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Abstract

This paper considers the problem of inferring a Boolean Network (BN) from
gene expression data that is available as a frequently sampled time-series. The
particular problems that arise are discussed and Monotonous Time Transforma-
tions (MTT) are presented as a possible solution. The method is also applied to
a simple inference test for Boolean Delay Networks (BDN). The results with data
generated by a simulation model show that the method presented can improve the
inference performance in the described cases. The measurements currently avail-
able are not yet suitable for testing the methods because of the low sampling rates
and the amount of noise present.
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1 Introduction

Boolean Network (BN) models have been used for crude characterization of biological
systems for decades (Kauffman 1993). They have been considered interesting because
of their apparent simplicity and their properties that have been studied at some length.
Cells in different conditions are typically identified with the BN model residing in
different attractors. The characterization of attractors and their properties has therefore
drawn some attention, although lately it has also been proposed that attractors of BNs
in the traditional sense might not be the best way to approach the question of different
types of cells. The problem is that even though the model is robust against small
changes in the state, the attractors themselves are not robust against changes in the
system functions. A biological system should be assumed rather robust, so alternative
characterizations are being sought (Aldana et al. 2002).

One of the basic problems concerning the BN modeling of genetic regulatory net-
works is related to selecting the discrete timestep needed in the model. The common
answer to this question is formed along the lines of the selection not being too critical
if we are satisfied with modeling the qualitative aspects of the dynamics only. This



is based on the observation that many types of system behavior, e.g. attractors and
their properties, are not dependent on individual functions of the model corresponding
exactly to their biological equivalents. A more practical answer to neglecting the se-
lection problem is related to the data used for inferring networks. The data is typically
measured only at few timepoints constrained by the costs of more frequent sampling.

These answers are not, for obvious reasons, entirely satisfactory. As with any
model, we would like to obtain as good a fit with reality as we can. The cost of measur-
ing MRNA and protein levels is decreasing so that sampling rates possible with reason-
able costs are increasing. Another way of increasing time resolution might be to take
samples from the culture with a very high sampling rate and freeze most of them. After
a preliminary analysis for a selected few of the samples the most interesting ones from
the freezer could be used for measurements as well. In this way the timepoints with
the most interesting information could be sampled quite frequently without excessive
costs.

Selecting an arbitrary timestep has its problems. Consider inference of a network
with N genes and assume a maximum in-degre& ah order to simplify computa-
tion and to tune the dynamics as desired. From the dynamics point of KNiew 2
is often considered an interesting choice (Kauffman 1993). Denote the set of genes
G = {g1,...,9n} andB = {0,1} so that the state-space can be denoteiB s
IBV| =2V, If we do the measurements concentrating on modeling of the cell cycle,
we are only looking at the states of the model on the attractor corresponding to this cell
cycle. If we tookn samples during one cell cycle, we would, in effect, be forcing the
number of states on the attractor toshdt can be seen that with too high a number of
samples the exact modeling of the data is impossible without hidden states. This is due
to the fact that the system has a totaRdf states, and it is not reasonable to assume
that even a significant part of the state-space would be covered by an attractor.

Itis thus not possible to model the dynamics of the system with too short a timestep.
Also, in this case we could have in the data lots of consecutive samples with no changes
in the states. We could find a best-fit solution, but we are in effect forcing the length of
an attractor to be the number of sampling points. With too short a sampling interval the
network obtained will certainly not reproduce the attractor like it should when being
simulated. With too long a timestep we are clearly losing information. A justified
compromise is needed.

Increasing the amount of data is important for networks of non-trivial size at least
for reducing the effects of noise. The publicly available time-series data has been of
rather low quality for inference purposes because of the amount of noise present and
the low sampling rate (Spellman et al. 1998). Theoretically, inference of a Random
Boolean Network (RBN) with a maximum in-degréerequires onlyd(log(N)) state
transitions as input data on average. For this result to hold it is assumed that the tran-
sitions are obtained uniformly from the state-space (Kauffman 1993). In reality, the
available measurements are extracted only from few attractors. Therefore it is likely
that even this asymptotical property does not hold in practice and more data from di-
verse conditions is needed to properly do the inference (Akutsu et al. 1999). It is also
apparent that the particular cases of Boolean networks that represent living organisms
can not be assumed to be representative of an average RBN realization in any sense.
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Figure 1: The state spa&" of a BN has possibly different delays between the states
that are determined as a part of the MTT sampling method. These delays are not
directly transferrable to the space of geidegof size V) in which the network to be
inferred resides.
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2 Monotonous Time Transformations for BN Inference

For purposes of this section we assume that the data used for inferring the network is
available as a continuous-tinié-dimensional signal

x(t) = [21(t), 22(t),. .., an (1) € RN,

Such signals can be obtained from simulation models using e.g. differential equa-
tions (Chen et al. 2000) or by fitting some suitably selected smooth curves to discrete,
sampled real-world data. In order to have sufficient coverage of the state-space several
time-series with different initial conditions should be used. The functions to be inferred
are descriptive of the changes occurring in the regulatory network. For this reason we
now focus on the moments at which the binarized continuous-time gene expression
signals change their values.

Denote the set of time instart’g;at which the binarized value of gepgchanges by
T = {t;i :j=1,...,n;}, wheren; is their number. In practice the sdféare distinct,
T'NTI = fori # j,soforT = T itholds thatn = |T'| = Y |T| = > n;.
Adding genes to the data increases the number of time instaftsdther quickly. So
selecting all the instants between pointdods timepoints in the inference would lead
to similar problems as with too short a fixed timestep. In fact, in this case the problems
would be even more evident. At each timepoint only one bit in the state would change.

The timepoints ifl" can now be clustered using any clustering method in order to
decrease their number. The changes in gene expression occurring during one resulting
cluster of timepoints are then combined to represent a single state change containing
changes in several genes. This corresponds to assignment of the set of sampling in-
stantsS = {s;|l = 1,...,m} between the clusters. At each of these instants a single
data vectorr; = x(s;) is taken as a sample. In effect, the data-dependent selection of



timepoints is doing a Monotonous Time Transformation (MTT) on the data and then
proceeding with the inference as in the usual case with uniform sampling. With differ-
ent clustering method we obtain different time transformations.

As a result of the inference with e.g. the best-fit method (Shmulevich et al. 2001)
we are getting an ordinary BN (Fig. 1). The only difference is that in simulating
the model it should not be assumed that time is running at a fixed pace. Instead, the
transition from one state of the BN to another happens with a delay that could be
different for each state. A suitable estimate for the state lengths can also be found
from the data for those states that are present in the time-series. This information can
be used in running the network to reproduce the delays. Since the attractor structure
of the BN system is assumed to capture the most interesting parts of the dynamics,
the variable delays should not be a significant problem as such. Most of the states
are probably never seen in a time-series so their lengths cannot be learned. During
simulation those states can be modeled with any constant length. The state lengths
are mainly considered for visualization purposes, since they don’t change the attractor
structure of the system.

Unfortunately, we are facing a problem similar to the one of selecting a fixed sam-
pling rate for many clustering methods. The problem is now in selecting a suitable
number of cluster centers or the sampling instants. The methods that select the number
of clusters automatically are therefore appealing. The monotonous time transformation
helps in cases where the variations in the timescales of changes in the original signal
cause problems for traditional inference. Data resulting from non-uniform sampling is
also at least conceptually simple to use in this method. The interpolation from non-
uniform samples that is probably needed is not, however, in practice quite as simple.

3 Clustering Methods

The state of a BN at a given time is the vectorc BV of values representing the
current binarized expression for each gene. The proposed clustering methods and the
corresponding Monotonous Time Transformations are based on heuristic assumptions
about the locations of characteristic states in the binary data. The clustering is done by
locating the sampling pointS and gathering the new data of the data values on these
points. Each gene is sampled using the same sampling points. There does not exist a
clustering result that would meet all of the optimal clustering criteria. One possibility

to formalize the optimal criteria can be the following:

a) Sample each state only once.
b1) Locate all the states in the data.
b2) Locate the states which seem to have the greatest importance.

¢) Sample each gene exactly once between two changes in its binarized
value.

d) Consistent sampling i.e. all the cell cycles should be sampled similarly.

As can be seen the set of criteria is self-conflicting and not properly defined. How-
ever, using these guidelines a satisfactory transformation result can be achieved. Some



method | optimization criterion| user given parameter
(1) none m = number of clusterg
(i) a,b none
(4i1) a, by m = number of clusterg
(iv) a, by m = number of clusterg
(v) a, by none
(vi) a,c none
(vii) a,c none

Table 1: Table of Monotonous Time Transformations. The first column is the name
of the method and the optimization parameters are shown in the second column. The
third column shows which parameters have to be given by the user to the algorithm.

algorithms may require a parameter which has to be given by the user but these methods
are not preferred. Table 1 summarizes the proposed methods.

The methods can be divided roughly into two categories. The first category meth-
ods (ii)-(v)) are based on locating the most important states in the data i.e. trying
to optimize the criteriotd. The category two methods:) and(vii) are developed to
optimize the criteriore. The criteriona is met with all of the proposed clustering meth-
ods. No clustering method used here is based on the critérialthough the overall
performance of an algorithm can be seen to be typically reflected also in its success in
this respect. The methdd) is the traditional approach and no time transformation is
performed. The data is sampled with intervals of equal length.

The methodi?) takes one point t6' between each point @fi.e. S; = (¢, + t14+1)/2,

[l =1...n—1. Therefore all the states are sampled once. This, however, leads to a
situation where the cell cycle length is determined by the number of individual changes
of genes in the data. The methad#) and (iv) require a user given parameterof

the desired number of sampling points. In metfiod) » initial clusters are formed so

that each contains a single point fréfn After this the closest clusters are combined
and the location of the new cluster is set at the midpoint of the corresponding time
interval. The procedure is repeated until the desired number of clusters is reached. The
sampling points are then put in the middle of the time intervals left outside the clusters.

The method(iv) clustering is done by selecting the longest intervals between
the change point$ and putting a sample point in the middle of the interval,

by + ey
2
where

m
k= argmax Z [thit1 — th,|-
ke{1,..., n}m
itk Ak =1
The methodv) does not need any user given parameter. The method is the same as
(iv) butinstead of selecting the longest intervals all the intervals longer than a certain

value! are selected. An estimate for a suitablean be selected ds= In (N)L/C.



Figure 2: The delays in Boolean Delay Network are between the genes in the network
and not between the states as in the BN model shown earlier.

N is the number of genes in the dafa,is the total length of the data and is the
total number of state changes. The formula can be derived by creating a large number
of uniformly distributed random vectors of lengthwith C gene change pointsL
and C were varied. The number of clusters is then observed to follow the equation
n = kC, where the coefficient equalsl/e and the interval length is the constant
I = L/C. By reversing the problem it can be noticed that by multiplying the interval
size by the constanh(C/n) the number of clusters is obtained. If the number of
clusters is desired to be equal to the average change count of eaciigen€,/n can
be selected.

The method(vi) starts from the sample point 1 and goes through the whole data
point by point. A zero vector of lengthV is initialized in the beginning. The vector
is updated by adding ong = v; + 1 when a gene changé;for the gengy; is met. The
first gene that has had two changes causes the vetbareset and a sampling point is
put before the change. The exact position is in the middle of the change point and the
previous change of any gene. This is repeated until the whole data has been processed.
In this method no changes in the states of individual genes are missed in the sampling.
The methodvii) is similar to(vi) but the vectow is reset and the sampling point is
put when all its values are at least one e.g. all genes have changed their value at least
once.

4 Inferring Boolean Delay Networks

Boolean Delay Network (BDN) is a Boolean model in which non-negative real-valued
delays have been added to the connections between the genes (Fig. 2). This kind of
a network is also called a Continuous-Time Boolean Network (CTBN) (Oktem et al.
2002). The method of Monotonous Time Transformations is here applied to BDNs.
For the networks in this section the in-degree bound= 2 has been selected for
convenience of notation.

First, a BN is inferred with MTT just like in the previous section. As a result, for



geneg; we are getting a Boolean functigh : B2 — B, by which the update equation
for the gene is computed as

xv(n + 1) = fi(xci,l(n)7xci,2 (n))v

inputs of which are the binary states of the two gepes andg., ,.

The assumption made in order to obtain a BDN is that the MTT allows us to dis-
cover reasonably correct functional relationships determining the state transitions. This
can be rephrased as a restriction on the lengths of delays we assume present in the net-
work. The delays are assumed to be of approximately the same order with no huge
scale variations. If we assume that the functighsand connections; ; andc; » are
found using MTT and BN inference, the only parameters left to uncover in the BDN
are the delays.

Different types of delay structures can be used. In (Oktem et al. 2002) there are
separate delays for each connection. That is, for gemee have delays; ., , € R*
andr;,, € RT, wherer; ; € R denotes the delay from geme to geneg;. The
state transition equation now becomes

xi(t) = fi(xci,l (t - Ti’ci,l)’ Le; o (t - Ti,¢i,2))'

In order to make a crude model of the different delays for buildup and decay of
MRNA this could be generalized so that the delays are dependent on the state of the
gene they are propagating. A change of a bit in the state from zero to one would
occur with a different delay than one from one to zero. In case of several changes
occurring in rapid succession e.g. the last one should be considered dominating to
avoid a contradictory definition.

In this paper we are restricting the inference to the ease 7, ;,j € {1,...,N}.

This means that there are only a totaldfdelays in the network and the delay from a
single gene is the same for all affected genes. The method of estimating the delay
based on computing the cross-correlation sequence

Ti(T) = xl(t) * fi(mCi,l (t)’ ‘rci,2(t))'

The lagr with the highest value of cross-correlation is selected as the; ltay gene
g; in the model.

5 Test Results

The data used for testing was generated with an implementation of the differential
equation model for 28 cell-cycle dependent proteins published in (Chen et al. 2000).
A subset of 14 proteins were selected for testing on the basis that the model can be
simulated with this smaller number of variables as well. The choice allows simpler
visualization of the results and makes the solution a little less non-unique. The ex-
pression data consists of 14 real-valued continuous-time expression ratios of proteins
instead of MRNAs.
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Figure 3: Clustering example with method). The binarized original data is drawn for
14 genes. The vertical lines depict the positions of the sampling points. Small circles
at the bottom show all the positions of the gene changes.

The inference proceeds similarly for protein data as for gene expression data, since
the proteins are another, in some modeling respects equal, part of the regulatory net-
work in the cell. In the future it would be interesting and beneficial to have simultane-
ous mRNA and protein measurements available in a time-series data. The behavior of
the particular protein time series available as a test data here is not particularly inter-
esting and the expression levels seem to follow nearly identical phases. This makes the
network inference highly non-unique and the resulting networks are thus not biologi-
cally accurate. More interesting results would likely be obtained in the case of more
diverse data. Because biological conclusions are not made in this paper the terms pro-
tein concentration and gene expression ratio can be used interchangeably for purposes
of this section.

The expression ratios of the original data are thresholded to binary values individu-
ally by using the mean value as the threshold. This thresholding method is not optimal
but in our experiment proved to be sufficient. The thresholding process naturally dis-
cards a lot of information of the data. With a BN we are trying to model only the main
features, so the loss of details should be acceptable.

The test results are obtained by clustering the data with all of the clustering methods
and comparing the original data to the output data created by the network. Figure 3
illustrates the results of the clustering process with method

BN inference is done to the sampled data using the best-fit algorithm (Shmulevich
et al. 2001) with the maximum indegrédé = 2. The inference testing is done by
running the inferred Boolean network and the original data is then compared to the
output data. If the output data resembles the original data it can be said that the network
has learned the single attractor pattern from the original data.

To enable a direct comparison with the original data the output data has to be syn-
chronized to the binarized original data. This is done by estimating the state lengths
or in other words the delays between the states of the network. The length of a state



method| m | % correct BN| % correct BDN

(1) 6 20 4

(i) 32 22 1
(#i7) 6 8 8
(iv) 7 37 12

v) 5 49 20
(vi) 5 7 0
(vii) 11 10 8

Table 2: BN and BDN results are displayed in this tableis the number of clusters

and the result numbers are the percentages of correct states at each sample point. The
results should be considered suggestive because a slight misalignment of the time-
series can cause a significant reduction in the percentage. Final conclusions can be
drawn only by studying the graphical results.

is estimated from the data using the sampling point by moving it at the beginning of
the corresponding state in the binarized original data and calculating the distance to
the following sampling point similarly moved. The effect of the state delays and the
behavior of the Boolean network can be seen in Fig. 5.

The behavior of the network depends on the starting points. The starting points
were selected to be the same as in the sampled data. The percentage of correct states
at each sample point compared to the binarized original data is the final result. The
percentage of correct states at each time instant were from 7 to 49 percent. For those
methods that require a user-given parameter the value was selected to give competitive
results. These results are shown in Table 2 along with the number of clusters for each
method. Visualizing the output data indicates which characteristics of the data the
network has learned. An example of the possible problems arising in inference with
equal sampling intervals can be seen in Fig. 4. See Fig. 5 as an example of output data
with a time transform applied. It should be noted that the BN inference of the sampled
binary data is more successful in most cases. Adding the inferred state lengths makes
the situation more complicated.

For BDN the test results are more difficult to calculate. Because of errors in the
delay parameter inference the output data does not follow exactly the phase of the orig-
inal data. Also in this case the numerical comparison of different clustering methods
proved to be difficult due to the problems mentioned earlier. An example of the output
data is illustrated in Fig. 6.

6 Discussion

Inference of Boolean Networks is critically dependent on the sampling of the data.
In typical situations until now there has not been too much choice in the sampling,
the best choice clearly being as many points of uniform sampling as is feasible, this
rate being limited by the increasing costs. Increasing the sampling rate and blindly
applying the traditional inference methods leads to problems, however. After a decent



Figure 4: Output data for BN inferred without time transforms, i.e. using method
Solid lines are the original protein concentrations and dash-dotted lines are the output
data. In this example difficulties that often arise with the method can clearly be seen.

Figure 5: Output data for BN using the clustering mettfod). Solid lines are the
original protein concentrations and dash-dotted lines are the output data. It can be noted
that the output data follows the original data well. Even some small characteristics of
the time-series can be modelled using the system. However, the output data does not
follow exactly the phase of the original data.
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Figure 6: BDN output data using the clustering metlad. It can be clearly seen that

the phase of the output data is different than in the original data. This is the reason
why the numerical results are poor. However, the output data follows approximately
the shape of the original data.

rate of sampling has been achieved at least two things should be taken into account in
the following analysis. In this paper we have been looking for methods to help in this
newly-emerging problem area.

First of all, too frequent a uniform sampling creates data that might be out of reach
of the modeling capabilities of BNs even though with a proper sampling the modeling
would still be possible. The increased sampling rate should be turned into an advantage
as a means to cancel out noise in the data, not to increase the amount of data used for
BN modeling. The additional data needed for modeling even a close to unique network
should consist of e.g. different types of perturbation tests and measurements from cells
living in different types of conditions.

Secondly, for the discrete-timestep BN model the states that are interesting might
not at all be seen in the data sampled uniformly with a reasonable rate. The timescales
of variations in the expression levels are not constant in time and thus it makes sense
to make a Monotonous Time Transformation (MTT) for the frequently sampled data as
proposed in this paper. In this way, the states of the system that are the most significant
can be extracted as states of the resulting BN. The results show that making a suitable
transformation improves the results as compared with uniform sampling of any kind.

Boolean Delay Networks were presented as another application of the MTTs. Their
applicability to modeling cells would give interesting possibilities since their behavior
is not restricted to simple cyclic attractors as with BNs. Their stability properties and
inference calls for further attention, however, in order to make further conclusions from
even the results presented here.

Currently at least the publicly available data suffers from a high noise level, which
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also is to some degree unknown. Until the measurements are made more accurate
and also cheaper so that the sampling rates can be increased, the methods as proposed
here are not feasible for such real-world data. To use the methods an interpolation to
close to continuous time is needed. Noise and low sampling rates make this currently
impossible in practice. The simulations, however, give a reassuring background for
examining the models used and also for further studi@accharomyces cerevisiae
(budding yeast) is a good target for future experiments with real data since there exists a
lot of biological information on its regulatory networks and many results can be verified
against this knowledge (Lee et al. 2002). The simulation model used to generate the
data is an example of the available level of this knowledge.
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