R R OO
oo oR
oOor o
= N RS
Y =)
m O OoOR

1
0
1

Let there be one delayed node in the component. We distinguish two cases according to the
position of the node with update peried > 1.

1. The delayed node lies on the fifgt + 1 nodes (includings,). Without loss of generality
the delay can be shifted to node

2. The delayed node is in the chain of nodes betw&eandX and can then be shifted @,.

In the first case, the component can be reduced to a network of effective nodes by looking
at the network only every* time steps. Each effective node corresponds to a bloek nbdes
which are at the same state tamodt* = 0. The results for the synchronous case (as studied
in [26], sectiond) hold for the effective variableN, M, [x] denotes the smallest integer greater
or equal tox:

N:{ﬂ] M:[M”ﬂ—z 5)
T* T*

In the following we will study the second case, wh&gis the delayed node.

6.1. Canalizing function aE

If there is a canalizing function &, we can classify the attractors in at least two types. In the
following we will present analytical considerations for these types of attractors and compare the
analytical predictions with the numerical results.

The first type of attractors is obtained by requiring t8atdoes never have its canalizing
value at the moment whex is updated. (The canalizing value is 0 fbi and f, and 1 for f,
and f14.) In this case, the loop consisting of tie+ 2 nodes fronz to G, is an even loop for
fi13 and f14 and an odd loop foif; and f,. Just before nod& is updated, the state of noG
and the state of all nodes that will it * time steps determine the state®f must have a value
such thatz never has its canalizing value (s any positive integer). For functionfgs and fy4,
this condition fixes the entire component at the same valb 2 andt* have no common
divisor. If their greatest common divisgris larger than 1, only the value of evegyh node on
the loop of lengthM + 2 is fixed by this condition. The number of attractors of the first type is
therefore that of an even loop wittM +2)(g — 1) nodes and with no delays. For functiofis
and f,, the condition thaG, does never have its canalizing value can only be satisfied ¢f is
even. The number of attractors of the first type is then that of an odd loopMith2)(g — 1)
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Figure 3. Results of the exhaustive state space search fapib@mponent with

small system sizelN < 20. The upper panel shows the mean attractor number
(v) in dependence of the system sMeavhile the lower shows the mean attractor
length(A) for fixed delayz* and for all functionsfy € {1, 2,9, 13, 14}. In both

cases the average was taken over all possible realizations which corresponds to
an average over all for a single delayed node. To keep the diagrams concise
only some delays have been plotted.

nodes and with no delays. Compared to a component with no delays, this new type of attractors
increases the mean attractor length if the canalizing functidiyiswithout delays, only very
short attractors (apart from two fixed points) can oc@fj for f14, and the increase in attractor
length for values* > 1 s clearly visible in the exhaustive state space search shown in gure

On all other attractors(, has at least sometimes its canalizing value. The second type
of attractors referred to above is obtainedMf+ 2 is a multiple oft*. Again, we can derive
properties of these attractors from analytical considerations: if the lodf 6 sites consists
of blocks of sizer*, the dynamics can be mapped on that of an effective component with
N =[X] nodes and withtM = ®*2 —2 with no delay but time steps of lengtt, and the
results of 6] can be taken over. In addition to attractors consisting only of homogeneous
blocks, further attractors can be constructed by realizing that only one bit in each block is the
one that triggers nodé,. The value of bits that do not trigger no@ does only matter when
the block reache&;: if at this momentz is not canalized bys,, an inhomogeneous block will
not be homogenized, but copied or inverted to n@dé\n inhomogeneous block can therefore
survive forever if the blocks that are @, at the moment where the inhomogeneous block is at
G; do not have their canalizing value. However, this implies that these non-canalizing blocks
are copied tox from Gy, which is only possible forf;s. Indeed, from 26] we know that a
period M + 2 of attractors on the effective component is only possible for this function, unless
N has special values.

Finally, let us look for nontrivial attractors that can occur eveMif- 2 andz* have no
common divisor. Let us choose the functibn An isolated block of size* of 1 s in the initial

New Journal of Physics 9 (2007) 373 (http://www.njp.org/)


http://www.njp.org/

13 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

state will survive forever since there will be a 0@t while this block is atG.. In fact, there
exist a multitude of such attractors where there is a 0 at the right position at distdretend

a block of 1s. This explains why the number of attractors found numerically*fer 1 in the
exhaustive state space search shown in figuielarger for f, than for the other canalizing
functions. The length of these attractors can be larger tharr* — 1, as can also be seen in
figure3.

6.2. Function §at X

fg is a reversible function, i.e. if one of the inputs changes its value the output changes, too. If
there are no delays, the dynamics is reversible and therefore all states are on cycles. There is
1 fixed pointc = 1. A striking feature of the synchronous case is that cycles of the oftler 2
exist [26].

The exhaustive numerical attractor search suggests that the maximal attractor length can
be approximated by* times the maximal attractor length in the non-delayed case fortdd

7. Conclusion

In this paper, we studied the influence of a deterministic but non-synchronous update on a
critical Kauffman network by introducing node-based delays. The dynamics of critical networks
can be derived from the dynamics on its relevant components, most of which are simple loops
and some of which have a few nodes with two inputs. For this reason, we have studied in
this paper the three simplest types of relevant components. Not surprisingly, delays typically
increase the attractor lengths and reduce the attractor numbers. New types of attractors emerge
in the presence of delays. The basins of attraction are naturally larger and thus the path to the
attractor becomes more robust. If all delays are randomly chosen real numbers, loops are most
likely to be frozen or on a single attractor. Similarly, more complex components with real delays
should have far less attractors than for parallel update.

The attractors of the entire network are obtained from the attractors of the relevant
components by the usual consideratio2d:[the number of relevant components is of the order
of InN and usually only the largest component (if any) is more complex than a simple loop. The
length of an attractor of the entire network is the least common multiple of the attractor lengths
on the components. The attractor number of the network is at least as large as the product of
the attractor numbers of the components. The main conclusions obtained for components and
summarized above can therefore by generalized to the entire network.

It will be interesting to see how these results are affected when nonrandom networks, such
as real gene regulation networks, are considered. Clearly, they are not updated in parallel. Some
networks, such as in budding yeag} ppear to be very robust with respect to the introduction
of delays. This means that their choice of connections and functions is such that the update
sequence does not matter much. It remains to be seen if this is a general feature of all those
networks that can be described by using a Boolean idealization.
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