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Abstract

The goal of this paper is to explicitly address the question whether any true
analogy exists between the central nervous system and the world wide web.
By exploiting intuitive ideas of different fields ranging from neurobiology to
sociology we investigate and present some properties of different evolving net-
works, whose dynamics is governed by the Hebbian learning rule. We intended
to merge two different fields: the tools have been provided by the graph the-
ory of evolving networks, while the properties of the Hebbian based learning
rule is provided by computational neuroscience (CNS) models. We studied the
emerging connection structure of purely feed-forward and feedback networks.
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0.1 Introduction

The last few years have witnessed an increasing demand on describing systems
with complex structure and topology. These structures emerge in many different
fields, ranging from social sciences to genetics. Probably the most complex net-
work is inside us: the most exciting properties of our brain have a lot to do with
the special connection system among its units. Although our knowledge on these
building blocks is increasing we are still far from a complete understanding of the
structure [5]. At the same time, many intriguing questions emerge regarding the
World Wide Web (WWW), which can qualify as a common container of human
knowledge. This feature resulted in the intuitive idea to highlight the similarity
between these descent phenomena. From one hand it has been suggested to
use the mutual activity correlation in modeling organizational learning[4], while
on the other hand similar structural characteristics of the web and the single
completely described nervous system, the C. elegans has been reported[6]. In
this Technical Report we investigate the question whether an evolving network
governed by the Hebbian rule has the same or similar properties as found by
studying the web or the social networks. Specifically, we studied the emergent
small-world properties,like clusters and hubs which are presumably responsible
for the robustness of many real networks against different perturbations. Their
presence may also explain the network fragility against erasing central nodes,
which have been also observed in many complex and important networks. The
question is of central importance: in seeking the answer we hope to find in the
near future some explanation on the fascinating robustness-plasticity dualism of
the brain and the fast association memory system. Insofar as we do not intend
to do the tedious job of building real models according to the computational
neuroscience (CNS) standards, we have built different networks of units with
minimal complexity. Inputs with different information content have been pro-
vided to the system. The system has two-fold response: providing the input it
yields some output and modifies its connection. This self-organizing tuning was
governed by different modifications of the Hebbian learning rule. One group of
the networks consisted of purely feed-forward connections (that is units were
organized in layers), while the other group have had feedback connections as
well.

By watching the evolving networks we have tried to define and localize struc-
tures similar to those that are used in the terminology describing the internet.
This Technical Report is primarily meant to summarize the simulation results
at different parameter settings. The Report’s construction is as follows: first
we give a basic description of the most fundamental conceptions we used. To
make the understanding easier we also provide a detailed list of the used nota-
tions. The next sections are for detailing the different models and presenting
the governing equations. At last, all simulation results are presented with no
analysis. A descriptive analysis would require further simulations. The results
may hopefully give a qualitative picture of the Hebbian network’s (’HebbWeb’
in short) nature.
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0.2 Definitions

0.2.1 Concepts

HebbWeb Set of neurons with a simple Hebbian learning rule gets some ran-
dom external excitation. The connections among the neurons (or units or
nodes) can be characterized by a weighted, directed graph. We address
the question, whether the evolving network resembles the WEB’s struc-
ture in its connection complexity. We are especially interested in emerging
clusters, since they are supposed to contribute to the appearance of the
famous small world property of the WEB[1].

Distance the path with minimum cost between two nodes. The cost of a path
is the sum of link costs on the path. The link cost is 1/w where w is the
weight between the nodes of the link.

Cluster Set of nodes which are strongly connected to each other and have fewer
links to the other nodes.

Clustering coefficient is defined for each neuron in the following way: the
ratio of the existing links and the possible number of links (n ∗ (n − 1)
between neurons linked by the actual neuron.

Hub and Authority values calculated iteratively [3] for each neuron. The
weight matrix is treated as a transition matrix after a structure holding
normalization. One iteration is the following:

aut = Pt ∗ hub

hub = P ∗ aut

where P is the normalized weight matrix, aut is authority vector and hub
is the hub vector .

Feedback layer The neurons and the directed connections among them

Feedforward layer The connection layer between the input and the neurons.
In pure feedback simulations the feedforward connection matrix is equals
to the Identity matrix.

0.2.2 Notations

W: The weight matrix of the feedback layer

Wext: The weight matrix of the feedforward layer

a: The inner activity of the feedback layer

af : The firing activity of the feedback layer

N : The number of neurons in the net.

r: The percentage of outer excitation relative to the number of neurons (N)

α: The learning rate of matrix W
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β: The learning rate of matrix Wext

γ: The decay factor of the inner activity, only used in the first model

cycle length: It defines the simulation length (number of update steps).

K(.) This kernel function describes the temporal correlation between nodes
which have been active at different times.

L: The length of the kernel function for negative time difference.

rA: The ratio of the amplitude of weakening and strengthening in the kernel
function.

θ: Threshold parameter in the firing rule - its meaning is case-dependent

finite input: It is set to 0, if all neurons may get excited, that is the sum of the
external excitation is not bounded. Its value is 1, if this sum is bounded.

x(i)ext: The external input at time i.

0.3 Experiments

We studied networks with fix number of nodes, but changing connections strength.
This change is induced by random inputs of the external world and principally
governed by local, Hebbian like interactions among the nodes or neurons. Our
numerical studies aim at revealing the possible parameter dependence of the
cluster creation and authority-hub properties and are not meant to allow for
direct comparison with sophisticated CNS models. Specifically, we have studied
the evolution of Hebbian networks with and without feedback connections as a
function of some fundamental parameters, such as tuning (learning) parameters,
input dynamics and intrinsic network properties (inhibition, bias, and so on).

0.3.1 Network structure and dynamics

Model structure

Our models consist of two layers of simplified model neurons. In some cases, we
used neurons, whose output is simply a linear function of their activity, instead
of using the more sophisticated integrate-and-fire (IAF) type neurons. In other
cases we applied neurons with IAF-like behavior, but made an effort to eliminate
as much parameters as we could. In addition to changing the neurons’ internal
dynamics, different architectures have been investigated. In the first model type
one layer ensures the connection with the external world: its neurons can be
excited by external random inputs. The other layer’s units are driven by the
input neurons’ excitation and the connections among the units are modified
according to the activity of the sender and receiver units (see Figure 1). In
addition to the pure feedforward model, the second model type also includes
recurrent connections among the units of the internal layer (see Figure 2).
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Figure 1: Pure feedforward network

System output

mj

Internal neurons

wji

ni Input layer

External random input

Figure 2: Pure feedback network
In all cases studied, the feedforward connection matrix is equal to the Identity
matrix.

Input generation

We studied the system’s behavior as a function of the inputs’ spatio-temporal
structure. In most cases the external input xext consists of zeros and N ∗ r
number of ones at random (binary input), where r defines the induction ratio.
For the special case of sine wave inputs, neurons received a half sine wave input
in each step (analogue input).

The excitation of the (internal) neurons takes place in two different modes.
In the first case (finite input = 1) the input to each neuron is weighted ac-
cording to its connection strength. In other words, the sum of the input was
kept unchanged after the transmission through the weighted connections. In the
other case (finite input = 0) the excitation of one neuron is simply the scalar
product of the input vector and the weight vector of its incoming connections
(the ith row of matrix W ext describes the ith neuron’s connection strength).

Model’s dynamics

The network has two responses to the external excitation. It not only generates
output (which is a function of the activity measured in the internal layer), but
also modifies the connections between and within the layers. We define two
different output generation mode: in the first mode (it can be called analogue
firing), the neurons broadcast a sign, which is a linear function of their input. In
the second mode (spiking or binary firing), they produce binary signs, which are
non-linear function of their input. The applied non-linearities will be detailed
later (See subsection 0.3.2). The general update rule for the inner activity is as
follows:

a(t) = a(t− 1) + Wa(t− 1)f + Wextx(t)ext (1)
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When analogue input was applied a decay factor γ was introduced. The
modified update rule is described in Eq. 2.

a(t) = (1− γ)a(t− 1) + γWa(t− 1)f + Wextx(t)ext (2)

where superscript stands for firing which can be one of the types listed above.
Using this mode the resulting neuron model resembles the leaky IAF models.
After firing, the neuron’s inner activity is set to 0 (reset activity).

The other response of the system is an incremental change in its architecture.
We applied different versions of the so called Hebbian learning rule for governing
the tuning of each connection strength. The main inspiration behind this choice
that this rule seems to be one of the most general and fundamental principles
defining the neuronal plasticity. Furthermore, it is exclusively based on local
interaction: there is no need to tune an external parameter or define some global
optimization process [2].

The update rule for the feedforward matrix is the following:

W(t) = W(t− 1) + α

t∑

i=0

(K(af (i),xext(t), t− i) + K(af (t),xext(i), i− t))

where α is the learning parameter, K(.) denotes the specific kernel function
defined by the specific version of the Hebbian rule. Its arguments are the firing
activity at a given time i, the actual input and time difference t − i or i − t.
This kernel describes the correlation between nodes which have been active
at different time. If the information flow performed by the net has a specific
direction, the kernel function cannot be symmetric over time. That is, ‘pre’
and ‘post’ active states can be assigned to the interacting nodes. Symmetric,
linearly decreasing and asymmetric kernels have been studied.

Amplitude

K(D))(

Time difference

(D)

L
+

L
-

A
+

A
-

Figure 3: The symmetric kernel function
The kernel can be defined by the following parameters: the sum of the length
of the weakening and the strengthening region (L = L+ + L−) and the ratio of
the amplitudes (rA = A+

A− ).

The update rule for the feedback connection matrix is the following:

W(t) = W(t− 1) + α

t∑

i=0

(K((af (i)),af (t), t− i) + K((af (t)),af (i), i− t)) (3)

where α is the learning parameter, K(.) denotes the specific kernel function
defined by the specific version of the Hebbian rule. Its arguments are the firing
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Figure 4: Kernel function with linear decrease
The kernel can be defined by the following parameters: the length of the weaken-
ing and the strengthening region (L) and the ratio of the amplitudes (rA = A+

A− ).
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Figure 5: The asymmetric kernel function
This kernel can be defined by the following parameters: the ratio of the length
of the weakening and the strengthening region (rL = L+

L− ) and the ratio of the
amplitudes (rA = A+

A− ). In our simulations L+ was fixed to 1 and L− was
changed.

activity at a given time i, the recent firing activity and the time difference t− i
or i− t.

0.3.2 Default values and model set up

Different firing models have been studied:

1. Simple threshold model: a neuron fires if its inner activity is larger than
a fixed threshold (θ)

2. Probabilistic firing with threshold: a neuron fires if its inner activity is
larger than a fixed threshold (θ). Below that the ith neuron fires with
probability a(i)/θ

3. Probabilistic firing with fixed average number of firing neurons: the sum
of all inner activity is normalized to N ∗ θ. The normalized activity of a
neuron is the probability of its firing.
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parameter value
N 100

cycle length 5000
α 0.1
γ 0.1
r 0.1
θ 0.13
L 2
rA 2

Table 1: Default values for analogue firing

Analogue firing

Default values (see Table 1)
During the simulations only the feedback layer’s connections were changed

and Wext remained unchanged and equal to Identity, i.e. β = 0 and Wext = I
.

The following list summarizes the experiments with analogue output.

1. kernel size and amplitude ratio (20020124T105349 – 20020124T130526),
asymmetric kernel, simple threshold firing model, L = [1, 2, 4], rA = 1 :
.5 : 4, θ = [.01 : .04 : .21]

2. larger firing threshold (20020124T134702 – 20020124T144448), asym-
metric kernel, simple threshold firing model, L = 1, rA = [3, 3.2], θ =
[.19 : .02 : .41]

3. Study of linearly decreasing kernel (20020205T172012 – 20020206T113601),
simple threshold firing model, L = [2, 4, 8], rA = [2, 4, 8], θ = [.09, .13, .27]

4. moving sine valued input (20020207T193755 – 20020207T232358), lin-
early decreasing kernel, probabilistic firing with threshold, L = 2, rA = 4,
r = .1 : .2 : .9, θ = [.5 : .5 : 4]

Spiking type firing

Changing from analogue to binary output is meaningful for several reasons.
First, it is much more plausible from the biologist aspect. Second, it is more
feasible from the engineers’ point of view. As the introduction of this non-
linearity seems to complicate the picture we intended to further simplify the
model by eliminating some parameters. During the simulations the γ decay
factor (see equation 1 proved to be dispensable. Its normalization effect has
been substituted by proper setting of the remaining parameters.

The idea behind using the feedforward layer is the preferential attachment.
This layer should strengthen its weights to neurons which fire after receiving
external excitation.

The α and β parameters is smaller than at the analogue firing case because
the update is the sum of 0s and 1s and is independent from the actual values
of inner activity. The system was sensitive to the setting of these parameters in
that if they were too large then the weight distribution could not converge but
started to behave in a chaotic manner. For default values see Table 2.
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parameter value
N 100

cycle length 5000
α 0.0001
β 0.001
r 0.1
θ 0.5
L 2
rA 2

Table 2: Default values for spike like firing

1 2 3

Figure 6: 1 synchronous input
active length = 10, inactive length = 10, N = 20, r = 0.3. The first input is
without any noise. In the second one 80 percent of input is missing. On the
third one 20 percent of neurons get external noise.

We studied the feedforward and feedback layers separately.
Some special non-random input with given spatio-temporal structures have

been also studied with the symmetric kernel. These were:

1. Moving bar: N ∗ r neuron received unity input, after 10 steps the bar was
shifted with one neuron and so on.

2. Moving bar with noise: random noise, i.e. 0-1 flip was added to the
previous input with a given percentage.

3. Synchronous input: N ∗ r neurons got input for a given number of steps
(active length) after that no input was given to any neurons for a given
interval (inactive length). See Fig. 6. 1.

4. Synchronous input with noise: There is two types of noises: the input
is not complete; neurons not belonging to the pattern also get external
excitation. See Fig. 6.2-3.

5. 2 synchronous inputs (with noise): two inputs were mixed, they were
synchronous with the time window, but had different period lengths. See
Fig. 7.

6. 1 synchronous input and 1 out of synchronous work. See Fig. 8.

0.4 Measured values

The following type of graphs were generated:

1. Histogram of the minimum path length of the hebbian network.

2. Norm of weight matrix vs. time
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1 2

Figure 7: 2 synchronous inputs
active length = 10(6), inactive length = 14(9), N = 20. The first input has 2
separate synchronous inputs with r = 0.3. The second input has 2 synchronous
inputs with 1 common neuron and r = 0.4.

1 2

Figure 8: 1 synchronous and 1 out of synchronous work input
active length = 10(15), inactive length = 14(20), N = 20. The first input has
2 separate inputs with r = 0.3. The second input has 2 inputs with 1 common
neuron and r = 0.4.

3. The resulting weight matrix

4. Histogram of the connection strengths. (Zero strength is not shown)

5. Hub-Authority values and ratios for neurons: upper graph: line is the
authority value of neuron, dotted line is the hub value of neuron; mid-
dle graph: the authority/hub ratio if hub value 6= 0; lower graph: the
hub/authority ratio if authority 6= 0.

6. Clustering coefficients of hebbian (-o-) and random (-x-)network

7. Global and local connectivity length of hebbian (-, -o-) and random (.,
.x.)network

8. Distance plot of hebbian network: -: the ordered directed distances be-
tween the neurons. x: the number of different neurons belonging to at least
one of the countered connections, normalized by the maximum distance.

0.5 Results

The value of α, β and γ are set so that the system converges fast if possible -
the values in default value tables are to show the order of these parameters.

0.5.1 Analogue firing

We have found that the net with this firing model always evolves to a random
statistic net if the input is random. The typical random statistics of these nets
can be seen in figure 9.
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Figure 9: Random statistics
For figure details see section 0.4.The parameter values are summarized in Table
1, firing model is 1, time window is 1.
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Large initial activity

In this case the initial activity had relatively large standard deviation (see Figure
10. The net had a short transient clustered but not efficient state, as it can be
seen in figure 11. After this state the net had evolved to random statistics
net (see Figures 12, 13). The default parameter values of Table 1 have been
applied, the firing model was the simple threshold model, the kernel function
was asymmetric.
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Figure 10: Large initial activity: initial state statistics
For figure details see section 0.4.
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Figure 11: Large initial activity: transient state statistics
For figure details see section 0.4. The relatively big initial activity have caused
the appearance of a transient, clustered, but not efficient state after 40 steps.
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Figure 12: Large initial activity: statistics of almost random state
For figure details see section 0.4. The transient clustered state has almost com-
pletely disappeared after 200 steps.
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Figure 13: Large initial activity: random statistics after 500 steps
For figure details see section 0.4. After 500 steps the net had random statistics.
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Kernel function length (L parameter)

We have found that the larger the kernel time window the faster the system
evolves to random net (see Figures 14-16). Also when L is increased then the
learning factor of the W matrix should be decreased to prevent oscillation be-
cause the update values increases as L increases. We used the default parameter
values of Table 1, the firing model was the simple threshold model, the kernel
function was linearly decreasing.
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Figure 14: Analogue: L = 2For figure details see section 0.4.
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Figure 15: Analogue: L = 4For figure details see section 0.4.
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Figure 16: Analogue: L = 8For figure details see section 0.4.

27



Ratio of strengthening and weakening (rA parameter)

Four different behaviors emerged depending on the value of ratio rA:

• inhibition strength << 1 → exponential growth of weights (see Figure 17

• inhibition strength ≈ 1 → linear growth of weights(see Figure 18)

• inhibition strength >> 1 i.e. 2,4 → stable system (see Figure 19)

• inhibition strength >> 10 i.e. 50,100.. → stable system but very few non
zero weights, changing step by step (see Figure 20)

We used the default parameter values of Table 1 except that the firing threshold
was set to 0.09, the firing model was the simple threshold model, the kernel
function was linearly decreasing.
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Figure 17: Analogue: rA = 01
For figure details see section 0.4. The input ratio (r) was set to 0.3. Because of
the exponential growth (2nd plot) cycle length was only 400.
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Figure 18: Analogue: rA = .5For figure details see section 0.4.
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Figure 19: Analogue: rA = 2For figure details see section 0.4.
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Figure 20: Analogue: rA = 50For figure details see section 0.4.
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Firing threshold with simple threshold firing model (θ parameter)

We have found 3 different convergence types depending on the threshold value.
After eliminating γ the regions disappeared and the 2nd behavior was observed
everywhere in the whole parameter region.

1. θ < β ∗ avg(xext) In this case if a neuron got excited externally it can
immediately fire. The norm of W is descending from higher value to a
stable value (see Figure 21).

2. β ∗ avg(xext < θ < 2 ∗ β ∗ avg(xext In this case a neuron needs more
external excitation or more feedback activity to be able to fire. The norm
of W ascending from a lower value to a stable value (see Figure 22).

3. θ > 2∗β ∗avg(xext. Because of the exponential unlearning only a few will
be able to fire. These neurons takes all the activity from other neurons
(see Figure 23)

We used the default parameter values of Table 1, the firing model was the
simple threshold model, the kernel function was linearly decreasing.
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Figure 21: Analogue: θ = 0.09For figure details see section 0.4.
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Figure 22: Analogue: θ = 0.13For figure details see section 0.4.
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Figure 23: Analogue: θ = 0.27For figure details see section 0.4.
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firing models

The probabilistic firing model with threshold produced results like the simple
threshold firing model with θ = 0.09. The reason for it could be that in this
case all neuron can fire with a nonzero probability (except those have exactly 0
inner activity), so relatively many neurons may fire (see Figures 24 - 26). We
kept the simple threshold firing model because of its simplicity. We used the
default parameter values of Table 1, the kernel function was linearly decreasing.
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Figure 24: Analogue: probabilistic firing model with threshold, θ = 0.09
For figure details see section 0.4.
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Figure 25: Analogue: probabilistic firing model with threshold, θ = 0.13
For figure details see section 0.4.
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Figure 26: Analogue: probabilistic firing model with threshold, θ = 0.27
For figure details see section 0.4.
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Different kernels

There was no significant difference between the results with different kernels.
See figures 27 - 37. We used the default parameter values of Table 1, the firing
model is the simple threshold one.
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Figure 27: Analogue: asymmetric time window, θ = 0.09
For figure details see section 0.4.
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Figure 28: Analogue: asymmetric time window, θ = 0.13
For figure details see section 0.4.
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Figure 29: Analogue: asymmetric time window, θ = 0.27
For figure details see section 0.4.
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Figure 30: Analogue: linearly decreasing time window, θ = 0.09
For figure details see section 0.4.
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Figure 31: Analogue: linearly decreasing time window, θ = 0.13
For figure details see section 0.4.
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Figure 32: Analogue: linearly decreasing time window, θ = 0.27
For figure details see section 0.4.
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Figure 33: Analogue: symmetric time window, θ = 0.09
For figure details see section 0.4.
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Figure 34: Analogue: symmetric time window, θ = 0.13
For figure details see section 0.4.
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Figure 35: Analogue: symmetric time window, θ = 0.27
For figure details see section 0.4.
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Figure 36: Analogue: symmetric time window, θ = 0.01, r = 0.8
For figure details see section 0.4.In the spike like firing model the system tried to
learn some synchronous behavior, here this property is not really characteristic.
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Figure 37: Analogue: symmetric time window, θ = 0.09, r = 0.8
For figure details see section 0.4.In the spike like firing model the system tried to
learn some synchronous behavior, here this property is not really characteristic.
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moving sine valued input

The system learned a moving wave (see Figure 38). Default parameter values
have been used, except for θ = 0.5, the firing model is the probabilistic one with
threshold, the kernel is linearly decreasing.

0.5.2 Spike like firing

With the symmetric kernel the weight matrix will be symmetric this means that
the connections between the nodes are undirected.

Feedback layer

At first we investigated the symmetric time window and random input and
probabilistic firing with fixed average number of firing neurons. We have found
that the most important parameters are the ratio of external excitation (r)
and the ratio of the average number of firing neurons (θ). We have found two
different regions:

• few neurons get external excitation or few neurons able to fire:
the system evolves to random network (see Figures 39 - 41).

• more than half of neurons get external excitation and more than
half of neurons able to fire: the system learns some synchronous se-
quence with fast change due to random input (see Figure 42).

We used the default parameter values of Table 2 except for θ and r.
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Figure 38: Analogue: moving sine valued input
For figure details see section 0.4.
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Figure 39: Spike, feedback layer, symmetric kernel: random input, few
neurons get external excitation and few neurons able to fire
For figure details see section 0.4.θ = 0.3, r = 0.3.
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Figure 40: Spike, feedback layer, symmetric kernel: random input, few
neurons get external excitation but more neurons able to fire
For figure details see section 0.4. θ = 0.7, r = 0.3.
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Figure 41: Spike, feedback layer, symmetric kernel: random input,
more neurons get external excitation but few neurons able to fire
For figure details see section 0.4.θ = 0.3, r = 0.7.
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Figure 42: Spike, feedback layer, symmetric kernel: random input,
more neurons get external excitation and more neurons able to fire
For figure details see section 0.4.θ = 0.7, r = 0.7.
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Next we investigated the symmetric kernel with synchronous inputs. We
have found that if the input is synchronous with L and rA then the network is
able to learn which neurons works together. The system has good associative
property (Figures 45, 46) but the additive noise filtering is not so strong (Figures
47, 48). If the input is not synchronous then the system sometimes finds the
synchronous work otherwise seems to be random (Figure 49) - it’s like out-of-
synch systems. With the 1st firing model learns the synchronous input (Figure
44) but with the 2nd one it learns something else (Figure 43). We used the
default parameter values of Table 2.
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Figure 43: Spike, feedback layer: synchronous input without noise,
fixed average number of firing neurons
For figure details see section 0.4.
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Figure 44: Spike, feedback layer: synchronous input without noise,
simple threshold firing model
For figure details see section 0.4.
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Figure 45: Spike, feedback layer: synchronous input, 80 percent of
input is missing For figure details see section 0.4. Simple threshold firing
model. The system learns the complete input.
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Figure 46: Spike, feedback layer: synchronous input, 90 percent of
input is missing
For figure details see section 0.4. Simple threshold firing model. The system
can’t learn the complete input.
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Figure 47: Spike, feedback layer: synchronous input, 20 percent of
neurons get external noise
For figure details see section 0.4. Simple threshold firing model. The system
learns the complete input without noise.
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Figure 48: Spike, feedback layer: synchronous input, 30 percent of
neurons get external noise
For figure details see section 0.4. Simple threshold firing model. The system
can’t learn the complete input without noise.
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Figure 49: Spike, feedback layer: out of synchronous work input with-
out noise
For figure details see section 0.4. Simple threshold firing model. The system
can’t learn the complete input.
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Next we studied the symmetric kernel and simple threshold firing model with
2 synchronous inputs. We have found that if the inputs are synchronous with
L and rA then the network is able to learn which neurons works together - for
the inputs independently (Figure 50 ). If the inputs share some neurons then
the input for the common neurons goes out from synchronous work, so the net
won’t learn the work of that neuron (Figure 56 ). If one of the inputs is out of
synchronous work then the net will learn just the synchronous one (Figures 58,
57). The noise filtering property is a little bit weaker than in the 1 synchronous
input case (Figures 53 - 55). The input association strength remained the same
(Figures 51, 52 ). We used the default parameter values of Table 2.
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Figure 50: Spike, feedback layer: 2 synchronous inputs without noise
For figure details see section 0.4. The system learns both complete input.
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Figure 51: Spike, feedback layer: 2 synchronous inputs, 80 percent of
input is missing
For figure details see section 0.4. The system learns both complete input.
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Figure 52: Spike, feedback layer: 2 synchronous inputs, 90 percent of
input is missing
For figure details see section 0.4. The system can’t learn neither complete input.
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Figure 53: Spike, feedback layer: 2 synchronous inputs, 10 percent of
neurons get external noise
For figure details see section 0.4. The system learns both complete input without
noise.
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Figure 54: Spike, feedback layer: 2 synchronous inputs, 20 percent of
neurons get external noise
For figure details see section 0.4. The system learns just one complete input
without noise.
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Figure 55: Spike, feedback layer: 2 synchronous inputs, 30 percent of
neurons get external noise
For figure details see section 0.4. The system can’t learn neither complete input
without noise.
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Figure 56: Spike, feedback layer: 2 synchronous inputs without noise,
with 1 common neuron
For figure details see section 0.4. The system learns both complete input without
the common neuron. Here one input is 4 neuron wide, but system learns only 3
neurons per input
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Figure 57: Spike, feedback layer: 1 synchronous input and 1 out of
synchronous work without noise, with 1 common neuron
For figure details see section 0.4. The system learns the synchronous input
without the common neuron. Here one input is 4 neuron wide, but system
learns only 3.
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Figure 58: Spike, feedback layer: 1 synchronous input and separate 1
out of synchronous work without noise
For figure details see section 0.4. The system learns the synchronous input.
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Next we investigated the symmetric kernel with simple threshold firing model
for a special synchronous input: the moving bar input. The ith neuron get
external excitation in the [j, j + barlength] time interval if j modN = i. We
have found the following different behaviors:

• On a relatively large range of time window sizes the system able to learn
the time sequence of the bars. If L ≈ barlength the system is stable
(Figures 60, 61 ). If L ≈ 2 ∗ (barlength) the system is not stable but
learns the time sequence (Figures 62, 63 ).

• The too short time window size, i.e. L ≤ (barlength)/2 prevents the
system to learn the sequence (Figure 59 ).

• The too large time window, i.e. L ≈ 2 ∗ (N − bar) length), causes some
strange effects (Figures 64, 61 ).

• If L < N − barlength but L À barlength then the system learns the time
sequence and the together excited neurons too (Figure 66).

We used the default parameter values of Table 2 except for N = 20 and
r = 0.3 (bar length is N ∗ r = 6).
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Figure 59: Spike, feedback layer: moving bar input with L = 2
For figure details see section 0.4. The system can’t learn the time sequence
because of too short time window.

78



0 3.75 7.5 11.25 15
0

12

24

36

48

60

1 0 25 50 75 100
0

0.1

0.2

0.3

0.4

0.5

2

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

3 0 5 10 15 20
0

160

320

480

640

800

4

5 0 0.25 0.5 0.75 1
0

6

12

18

24

30

6

0 10 20
0

0.05

0.1

1
0.5

1

1.5

1
0.5

1

1.5

7 0 100 200 300 400
0

4

8

12

16

20

0 100 200 300 400
0

4

8

12

16

20

8

Figure 60: Spike, feedback layer: moving bar input with L = 4
For figure details see section 0.4. The system learns the time sequence.

79



0 3.75 7.5 11.25 15
0

12

24

36

48

60

1 0 25 50 75 100
0

0.2

0.4

0.6

0.8

1

2

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

3 0 5 10 15 20
0

40

80

120

160

200

4

5 0 0.25 0.5 0.75 1
0

8

16

24

32

40

6

0 10 20
0

0.1

0.2

1
0.5

1

1.5

1
0.5

1

1.5

7 0 100 200 300 400
0

4

8

12

16

20

0 100 200 300 400
0

4

8

12

16

20

8

Figure 61: Spike, feedback layer: moving bar input with L = 6
For figure details see section 0.4. The system learns the time sequence.
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Figure 62: Spike, feedback layer: moving bar input with L = 10
For figure details see section 0.4. The system learns the time sequence.
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Figure 63: Spike, feedback layer: moving bar input with L = 14
For figure details see section 0.4. The system learns the time sequence.
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Figure 64: Spike, feedback layer: moving bar input with L = 18
For figure details see section 0.4. The system learns something, but not the
sequence, because the time window is too large.
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Figure 65: Spike, feedback layer: moving bar input with L = 26
For figure details see section 0.4. The system learns something, but not the
sequence, because the time window is too large.
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Figure 66: Spike, feedback layer: moving bar input with L = 26 and 40
neurons
For figure details see section 0.4. The system learns the input, because the
’inactive period’ is large enough.
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Feedforward layer

We investigated the purely feedforward network with random input and linearly
decreasing kernel.

At first we used the probabilistic firing model with fixed average number of
firing neurons and modified r and θ. We have found the following regions:

• if r < .5 the net will have random statistics (Figure 71).

• if r > .5 and θ < .2 then the net will have approximately as many hori-
zontal rows as many neurons can fire, i.e. N ∗ θ. (Figures 67 - 70). The
strength of rows is increasing with the increasing of the size of time window
(Figures 72, 73).

We used the default parameter values of Table 2 except for L = 2, r and θ.
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Figure 67: Spike, feedforward layer: random input with r = 0.9 and
θ = 0.02
For figure details see section 0.4.
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Figure 68: Spike, feedforward layer: random input with r = 0.9 and
θ = 0.1
For figure details see section 0.4.
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Figure 69: Spike, feedforward layer: random input with r = 0.7 and
θ = 0.02
For figure details see section 0.4.
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Figure 70: Spike, feedforward layer: random input with r = 0.7 and
θ = 0.1
For figure details see section 0.4.
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Figure 71: Spike, feedforward layer: random input with r = 0.3 and
θ = 0.02
For figure details see section 0.4. The input is too sparse to generate rows.
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Figure 72: Spike, feedforward layer: random input with r = 0.7 and
θ = 0.02 and L = 10
For figure details see section 0.4. Now the kernel is large enough to generate
rows.
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Figure 73: Spike, feedforward layer: random input with r = 0.7 and
θ = 0.1 and L = 10
For figure details see section 0.4. Now the kernel is large enough to generate
rows.
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Next we studied the simple threshold firing model. Depending on r and θ
there are several possible cases - with θ = 0.5 and r = 0.9 the system is cleared,
all weights were 0. See Figures 74 - 82. The finite input variable must be set
1 to produce this results, otherwise the net had random statistics. We used the
default parameter values of Table 2 except for L = 10, r and θ.
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Figure 74: Spike, feedforward layer: random input with r = 0.9 and
θ = 1.1.
For figure details see section 0.4.
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Figure 75: Spike, feedforward layer: random input with r = 0.7 and
θ = 1.1.
For figure details see section 0.4.
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Figure 76: Spike, feedforward layer: random input with r = 0.5 and
θ = 1.1.
For figure details see section 0.4.
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Figure 77: Spike, feedforward layer: random input with r = 0.3 and
θ = 1.1.
For figure details see section 0.4.
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Figure 78: Spike, feedforward layer: random input with r = 0.1 and
θ = 1.1.
For figure details see section 0.4.
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Figure 79: Spike, feedforward layer: random input with r = 0.7 and
θ = 0.5.
For figure details see section 0.4.
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Figure 80: Spike, feedforward layer: random input with r = 0.5 and
θ = 0.5.
For figure details see section 0.4.
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Figure 81: Spike, feedforward layer: random input with r = 0.3 and
θ = 0.5.
For figure details see section 0.4.
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Figure 82: Spike, feedforward layer: random input with r = 0.1 and
θ = 0.5.
For figure details see section 0.4.
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Summary

Conclusion on α, β

• If the order of values in weight matrix is in the order of α (β) then the
system can not learn anything, become stabilized, independently from α
(β)

• If the values in weight matrix are larger with some orders than α (β) and
the system starts to oscillate then by decreasing α (β) the system can be
stabilized
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j C EHGJC g N IJ@,n A�B B_L
h"�VN�XYC COE
@,n ]�E$j A�XU�

πS

oa` U W B_EiE U�RJe"g NFI�uF}�} A�B�X�E U BDCOMOL�XYCON�W G�E$j j E1w4N�W h
� C g NFMON�COMy`HA U A U K;EHG�C g N
I�uF}�} L�B_A U K C g N;COMy`
�VN�XYCOE$M�� W
`1Cy` G�MOE k C g NiMON�X�N U CF@,n'MOL U o�C g N U ` U EHC g N^M\j E�X^`Hj�B_N�`HMyX g
E U C g N;G�MON�B g j ��MON�COMy`HA U N�W I�uF}�} R
e"g NiIJ@,n'w\A j j	]
MOE�W�L�X�N;` ]
MOE k A�B_A U K	�DB k `HM_C"MON�BDCy`HM_C�

z{n�[ |�]�E$A U C\G�E$M

πS
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e"g NiI�uF}�} A�B"X�E k ]
L�CON�W COE `H]
]
MOE � A k `1CONFC g N � �H`Hj L
N$��EHG,BDCy`1CON�B�K$A �$N U @,n ]�E$j A�XU�
πS

c
u U � BDCy`1CON\A�B~w4E$M_C g COE;C g N\�H`Hj L
N�C g `1C4X^` U h�NFMON�`$X g N�W G�MOE k C g `1C4]�E$A U C�L�B_A U Ki@,n ]�E$j A�XU�
πS

R n�L�X g BDCy`1CONU� � �H`Hj L
N$�$]�`HA MyB4`HMON X�MON�`1CON�W�L
]�E U N�`$X g @,n ` U W `HMONFL�B_N�W COE `H]
]
MOE � A k `1CON
C g N � �H`Hj L
NU�{G�L U XYCOA E U �Hh
� k N�` U B~EHG�`iI�uF}�} R�e"g A�B�I�uF}�} W�N^]�N U W
B�E U C g N @,n ]�E$j A�XU� ` U W
A CFA�B U EHC B_L
h��VN�XYC\COE�A k ]
MOE��$N k N U CyB R~e"g N IJ@,n ]�E$j A�XU� A�B\B_L
h"�VN�XYC\COE A CON^My`1COA E U � R
S G�C g NFBO` k N\n�[ A�B,G�E$L U W k E$MON4C g ` U `�]
MONU�VB_]�N�X�A 2�N�W U L k h�N^M~EHG
COA k N�B^oHC g N\`Hj K$E$MOA C g
k

MON�B_E$M_CyB"COE My` U W�E k MON�BDCy`HM_CyB z6[F[ |\COE k `HA U Cy`HA U N � ]
j E$My`1COA E U�R�e"g N I�uF}�}xX�E$L
j�Wth�N ` U
`HM_COA 2�X�A�`Hj U N^L
My`Hj U NYCDw�E$MOm�oJh
L�C G�E$M C g N BO`HmHN'EHG B_A k ]
j A�X�A C�� ` U W N-� X�A N U XU�ao~w4N L�B_N�W `
B_A k ]
j N�1aL�`$W�My`1COA�X `H]
]
MOE � A k `1COE$M�� ��E$�a` U o Q��$� v � R p =$q�r)> X^` U k `HmHN L�B_NtEHG G�N�`1COL
MON�B^o
������� o)A C X^` U ]�N^M_G�E$M k C g N�`H]
]
MOE � A k `1COA E U A U ` B_]�`$XYN EHG�j E1w4N^MiW�A k N U B_A E U z�C g N G�N�`1COL
MON
B_]�`$X�N�| R
e"g N `$W��1` U Cy`HK$N�B4EHGip =Hq�r)> `HMON k ` U A G�E$j�W c

•
�FE�/ . � � ��� �im U E1w\j N�W�K$N EHGFC g N']
MOE$h
j N k A�B U N�X�N�BOBO`HM��$o ��������` U � G�N�`1COL
MON�B^o

πS]�E$j A�XU�$o�G�L U XYCOA E U `H]
]
MOE � A k `1COE$M"` U W IJ@,n']�E$j A�XU�'X^` U h�NiL�B_N�W R
•
S G / . � � ��� ��m U E�w\j�N^W�K$N~A�B)`��1`HA j�`Hh
j N$o^A C,X^` U h�N�A U X�E$MO]�E$My`1CON�W A U COE\C g N4@,n;BDCOMy`1CON^K!�
z�A R N R o�A U COE C g N;X�E U X�N^]�C"EHG U N^A K g h�E$MyBy|~E$M4A U COE C g N G�E$M k EHG�G�N�`1COL
MON�B�z6X�E U W�N U B_N�W
G�E$M k B�EHGiMON^K$L
j�`HMOA COA N�B^o�E$M A U �H`HMOA�` U X�N�By| R I�N�`1COL
MON�B k `$� j N�`$W COE ` U � - � (*+ �/.'�
MON�W�L�XYCOA E U EHG"C g N W�A k N U B_A E U EHG"C g N B_N�`HMyX g B_]�`$X�N Rte"g A�B ]
MOE$]�N^M_C���EHG p =$q	r)>
X^` U h�N `$W��H` U Cy`HK$N^E$L�B,COE E1�HN^MyX�E k NFX�E k ]
j N � A C�� ` U W C g N�W�A k N U B_A E U `Hj A C�� EHG�C g N
B_N�`HMyX g ]
MOE$h
j N k R,� �HN U �$N^M�� B_A k ]
j N"G�N�`1COL
MON�B T B_L�X g `$B,C g N k N�` U ` U W �1`HMOA�` U X�N
EHG~BDCy`1CON;�H`HMOA�`Hh
j N�B T X^` U h�NiL�B_N�W'NUS�N�XYCOA �$N^j � R

•
p =$q�r)> w4N^A K g CyB C g N G�N�`1COL
MON�B `HL�COE k `1COA�X^`Hj j �$o � ����� o�A C�X^` U B_N^j N�XYC C g N MON^j N^�H` U C
G�N�`1COL
MON�B\` U W W�A�BOX^`HMyW L U A k ]�E$M_Cy` U CFE U N�B R

� Rf�){}wU{}�K�A{U� q)tW��� �4�)�.wy���i�}wU�)�<P�X!{}wy�`�k� zi�.| �.�)~�d6]��iwUxy�.�`�`wy�}�W��zi�i� zi���W�.| � xr~4� {}wy�}�A{}� �.z��K�i�3��wr��wy�y�
�4�y~�zi�){k�)| ���y~C�E���A{}� �`� ~�xy�.z���wy�`�.wyzKxywG{}�iwy�.�`wy�k�E�)�LP�X0d1­K�.�"{}�i� �"�`w3�)�}�.z��6{}�iw��)�i�i�`�3�C� �4�A{}wy��) �.�)| �iwr�
� �izixr{}� �.z +C�f� | |?�Ww[x3�)| | wy� ) ­CVUO0O1�C�f�i� x��G�.wyziwy�}�A{�wy�L�}�4�)�S{f�`wy�`{��)�S{}�0+ d
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� � r����	>���� SVU BDCY`Hh�A�j A C��'EHG;p =$q	r)>

•
S G�C g N^MON A�Bi` BDCOMOL�XYCOL
MON A U C g N E$h"�VN�XYCOA �$N G�L U XYCOA E U o�C g N U p =$q�r)> k `$�tL U My`��HN^j
C g A�BFBDCOMOL�XYCOL
MONi` U W k `$� k `Hm$N;L�B_N;EHGJA C R
•
S G U EiBDCOMOL�XYCOL
MON"X^` U h�N�G�E$L U W	o�p =$q�r)> K$My`$X�N�G�L
j j �iW�N^K$My`$W�N�B�COEi`�B_A k ]
j N�My` U W�E k
MON�BDCy`HM_CFBDCOMy`1CON^K!� R


FE1w�N^�HN^M�o�p =$q	r)> `Hj�B_E g `$B\`�X�E$L
]
j N;EHGJW�A�BO`$W��H` U Cy`HK$N�B c

•
S C,A�B)L U BDCy`Hh
j N$o(��������A G�C g N�BDCOMOL�XYCOL
MON�EHG�C g N�@,n;B k E�EHC g N U N�W;E$h��VN�XYCOA �$N�G�L U XYCOA E U A�B
k E$MON;X�E k ]
j N � C g ` U C g NiXYj�`$BOB4EHG�G�L U XYCOA E U B�C g `1C�C g NiI�uF}�} X^` U `H]
]
MOE � A k `1CON$o
C g N U A CyB ]
MON�W�A�XYCOA E U B k `$� EaBOXYA�j j�`1CON�w\A j�W�j � ` U W X g `HEHCOA�X^`Hj j � `$B'A C g `$B'h�N^N U
N � ]�N^MOA N U X�N^W'h
� C g N `HL�C g E$MyB4C g N k B_N^j �$N�B"A U B_E k N;N U K$A U N^N^MOA U K `H]
]
j A�X^`1COA E U B R

•
S C�X^` U W�NU2 U A COA �$N^j � W�MOA G�C�`�w"`�� G�MOE k `Hj MON�`$W4��G�E$L U W K$E�E�W BDCy`1CON�B R ��N�X^`HL�B_N�C g N
k N k E$M�� EHG;p =Hq�r)> A�B"j A k A CON�W'COE C g NiI�uF}�}Jo�w g A�X g A�B\` MON�BDCOMOA�XYCON�W'A U BDCOE$My`HK$N$o
p =$q�r)> B_E k N�COA k N�B;X�E k ]
j N�CON^j �tG�E$MOK$N�CyBFC g N�h�N�BDC BDCy`1CON A C;G�E$L U W ` U W W�MOA G�CyB�COE
w�E$MyB_N4MON^K$A E U B)EHG�C g N\BDCy`1CON"B_]�`$X�N R,e"g A�BJ] g N U E k N U E U A�B~X^`HL�B_N�W h
�;C g N�G6`$BDC~h
L�C
h
A�`$B_N�W `H]
]
MOEa`$X g EHG4p =$q�r)> c u U n�[;o�G�E$MJN � ` k ]
j N$o k `$� BDCy`HM_C~` j E U KFCOMy`
�VN�XYCOE$M��
g `���A U K ` B_L
h4� E$]�COA k `Hj�j E
X^`Hj k A U A k L k R4e"g N;j E U K COMy`'�VN�XYCOE$M�� k `�� K$A �HN;MOA�B_N COE
B_A K U A 2�X^` U C k E�W�A 2�X^`1COA E U B�A U C g N;I�uF}�} ` U W B_L
h�B_N�1aL
N U C\n�[FB k `$� h�N COMy`H]
]�N�W
A U C g N `1C_COMy`$XYCOE$M MON^K$A E U EHG C g A�B j E�X^`Hj k A U A k L k R u B�` U N � ` k ]
j N$o�X�E U B_A�W�N�M
C g N MOL U EHG�p =$q	r)> A U I,A K$L
MON Q$R e"g N g E$MOA b^E U Cy`Hj�` � A�B'X�E$MOMON�B_]�E U W
B COE C g N
B_N�1aL
N U X�NFEHG	@,n MOL U B^o$C g NF�$N�M_CyA�X^`Hj
` � A�B�B g E1wFBJC g N\G�E$L U W�h�N�BDC4E$h��VN�XYCOA �$NF�1`Hj L
N�B
EHG C g N A U W�A ��A�W�L�`HjF@,n MOL U B R z � A�BOX�MON�CON W�EHCyB�`HMON'A U CON^MyX�E U
U N�XYCON�W COE N U
g ` U X�N
��A�B_A h
A j A C�� R | e"g N 2�MyBDC @,n MOL U B\]
MOE�W�L�X�N�W MON�B_L
j CyB `HMOE$L U W Q��!� o�C g N U C g N I�uF}�}
j N�`HM U N�W C g N BDCOMOL�XYCOL
MON EHG~C g N j E�X^`Hj)E$]�COA k `'` U WtKa`��$N h�N�C_CON^M;` U Wth�N�C_CON^Min�[FB R
u\G�CON^M'C g N

23rd
@,n MOL U o\C g N I�uF}�} BDCy`Hh
A j A b^N�W `1C

Obj = 13
o ` U W ` B_N k A �

BDCy`1COA E U `HM�� E$]�N^My`1COA E U w�N U C;L U COA jJC g N
83rd MOL U�R u�C;C g A�B�]�E$A U C�o g E1w4N^�$N^M�o�C g N

I�uF}�} h�N^Ka` U `iCOMy` U B_A N U C�h�N g `���A E$M�oaW�L
MOA U K w g A�X g
Obj

CON k ]�E$My`HMOA j � w�E$MyB_N U N�W
COE �$d v R u\G�CON^M�C g N COMy` U B_A N U C;w"`$B K$E U N `1C�C g N

96th
MOL U o�C g N62 U `Hj~BDCy`1COA E U `HM��

E$]�N^My`1COA E U h�N^Ka` U	R �FE G�L
M_C g N^M @,n G�E$L U W C g N�]
MON^��A E$L�B�E$]�COA k L k ` U � k E$MON R
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p =$q�r)> BDCy`HK U `1CON�W `HMOE$L U W E$h��VN�XYCOA �$N �1`Hj L
N�B\EHG d��
R R R d$d L U COA j)C g N ]
MOE$K$My` k w�`$B
BDCOE$]
]�N�W `1G�CON^M

106 N^�H`Hj L�`1COA E U B R
•
� �$N U A G BDCOMOL�XYCOL
MON A�B ]
MON�B_N U C�o\A C k `�� MON k `HA U L U E$h�B_N^MO�$N�W	o"A GiC g N�I�uF}�} A�B
L U `Hh
j N;COE MON^]
MON�B_N U C"A C R�e"g N^MON�G�E$MON$oaC g N X g E$A�X�N;EHG)C g N I�uF}�} A�B\A k ]�E$M_Cy` U C R

•
p =$q�r)> A�B�A U
g N^MON U COj �iB_N^MOA�`Hj R)e"g N�I�uF}�} A�B�MON�COMy`HA U N�W;w g N U C g N�@,n;A�B,X�E k ]
j N�CON�W
z�h�N�X^`HL�B_NiMON�COMy`HA U A U K�MON�1aL
A MON�B�C g N h�N�BDC �1`Hj L
NiG�E$L U WtW�L
MOA U K C g N @,n
|Yo
C g N IJ@,n
BDCy`HM_CyBJw g N U MON�COMy`HA U A U K�A�B�X�E k ]
j N�CON�W	oa` U W C g NF@,n BDCy`HM_CyBJw g N U C g NFX�E k ]
j N�COA E U
EHG�C g N�IJ@,n�K$N U N^My`1CON�B;` MON�BDCy`HM_C;]�E$A U C R�e"g N^MON�G�E$MON$o~p =Hq�r)> A�B U EHCi]�`HMy`Hj j N^jJA U
A CyBFX�L
MOMON U C"G�E$M k R

� U C g NiEHC g N^M g ` U W	o
K$N U N�COA�X;`Hj K$E$MOA C g
k B g `��$N�C g N;G�E$j j E�w\A U K�`$W��H` U Cy`HK$N�B c

•
e"g N � `HMON MOE$h
L�BDC COE U E$A�B_N ` U W CyMy` U B_A�N U CyB R n�A U X�N C g N ]�E$]
L
j�`1COA E U X^` U BDCOE$MON
]�`$BDC\MON�B_L�j CyB^o�` U W�C g L�B�C g N U N^w ]�E$]
L
j�`1COA E U W�N^]�N U W
B U EHC\E U j ��E U C g NiX�L
MOMON U C
BDCy`1CON$o~h
L�C�`Hj�B_E E U C g N ]�`$BDC�o4s;u ]�N�M_G�E$M k B ` m�A U W EHG\CON k ]�E$My`Hj4A U CON^K$My`1COA E U
W�L
MOA U KtC g N'B_N�`HMyX g�R e"g N^MON�G�E$MON$o~s;u X^` U h�N k `$W�N MOE$h
L�BDC `HKa`HA U BDC U E$A�B_N ` U W
A U G�MON�1aL
N U C\COMy` U B_A N U CyB R s;u g `$B�C g Ni]�EHCON U COA�`Hj�COE BDCy`�� A U K$E�E
W MON^K$A E U B�EHG

X
R

•
e"g N �t`HMONi]
MOE1�$N U COE'X�E U �HN^MOK$NiA U C g N j A k A C;` U W COE k `Hm$N L�B_N EHG~A k ]
j A�X�A C;]�`HM��
`Hj j N^j A�B k R z{n�N^N ��� � ��� �"`HL k N�C `Hj R o Q��$�a��� ` U W'MON�G�N^MON U X�N�B�C g N^MON^A U�R |

•
e"g N � X^` U h�N `H]
]
j A N�W COE ` U � E$]�COA k A b�`1COA E U ]
MOE$h
j N k o�w\A C g E$L�C ` U � / . � � ��� �
m U E1w\j N�W�K$N R


FE�w�N^�$N^M�oaC g N � g `��HN�C g N;G�E$j j E1w\A U K�W�A�BO`$W��1` U Cy`HK$N�B c

•
e"g N�NUS�N�XYCOA �$N U N�BOB"W�N^]�N U W
B g N�`���A j � E U C g N;N U X�E�W�A U K EHG,BDCy`1CON�B R �tEaBDC U EHCy`Hh
j �$o
C g N MON�X�E k h
A U `1COA E U E$]�N^My`1COA E U w�E$MOm�B"NUS�N�XYCOA �$N^j �'E U j �'A GJC g N N U X�E�W�A U K�N U `Hh
j N�B
C g NiA�W�N U COA 2�X^`1COA E U EHG"z�j E�EaB_N^j � A U CON^My`$XYCOA U K�| k E�W�L
j N�B"A U C g NiK$N U E k X�E�W�N R
•
e"g NiNUS�N�XYCOA �$N U N�BOB\W�N^]�N U W
B g N�`���A j ��E U ]�`HMy` k N�CON^M\B_N�C_COA U KaB R

•
s;u EHG�CON U X�E U �$N^MOK$N�B~�$N^M�� B_j E�w\j � h�N�X^`HL�B_NFEHG�C g N g A K g U L k h�N^M�EHG�L U
U N�X�N�BOBO`HM��
X�E k ]
L�Cy`1COA E U B z�w g A�X gtk `$�'h�N ]�`HM_COj � `1C_COMOA h
L�CON�W COE `Hj�B_E G�E$j j E�w\A U K U EHC MON�`Hj j �
]
MOE k A�B_A U K�W�A MON�XYCOA E U By| R e"g A�B A�B ` U N^Ka`1COA �$N'B_A�W�NU� NUS�N�XYC EHG\C g N A U CON^K$My`1COA E U A U
COA k N W�E k `HA U o�` U W'C g L�B"C g N;]
MOA�X�N;G�E$M\MOE$h
L�BDC U N�BOB R
•
e"g N ]�E$]
L
j�`1COA E U EHG�CON U K$N�CyB W�N^K$N U N^My`1CON�W	o ��������C g N ]�E$]
L
j�`1COA E U j EaB_N�BFA CyB;W�A �HN^M��
B_A C�� R,SVU C g A�BJX^`$B_N$o1B_E k N4K$E�E�Wih
L�C U EHC U N�X�N�BOBO`HMOA j ��E$]�COA k `Hj$COMy`HA CyB,B_]
MON�`$Wi`$X�MOEaBOB
C g Niw g E$j N;]�E$]
L
j�`1COA E U o�]
MON^�HN U COA U K G�L
M_C g N^MFN � ]�j�E$My`1COA E U�R

n�E k N"EHG�C g N\W�A�BO`$W��H` U Cy`HK$N�B,EHG	s;u X^` U h�N\X�E k ]�N U BO`1CON�W L�B_A U Ki@,n�B � � j�W�N^M\N�C `Hj R o Q��$� � o
�i` k k N �HN^M\` U W���N^j N^wio Q��$�$� o�I
MON^A�B_j N^h�N U ` U W��tN^MOb$o Q��$��Z o � E$M U Ni` U W�
 `HE�o Q��$� v � o�`$B
A C g `$B�h�N^N U k N U COA E U N�Wih�N�G�E$MON R)e"g A�B,X g ` U K$N4X^` U h�E�EaBDC�C g N�]�N^M_G�E$M k ` U X�N~EHG�s;u R1e"g A�B)A�B
A U `$X�X�E$MyW
` U X�N\w\A C g MON�X�N U C4MON�B_L
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C g N C���]�N ` U W B_A b^N EHG�C g N I�uF}�}Jo)h
L�C
tLS

X^` U h�N X g EaB_N U j�`HMOK$N N U E$L
K g COEt`Hj j E1w C g N
L�B_N;EHGJ` U `HMOh
A COMy`HM�� U L k h�N�MFEHG,]
MOE�X�N�BOB_E$MyB�` U W `$X g A�N��$Ni`Hj k EaBDC"j A U N�`HMFB_]�N^N�W
� L
] R u B\`
X�E U B_N�1aL
N U X�N$o�C g N COMy`
�VN�XYCOE$M�� EHG�` U @,ntMOL U w\A j j U EHCih�N L�B_N�W A k k N^W�A�`1CyN�j � COE MON�COMy`HA U
C g N I�uF}�}~o�h
L�CFA U C g Niw4E$MyBDCFX^`$B_N�E U j � `1G�CON^M

tLS

COA k N R
� U C g N\EHC g N^M g ` U W	o$A G�C g N U L k h�N^M~EHG�]
MOE�X�N�BOB_E$MyB,`��H`HA j�`Hh
j N�A�BJK$A �HN U ` U W C g N\E$]�COA k `Hj

U L k h�N^M EHG h�`1CyX g N�W @,n ' IJ@,n MOL U B^o ������� o
tLS

o B g E$L
j�W h�N W�N�CON^M k A U N�W	o z d |'X^` U h�N
MON^] g My`$B_N�W c
z6Pa|

tLS ≥ (k − 1) · tR
e E L�B_N�C g N;COMy`'�VN�XYCOE$MOA N�B�EHG)C g N @,n'MOL U B\`$B"B_E�E U `$B"]�EaBOB_A h
j N$o

tLS

B g E$L
j�W'h�N X g EaB_N U `$B
B k `Hj j�`$B"]�EaBOB_A h
j N;h
L�C BO`1COA�BDG8��A U Ktz6Pa| R

� R 9;:)<)? � �)>&��q�= � :)<)? :)<Z��q�= � :)<	q�� � � : � ��>
SVU k ` U � X^`$B_N�B^o,A C A�B ]�EaBOB_A h
j N�C g `1C w�N'X^` U G�E$M k L
j�`1CON'X�E U BDCOMy`HA U CyBiA U C g N G�E$M k EHG

B_EHG�C BO`1COA�B�2�`Hh
j N A U BDCy` U X�N�B R e"g NtN�`$B_A N�BDC A�B COE ]
MOE���A�W�NtX�EaBDC G�E$M�N^�$N^M�� X�j�`HL�B_Nt` U W COE
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� � r?���	>*) � }~`HMy`Hj j N^j�N � N�X�L�COA E U EHGFC g N s;u�n `Hj K$E$MOA C g
k A U C g N ]
MOE��
]�EaB_N�W `HMyX g A CON�XYCOL
MON�G�E$MFP ]
MOE
X�N�BOB_EHMyB

B_N�`HMyX g G�E$M�j E1w X�EaBDC"B_E$j L�COA E U B R 
 `HMyW X�E U BDCOMy`HA U CyB4w\A j j g `��HNFCOE N ��g A h
A C\X�EaBDCyB^oaw g A�X g `HMON
/ 8 � .'� +(� � � !��)� 1 � o
w g N^MON�`$B4B_EHG�C\X�E U BDCOMy`HA U CyB k `$��`$BOB_L k N MON�`Hj�X�EaBDCyB4A U CON^M k B4EHG,W�E$j j�`HMyB^o
E$M;COA k N R l N g `��$N�BDCOL�W�A N�W B_L�X g N � ` k ]
j N�B�G�E$M�p =$q	r)> ` U W�G�E$M ��q�Y&Y B W�N^�$N^j E$]�N�W E U
W�A S�N^MON U C;]
MOE$h
j N k G6` k A j A N�B R ��q�Y&Y B EHG4W�A S�N^MON U C;]�MOE$h
j N k G6` k A j A N�B w�N^MON X�MOEaBOB X g N�Xym$N�W
`HKa`HA U BDC�N�`$X g EHC g N^M R n�L�X g E$]�COA k A b�`1COA E U B g E$L
j�W h�N�`Hh
j NFCOE 2 U W � / + � ��� /�1 ( �)� � ( � !;k L�X g
G6`$BDCON^M"C g ` U E$]�COA k `Hj)B_E$j L�COA E U B R
e"g Ni]�`HM_COA�X�L
j�`HM�G�N�`1COL
MONiB_N�CFEHG,E$L
M\]
MOE$h
j N k B"w�N^MONiX g EaB_N U `$B�G�E$j j E1wFB c

•
]
MOE$]�E$M_COA E U EHGJX�j�`HL�B_N�B\X�L
MOMON U COj � L U BO`1COA�B�2�N�W

•
]
MOE$]�E$M_COA E U EHGJX�j�`HL�B_N�B\BO`1COA�B�2�N�W'h��'N � `$XYCOj � Q �1`HMOA�`Hh�j�N

•
]
MOE$]�E$M_COA E U EHGJX�j�`HL�B_N�B\BO`1COA�B�2�N�W'h��'N � `$XYCOj � d �1`HMOA�`Hh�j�N

•
]
MOE$]�E$M_COA E U EHG,�1`HMOA�`Hh
j N�B4C g `1CFw�E$L
j�W'h
MON�`Hm'` X�j�`HL�B_N;A G #�A ]
]�N�W

•
. � � . ���;+ � ��� ��+ +(� �	.�/ � �:/ 8 1 � ! � + � � � � + � ( /�1 +,� +(� �%� � � � � + �:/�1-, � /'�/.'�/. ! � + + � � �

�~� ]�N^MOA k N U CyB\E U�� My`1COA E U `Hj	X g E$A�X�N$�
X^` U h�N�G�E$L U W A U n�L
h�B_N�XYCOA E U ��R d�R

��R10 	 Y � � � ��q�� >32aq����	qa= � :)<
��R Q$R �-4^A�9a-15@F`9�.�(�56. & L�5�(�*B�	(�G"&�9�.,562 ��u CON�BDC�� ]
MOE$K$My` k w"`$B�A k ]
j N k N U CON�W	oFw g A�X g
w�`$B `Hh
j N;COE'B_E$j �$N BO`1COA�B�2�`Hh
A j A C��']
MOE$h
j N k B\w\A C g W�A S�N^MON U C g N^L
MOA�BDCOA�Xi`Hj K$E$MOA C g
k B R"e"g N�B_N
`Hj K$E$MOA C g
k BJA U X�j L�W�N � 5 p =Hq�r)> L�B_A U K l `Hj m
n�`1C�`$B~j E�X^`Hj�B_N�`HMyX g % ��� 5;s;u�n�`$B�W�N�BOX�MOA h�N�W A U
n�N�XYCOA E U P)%������ 5 ` B_]�N�X�A�`Hj��$N^MyB_A E U EHG)K$N U N�COA�X�`Hj K$E$MOA C g
k o�X^`Hj j N�W s;uJwF[F[io�L�B_A U K My` U W�E k
MON�BDCy`HM_CyB `$B ` B_]�N�X�A�`Hj k L�Cy`1COA E U E$]�N�My`1CyE$M&% �/.�5 ` U W G�E$M C g N�BO`Hm$N EHGiX�E k ]�`HMOA�B_E U C g N
]
L
MON l `Hj m
n�`1Ci`Hj K$E$MOA C g
k w\A C g�k L
j COA ]
j N My` U W�E k MON�BDCy`HM_CyB z6B_N^N C g N uF]
]�N U W�A � G�E$M C g N
]�B_N^L�W�E�� X�E
W�N�EHG,C g N�B_Ni`Hj K$E$MOA C g
k By| R
e"g N�B_N `Hj K$E$MOA C g
k B g `��$N j EHCYB EHG�A U
U N^M�]�`HMy` k N�CON^MyB\C g `1C;X^` U A U #�L
N U X�N C g N^A M;]�N^M_G�E$M��

k ` U X�N W�My`$BDCOA�X^`Hj j � R'S C w"`$B U EHC A U CON U W�N�W COE�2 U NU�{COL U N C g N k G�E$M C g N'`$XYCOL�`Hj4]
MOE$h
j N k
z�w g A�X g A�B^o	A U G�`$XYC�o,` U EHC g N^M;B_N�`HMyX g ]
MOE$h
j N k |Yo�B_E k EaBDCiEHG4C g N�B_N ]�`HMy` k N�CON^MyB w4N^MON�B_NYC
COE�` W�N�G6`HL
j CF�H`Hj L
Ni` U W C g N �'MON k `HA U N�W'L U X g ` U K$N�W'A U E$L
M"CON�BDCyB R

� U NFN � X�N^]�COA E U A�B~C g N (*��+,��- ]�`HMy` k N�CON^M�EHG�C g N l `Hj m
n�`1C�`Hj K$E$MOA C g
k o$w g N^MONFw�NFCOMOA N�W
CVw�E �$N^MyB_A E U B R n�A U X�N `Hj j)EHGJC g N�B_N `Hj K$E$MOA C g
k B\L�B_N l `Hj m
n�`1C�`$B"C g N^A M�A U
U N^M j�E�X^`Hj)B_N�`HMyX g
g N^L
MOA�BDCOA�XHo$A C�A�B�` U A U ]
L�C4]�`HMy` k N�CON^MJG�E$M~C g NFw g E$j N"]
MOE$K$My` k R,e"g N-2�MyBDC��$N^MyB_A E U A�B�X^`Hj j N�W
1 ��� ��6!7/8~w g N^MON (*��+,��- A�B B_N�C COE

1/number 9 of 9 clauses 84w g A j N A U�!��)���;+ 6!7 A C A�B B_N�C
COE

min(0.5, 100/number : of : clauses) R n�E k N�EHG�C g N�CON�BDCyB�w�N^MON;`$W
W�MON�BOB_N�W COE W�N�X�A�W�Nw g N�C g N^M !��)���;+ 6!7 E$M 1 ��� ��6!7 A�B\h�N�C_CON^M\G�E$M\E$L
M"h�N U X g
k `HMOm ]
MOE$h
j N k B R
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e"g NiMON k `HA U A U K ]�`HMy` k N�CON^MyB�w�N^MONiX�E U 2�K$L
MON�W'`$B�G�E$j j E1wFB c

•
e"g N � �*1 + /']
`HMy` k N�CON^MFEHG l `Hj m
n�`1C w"`$BFB_N�C COE b^N^MOE�o�B_E�C g `1C l `Hj m
n�`1C h�N�X^` k N
` B_A k ]
j N;@,n�BDCOMy`1CON^K!� L U `Hh
j NFCOE j N�`��$N j E�X^`Hj�E$]�COA k ` R~e"g N .�/ + ��� � ( �;]�`HMy` k N�CON^M
w"`$B\B_N�C"COE Q��!� oaC g N � � � ! � w�`$B\B_N�C\COE �
R d$��R

•
SVU C g N�siuJwF[F[ ` U W s;u�n `Hj K$E$MOA C g
k B^o�C g N � � ( ��� 8 � � / + � ��� � / + �tw"`$B�B_N�C�COE
P ��� z�������� Z5��� EHG�C g N U N^w ]�E$]
L
j�`1COA E U A�B�X�MON�`1CON�WtL�B_A U K MON�X�E k h
A U `1COA E U |Yo�C g N
!;+ / � � � � !�� / + �\w"`$B~B_N�C~COE ��� %$C g N ! / .'� � 8 � !;+ .)/ �;+ EHG�C g N\]�E$]
L
j�`1COA E U w�`$B g N U X�N
d$��� R u U EHC g N^M A�W�N�` w"`$B"COE�MON^j � k E$MONiE U C g N I�uF}�}Jo�B_E W A U `�B_N^]�`HMy`1CON;N � �
]�N^MOA k N U C W w4N�A U X�MON�`$B_N�W C g N !;+ / � � � � ! � / + � COE Z5��� ` U W'X�E k ]
j N�CON^j ��E k A C_CON�W
MON�X�E k h
A U `1COA E U�R"e"g A�BF�$N^MyB_A E U w"`$BFX^`Hj j N�W s;uJw naCy`HK$N U A�B�� U E�� MON�X�E k h R"e E A j j L�B��
COMy`1CON"C g NF]�E1w�N�M�EHG�C g N�B_NF`Hj�K$E$MOA C g
k B,w�NF`Hj�B_E;My` U ]
j�`HA U s;u z !;+ / � � � � !�� / + ��� ���
` U W w\A C g E$L�C @,n
| R

•
p =$q�r)> L�B_N^W ` 1aL�`$W�My`1COA�X;I�uF}�} R

e E\h�N4`Hh
j N~COE X�E k ]�`HMON,C g N�B_]�N^N�Wi` U W;NUS�N�XYCOA �$N U N�BOB�EHG�C g N�B_N4`Hj K$E$MOA C g
k B^o^w�N�A U COMOE�W�L�X�N�W
k `$X g A U NU� A U W�N^]�N U W�N U C BDCON^]4� ]�`HMy` k N�CON^MyB c

� ���4G&D62?
 e"g A�B;X�E$L U CON^M;A�B�C g N U L k h�N^MiEHG�N^�1`Hj L�`1CON�W�BDCy`1CON�BiX�E$L U CON�W B_N^]�`HMy`1CON^j �
h�EHC g G�E$MF@,n ` U W G�E$MFIJ@,n R

� ���[
 e"g A�B�X�E$L U CON^M�A�BJC g N U L k h�N^M4EHG	@,n MOL U B^oaX�E$L U CON�W�B_N^]�`HMy`1CON^j � h�EHC g G�E$M~C g N
@,n ` U W G�E$MFIJ@,n R

� +(9�.,2?
 e"g A�B X�E$L U CON^MFA�B\C g N U L k h�N^M�EHG~K$N U N^My`1COA E U B"G�E$M�siuxC���]�N `Hj K$E$MOA C g
k B^o
E$M"C g N U L k h�N^M\EHG~XU��X�j N�B�G�E$M;p =Hq�r)> o
MON�B_]�N�XYCOA �$N^j � R

e"g N CON^M k A U `1COA E U X�MOA CON^MOA�`tEHGFC g N ]
MOE$K$My` k X^` U h�N N � ]
j A�X�A COj � B_N�C h
� k N�` U B EHG\C g N�B_N
X�E$L U CON^MyB RJSVU k EaBDCFX^`$B_N�B^o

107 . . . 108 BDCy`1CON;N^�1`Hj L�`1COA E U Biz
	�� .�/�1 ! |"w�N^MONi`Hj j E1w�N^W R
e E B_L k L
] c w�N My` U C g N G�E$j j E�w\A U K `Hj K$E$MOA C g
k B c p =$q	r)> o)s;u�n�o	s;uJwF[F[io�]
j�`HA U s;u o

s;u�n�� U E�� MON�X�E k h�` U W l `Hj m
n�`1C R,S C�w4E$L
j�W h�NFA k ]�EaBOB_A h
j N"COE X�E k ]
MON�BOBJC g NFMON�B_L
j CyB�EHG�`Hj j
C g N B_A � `Hj K$E$MOA C g
k BFA U E U N Cy`Hh
j N E$M 2
K$L
MON$o�B_E'A U�k EaBDCiX^`$B_N�BFC g N MON^j N^�1` U C�MON�B_L
j CyB;`HMON
B g E�w U COE�A U X�MON�`$B_N���A�B_A h
A j A C�� R
SVU C g N X^`$B_N EHG�C g N g `HMyW�N^M;]
MOE$h
j N k B U E U N�EHG4C g N `Hj K$E$MOA C g
k B�w"`$B;`Hh
j N CyE(2 U W ` U

N � `$XYCJB_E$j L�COA E U�R)SVU COL
M U o1A CJA�BJB_N U B_N^j N�BOB�COE�W�NU2 U N4C g N"MOL U
U A U KFCOA k N�EHG
C g N�B_N"`Hj K$E$MOA C g
k B&%
C g N � w4N^MON BDCOE$]
]�N�W `1G�CON^M ` ]
MON�W�NU2 U N�W U L k h�N^M EHGFBDCON^]�B R 
 E�w�N^�$N^M�o)w�N U EHCON�C g `1C A C
Cy`HmHN�B;C g N k `H]
]
MOE � A k `1CON^j ��` W
`$� COE k `HmHN

108 BDCON^]
B z0� �����JN^�1`Hj L�`1CON�W BDCy`1CON�By|�E U C g N
j�`HMOK$N�BDC"]
MOE$h
j N k B R
I
E$M	C g N~CON�BDCyB^o^C g N4BO`1COA�B�2�`Hh
A j A C�� h�N U X g
k `HMOm�B�G�MOE k C g N � S � u � n;`HMyX g A �HN � � S � o Q��$�ad��

w4N^MON�L�B_N�W R � U j �;BO`1COA�B�2�`Hh
j N~A U BDCy` U X�N�B�w�N^MON�X�E U B_A�W�N^MON�W	o�h�N�X^`HL�B_N~A U C g A�B,X�`$B_N~C g N4K$j E$h�`Hj
E$]�COA k L k A�B;m U E�w U A U `$W��1` U X�N R SVU C g N�X^`$B_N EHG4L U BO`1COA�B�2�`Hh
j N ]
MOE$h
j N k B�A C;A�B g `HMyWtCOE
�1`Hj L
N�C g N�G�E$L U W h�N�BDC B_E$j L�COA�E U o~B_A U X�N A C B g E$L
j�W h�N'X�E k ]�`HMON�W�COEtC g N'MON�`Hj�E$]�COA k L k o
w g A�X g A�B\L U m U E1w U�R
e"g N MON�B_L
j CyB4EHG	C g N 2�MyBDC k `$BOB�CON�BDCyB�X^` U h�N�B_N^N U A U'e `Hh
j N d oaw g A�X g A�B4j E
X^`1CON�W�`1C4C g N

N U WtEHG~C g N ]�`H]�N^M�o�W�L
N COE'A CyB�B_A b^N R e"g N�B_N CON�BDCyB X�E U B_A�BDC�EHG�h�EHC g N�`$B�� z�����
�� ��� 8 ����� � /�
�8
����� � ( � 8 ������/�� 8 ����� 8 ��|4` U W g `HMyW�N^MFz +�������� 8 .)/ � 
���o�.)/ � � � |�]
MOE$h
j N k BJCOE W�N�CON�XYC�C g NFj A k A CyB
EHG4N�`$X g `Hj K$E$MOA C g
k R �FEHCON C g `1CiE$L
M�K$Ea`Hj,A�B COE W�N^�$N^j E$] `']�`HMy`Hj j N^jJ`Hj K$E$MOA C g
k o�w g N^MON�`$B
CON�BDC MON�B_L
j CyBFMON*#�N�XYC ]�N^M_G�E$M k ` U X�NiE U B_N^MOA�`Hj k `$X g A U N�B R\S C�X^` U h�N B_N^N U C g `1C C g N B_A k ]
j N
l `Hj m
n�`1C�A�B �$N^M�� NUS�N�XYCOA �HN E U B k `Hj j N^M ]
MOE$h
j N k B^o	`Hj C g E$L
K g A C;X^` U G6`HA j,E U h�EHC g C���]�N^B R
S C�X^` U h�N BDCy`1CON�W C g `1C l `Hj m
n�`1C4A�B�`iK$E�E
W g N^L
MOA�BDCOA�X"G�E$M4B_E$j ��A U K BO`1COA�B�2�`Hh
A j A C�� ]
MOE$h
j N k B^o
B_E A C�A�B w4E$M_C g L�B_A U K A C�A U C g N k E$MON X�E k ]
j N � `Hj K$E$MOA C g
k BF`$B�@)n g N^L
MOA�BDCOA�X R I
MOE k U E1w
E U w�N G�E�X�L�B;E U ]
MOE$h
j N k B^o	w g A�X g `HMON g `HMyW�N^M�G�E$M l `Hj m
n�`1C�o)` U W A U �$N�BDCOA Ka`1CON g E1w C g N
EHC g N^MF`Hj K$E$MOA C g
k B�]�N^M_G�E$M k R
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� q��2�a>���� n�L k k `HM�� EHG)C g NiMON�B_L
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Averaged Best Objective V1.7 (shortLS, test case: par16−1)
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Stage (8)                      
GAwStagenis default (7)        
GAwStagenis default gen.step   
GAwStagenis no−recomb. (2)     
GAwStagenis no−recomb. gen.step
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Best/Worst case runs (shortLS, test case: par16−1)
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Averaged Best Objective V1.7 (longLS, test case: par16−1)

Stage (2)                      
GAwStagenis default (7)        
GAwStagenis default gen.step   
GAwStagenis no−recomb. (3)     
GAwStagenis no−recomb. gen.step
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M'`
]
MOA E$MOA�m U E�w\j N�W�K$Ni`Hh�E$L�C"C g N;]
MOE$h
j N k |�` U W C g N B_N�`HMyX g `Hj K$E$MOA C g
k o�w g A�X g `HA k B�COE62 U W
` K$j E$h�`Hj k A U A k ` K$A �$N U E$L
M;m U E1w\j N�W�K$N R e"g A�BiB_N�`HMyX g `Hj K$E$MOA C g
k A�B ` B_]�N�X�A�`HjJG�E$M k EHG
g A j j �VX�j A k h
A U K�o~X^`Hj j N�W B_A k L
j�`1CON�W ` U
U N�`Hj A U K z{n�u�|Yo,w g A�X g k `Hm$N�BiL�B_N�EHG � �%� � �)8 �����)� � ��!
` U W ! �*1 � (*+ � ����R I
L
M_C g N^M `Hj K$E$MOA C g
k Biw4N^MON W�N^�$N^j E$]�N�W z�A U CON^MON�BDCOA U K$j �$oJB_E k N�COA k N�B 1aL
A CON
A U W�N^]�N U W�N U COj �
|�o�w g A�X g A k ]
MOE��$N�WtE U C g N E$MOA K$A U `Hj)A�W�N�`$B RiSVU Q���ZH� 
FE$j j�` U W ]
L
h
j A�B g N�W
` h�E�E$m�oFA U w g A�X g g N A U COMOE�W�L�X�N�W K$N U N�COA�X�`Hj K$E$MOA C g
k B�� 
FE$j j�` U W	o Q���ZH��� o�[\N�X g N U h�N^MOK
W�N^�HN^j E$]�N�W N^�HE$j L�COA E U `HM��tBDCOMy`1CON^K$A N�B � [\N�X g N U h�N^MOK�o Q���Z P � R � �$N^MiB_A U X�N$o)`'j�`HMOK$N h�E�W4� EHG
MON�B_N�`HMyX g g `$B"h�N^N U W�N^�$EHCON�W COE C g N�B_NiA�W�N^`$B R I
E$M\` U MON�X�N U C\MON^��A N^wio�B_N^N � n g `HMO]�N$o d��!�!��� o
` U W;C g N"w4N^h � X�A C�o � R,SVU CON^MON�BDCOA U K$j �$o�A C�B_N^N k B�COE�L�B)C g `1C �tE U CON � `HMOj E BO` k ]
j A U K k N�C g E
W
B
`HMON U EHC X�E U B_A�W�N^MON�W'`$B"]�`HM_C\EHG,C g A�B-2�N^j�W R
u U EHC g N^M4w\A�W�N^j � L�B_N�W E$]�COA k A b�`1COA E U CON�X g
U A 1aL
N k `Hm$N�B~L�B_NFEHG�`iB_]�N^X�A�`Hj
G�E$M k EHG�G�L U XV�

COA E U `H]
]
MOE � A k `1COE$MyB�z6I�uF}�}4By|Yo�` U W `$B"B_L�X g A C g `$B"A CyB"E$MOA K$A U `1C"C g Ni�HN^M�� h�N^K$A U
U A U K EHG
k `1C g N k `1COA�X^B R,e"g A�B,]�`HM_COA�X�L
j�`HMJ`HMON�`FEHG�I�uF}�}4B^oa`HM_COA 2�X�A�`Hj U N^L
My`Hj U N�CDw4E$MOm�B�z{u#�#� By|�G�N�`5�
COL
MON~j E�X^`HjHj N�`HM U A U K"MOL
j N�B�` U W g `$B	BDCy`HM_CyN^W�N�`HMOj A N^M�C g ` Ui� n�u�� � X � L
j j E�X g ` U W }�A C_CyB^o Q�� � P � R
u U N � X�N^j j N U CJA U COMOE�W�L�XYCOE$M��;h�E�E$m�COE C g A�BJ`Hj K$E$MOA C g
k G6` k A j � g `$B)h�N^N U ]
L
h
j A�B g N�W MON�X�N U COj �
� 
 `���m�A U o Q��$�$��� R
��N^j E1wio�w4N MON^��A N^w `�G6` k A j A N�B EHG�`Hj�K$E$MOA C g
k B^o�w g A�X g A U CON U WtCOE L U A G8� C g N�B_N CVw�E W�A�B��

COA U XYCiMOE$L�CON�B R � U N B_]�N�X�A 2�X MOE$L�CON W�N�`Hj�B�w\A C g C g N ! �*1 � (*+ � ��� z�C g A�B;A�B;` U�� n�u CON^M k | EHG
� �%� � � +:! z�C g A�B�A�B;` U u#�#� CON^M k | Rie"g A�B;W�A MON�XYCOA E U EHG4`Hj K$E$MOA C g
k W�N^�HN^j E$] k N U C�A�B;X^`Hj j N�W
N^�HE$j ��A U K `HM_COA 2�X�A�`Hj U N^L
My`Hj U N�CDw�E$MOm�B z � u#�#� By| R I�E$Mi`'MON�X�N U CiMON^��A N^w E U � u#�#� B^o,B_N^N
� �4`HE�o Q��$�$��� | R
e"g N'MOE$L�CON�w�N�G�E$j j E1w A�B B_N^N k A U K$j � W�A S�N^MON U C R SVU E$L
M `H]
]
MOEa`$X g C g N X�EaBDC G�L U XYCOA E U

A�B�`H]
]
MOE � A k `1CON�W ` U W C g N B_N^j N�XYCOA �$Nt`Hj K$E$MOA C g
k A�B�L�B_N�W COE BDCy`Hh
A j�A b^N k L
j COA ]
j N$o"]�EaBOB_A �
h
j � K$j E$h�`Hj j � E$]�COA k `Hj{o"B_E$j L�COA E U B � R e"g NtI�uF}�} EHG p =Hq�r)> � ��E$�a` U ` U W��tE�E$MON$o Q��$� v�o
��E$�a` U ` U W��tE�E$MON$o d��!�!��� MON^]
MON�B_N U CyB4C g N;j E�w-�{G�MON�1aL
N U XU��MON^K$L
j�`HMOA COA N�B4EHG)C g NiX�EaBDC�G�L U XV�
COA E U�R 
FA K g G�MON�1aL
N U X�A N�B	CON U W�COEFh�N4B k N�`HMON�W�h
�;X�E U BDCOMOL�XYCOA E U�c COEFN�`$X g B_N�`HMyX g COMy`
�VN�XYCOE$M��
C g N"h�N�BDC~�1`Hj L
N�EHG�C g `1CJCOMy`'�VN�XYCOE$M��iA�B,MON U W�N^MON�W h�N�G�E$MON"`H]
]
MOE � A k `1COA U KFC g N\X�EaBDC,G�L U XYCOA E U�R

� U N k A K g C `$B_m g E1wTC g A�Bt`H]
]
MOEa`$X g w4E$MOm�B E U �F}E�VX�E k ]
j N�CON ]
MOE$h
j N k B R S C g `$B
h�N^N U m U E1w U z6B_N^N N R K R o � s�E k N�B"N�C `Hj R o Q��$� v�o,s�E k N�B"N�C `Hj R o d��!�!��� | C g `1C �F}E�VX�E k ]
j N�CON
B_N�`HMyX g N�BJEHG�CON U�g `��HN g N�`��
� Cy`HA j�B R,SVU COL
M U oaA C g `$B~h�N^N U B_L
K$K$N�BDCON�W h
� C g N � E$M U N^j j
K$MOE$L
]
� s�E k N�B"N�C `Hj R o Q��$� v�o�s�E k N�B"N�C `Hj R o d��!�!��� C g `1C"My` U W�E k A b^N�W'B_N�`HMyX g z�My` U W�E k MON�BDCy`HM_CyBy|
A�B `H]
]
MOE$]
MOA�`1CON G�E$MiC g A�B;G6` k A j � R l N MON^j�`1CON C g A�B E$h�B_N^MO�1`1COA E U COE C g N � � E I
MON^N @�L U X g �
z�� IJ@,| e"g N^E$MON k EHG�E$]�COA k A b�`1COA E U � l E$j ]�N^M_C ` U W�� `$X�MON�`$W4�$o Q��$��Z%� ` U WtMON�`$W C g N � IJ@
e"g N^E$MON k h�`$Xym�w�`HMyW
B c,S GJw�N g `��HNi` U L
]
]�N^M\j A k A C\G�E$M"C g N W�L
My`1COA E U EHG,C g NiB_N�`HMyX g C g N U
A C;A�B�h�N�C_CON^M�COE � /��,� � ! � EHG4C g N � IJ@ e"g N^E$MON k ` U W U EHC B_]�N U WtCOE�E k L�X g COA k N w\A C g
j E U K B_N�`HMyX g N�B R
p =$q�r)> g `$BJ` U A U CON^MON�BDCOA U K�]
MOE$]�N^M_C���G�MOE k C g A�BJ]�E$A U CJEHG���A N^w RJe E�B_N^N�A C�o$X�E U B_A�W�N^M)C g N

N � ]�N^MOA k N U CyB�W�N^]
A�XYCON�W A U I,A K R�d$��Rie"g N 2�K$L
MON�B�B g E�wFB�P � A U W�N^]�N U W�N U C X�E k ]
L�Cy`1COA E U B
BDCy`HM_CON�W L
B_A U K naCy`HK$N"` U W d$� A U W�N^]�N U W�N U C�X�E k ]
L�Cy`1COA E U B,G�E$M4s;u w\A C g naCy`HK$N U A�B\z{s;u�n
| R
n�j E�w A k ]
MOE1�$N k N U CyBFX^` U h�N B_N^N U A U C g N 2�K$L
MONiW�N^]
A�XYCOA U K naCy`HK$Nih�N �$E U W A CON^My`1COA E U

4×
104 R I
E$M\C g N X^`$B_N EHG4s;u�n A U N�`$X g MOL U w4N L�B_N�W ` ]�E$]
L
j�`1COA E U EHG Q��!� A U W�A ��A�W�L�`Hj�B R"SVU

� ­K�.�f�){}�iwy��{h~C�Wwy�L�)�6�)�i�i�`�3�C� �4�A{}� �.zi��{}���}w3�)�`x��	�i�`�.�i| wr�k�3�i�}wyw - ef�^x��^�K�)�i�	� .0/1/��43hd
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Best Objective V1.7 (longLS, test case: par16−1)

Stage (30)
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GAwStagenis (25)

� � r����	> ) � � [F` U W�E k MON�BDCy`HM_CyB"` U W'C g NiNUS�N�XYCFEHGJB k `HM_C\MON�BDCy`HM_CyB�E U(���! �"$#&%&"

COL
M U o�G�E$M,s;u�n�o1naCy`HK$N U A�B)W�A�W U EHC k `Hm$N4` U ��NUS�N�XYC,E U C g N4B_N�`HMyX g L U COA j
4×105 N^�H`Hj L�`1COA E U

BDCON^]�B R � ] COE C g `1C~]�E$A U CJC g N^MON"A�B,j A C_COj N\W�A S�N^MON U X�N"h�N�CDw4N^N U C g N\W�A S�N^MON U C l `Hj m
n�`1CyBJL
B_N�W
G�E$ME2
C U N�BOB4B_N�`HMyX g o U EHC k L�X g A k ]
MOE1�HN k N U C�X^` U h�N B_N^N U ` U W C g N�W�A�BDCOMOA h
L�COA E U h�N�X�E k N�B
U `HMOMOE�w R � ] COE�C g A�B ]�E$A U C C g N X^`$B_N X�E$MOMON�B_]�E U W
B;COE C g N BDCOMy`1CON^K!� B_L
K$K$N�BDCON�W h
� C g N
� E$M U N^j j
K$MOE$L
] � s�E k N�B"N�C `Hj R o Q��$� v � R � U N�X^` U B_N^N�`Hj�B_E;C g `1C"B_w�N^N^]
A U K EHG	C g N j N U KHC g EHG
My` U W�E k MON�BDCy`HM_CyB k A K g C g N^j ]�o�A U W�N^N�W R�e"g N32�MyBDC B_L�W
W�N U A k ]
MOE��$N k N U C\E
X^X�L�MyB\`$B\B_E�E U
`$B X�A MyX^` d��!� N^�1`Hj L�`1COA E U BDCON^]�B A U E U N'EHGFC g N'MOL U B R e"g N j�`$BDC E U N'E�X^X�L
MyB `1C�`HMOE$L U W
2 × 104 R ��N �$E U W C g `1C C g N^MON A�B `'X�E U COA U L
E$L�B B_j E1wxA k ]
MOE1�HN k N U C R e"g A�B A k ]
MOE��$N k N U C
X�E$L
j�W h�N�`iG�L U XYCOA E U EHG�]�`HMy` k N�CON^M4W�N^j Cy` EHG l `Hj m
n�`1C�o�` U W�X�E$L
j�W�h�NFCOL U N�W R~e"g N ]�E$A U C�o
g E�w�N^�$N^M�o	A�B�C g `1C `HMOE$L U W

1 × 105 o)w g N U C g N�A U A COA�`Hj A b�`1COA E U EHG4C g N 2�MyBDCi]�E$]
L
j�`1COA E U A�B
�VL�BDC4h�N�X�E k N�B~COEih�N 2 U A�B g N�W	o�naCy`HK$N U A�B�BDCy`HM_CyBJCOE k `HmHN ` U NUS�N�XYC � R~e"g N\NUS�N�XYC�A�B4BDCOMOE U K�o
C g N^MON�A�B~` k `HMOm$N�W A k ]
MOE��$N k N U C~A U ]�N^M_G�E$M k ` U X�N g N^MON R n�j E�w A k ]
MOE1�HN k N U C~X^` U h�N\B_N^N U
G�MOE k K$N U N^My`1COA E U COE�K$N U N^My`1COA E U N^A C g N^MFh
� C g N NUS�N�XYCFEHG�s;u E$M\C g NiNUS�N�XYC EHGip =Hq�r)> E$M
h�EHC g z�A k ]
MOE��$N k N U CyB\`HMON;`$X g A N^�$N�W `1C"C g N X�MOEaBOB"B_A K U By| R
@�N�C L�B X�E k ]�`HMON�C g N']�N^M_G�E$M k ` U X�N�EHG p =$q	r)> w\A C g C g `1C EHG�s;u�n RJe"g N'h�N�BDC �1`Hj L
N

EHGis;u�n A�B�`1C `Hh�E$L�C Q�� o�w g N^MON�`$B'p =$q	r)> w�`$B�`Hh
j N'COE MON�`$X g � A U E U N EHG C g NtMOL U B R
e"g A�B A�B C g N X^`$B_N w g N U X�E k ]
L�Cy`1COA E U B�`HMON k `$W�NtE U ` B_N^MOA�`HjFX�E k ]
L�CON^M R uFj�B_E�o4C g A�B
X�E k ]�`HMOA�B_E U A�B U EHC,]�N^M_G�N�XYC�o�h�N�X^`HL�B_N4s;u;n;A k ]
MOE��$N�B�h�`HMON^j � h�N�CVw�N^N U

2×104 ` U W 5×105 o
` U W l `Hj m
n�`1C w\A C g COMOL
N j E�X^`Hj,B_N^`HMyX g A�B�B_L
h�E$]�COA k `Hj�G�E$M;s;u�n c `Hj j l `Hj m
n�`1CyB X�E$L
j�W h�N
BDCOE$]
]�N�W `1C

2×104 RJe `Hm�A U K C g A�B Q$R � E$MyW�N^M,EHG k `HK U A COL�W�N"A U COEi`$X^X�E$L U C�` U W X�E U B_A�W�N^MOA U K
Q��!� ]�`HMy`Hj j N^j~X�E k ]
L�CON^MyB C g N�MON�B_L
j CyB;EHG p =$q	r)>

3 × 103 U N^N�W�COE h�N X�E k ]�`HMON�WtCOE C g N
2 U `Hj�MON�B_L
j CyB�EHGJs;u�n R�e"g A�B�A�B"` X�E U B_A�W�N^My`Hh
j NFA k ]
MOE1�$N k N U C"Ka`HA U N�W�A U C g A�B4C g N;]�`HMy`Hj j N^j
G�E$M k EHG;p =Hq�r)> R
@�N�C)L�B�X�E U B_A�W�N^MJp =$q�r)> G�MOE k C g N�]�E$A U C�EHG���A N^w EHGaC g N � IJ@ C g N^E$MON k � l E$j ]�N^M_CF` U W�� `$X�MON�`$W4�$o Q��$��Z%� R

u"X^X�E$MyW�A U K COE C g A�B"C g N^E$MON k o�A G,w�N;m U E1w U EHC g A U K `Hh�E$L�C"C g NiX�EaBDC"G�L U XYCOA E U C g N U U E�`Hj �
K$E$MOA C g
k A�B h�N�C_CON^M C g ` U C g N My` U W�E k B_N�`HMyX g�R p =$q	r)> A�B U EHC N � X�N^]�COA E U COE�C g N � IJ@

� V�{<{}�i� �<�W�.� z�{�_fV�x3�)zEzi�){0�4�)�.w��)z"wr¡?wyxr{0~�wr{3���Wwyxy�.�i�`w�{}�iw�� zi� {}� �)|C�.wyziwy�}�A{}� �.z�� �<�Wwy� zi�Ux3�)| xy�i| �A{}wy��d
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C g N^E$MON k c A G\C g N'X�E U W�A COA E U BiEHG\C g N � IJ@ C g N^E$MON k g E$j�W C g N U C g N^MON A�B U E U MON�`$B_E U COE
X g E�EaB_N p =Hq�r)> E$M naCy`HK$N U A�B;N^A C g N^M R e"g N�� IJ@ C g N^E$MON k W�E�N�B U EHC g E$j�W	o�G�E$M N � ` k ]
j N$o
L U W�N^M"C g N;G�E$j j E1w\A U K MON^j�`1CON�W X�E U W�A COA E U B

•
A GJE$L
M\L U A �$N^MyB_N;A�B"EHGJj E�w-�VX�E k ]
j N � A C�� � n�X g
k A�W g L
h�N^M�o Q��$� � � o

•
A G�A C A�B k E$MON'j A m$N^j � COE N U X�E$L U CON^M B_A k ]
j N^M ]
MOE$h
j N k B C g ` U X�E k ]
j A�X^`1CON�W E U N�B
� � E1�$N^M\` U W e"g E k `$B^o Q��$�
Q4� o�` U W

•
A G E$L
M']
MOE$h
j N k A�B'N U Cy`HA j N�W h�� C g N n�E$j E k E U E�S��V@�N^��A U ` ]
MOA E$MOA�W�A�BDCOMOA h
L�COA E U
� @�A)` U W�� A C�� U ��A{o Q��$��Z%� R

�FU W�N^M C g N�B_N X�E U W�A COA E U B p =Hq�r)> g `$B�C g N�G�E$j j E1w\A U K ]
MOE$]�N^M_COA N�B R p =Hq�r)> � j E�E$m�B�G�E$M��
K$j E$h�`Hj�BDCOMOL�XYCOL
MON�K$A �HN U C g N U N^A K g h�E$MOA U K MON^j�`1COA E U B R SVU COL
M U o4p =$q	r)> A�Bih�`$B_N�W E U C g N
`$BOB_L k ]�COA E U C g `1C�j E�X^`Hj k A U A k ` k `$� L U X�E��$N^M\C g N K$j E$h�`Hj)BDCOMOL�XYCOL
MON R p =Hq�r)> A�B�` U ��- �
1 � � � � � +(�)�&��c A U W�A ��A�W�L�`Hj�BiX�MON�`1CON�W h
� p =Hq�r)> A U naCy`HK$N U A�B;X^` U h�N�X�E k ]
L�CON�W�w\A C g E$L�C
A U CON^My`$XYCOA U K�w\A C g C g N"B���BDCON k oHA R N R o1w\A C g E$L�C k N�`$B_L
MOA U KFC g N�2
C U N�BOB RJe"g `1CJA�B^o�p =$q	r)> ` U W
EHC g N^M�]�`HMy` k N�CON^MOA b^N�W G�L U XYCOA E U `H]
]
MOE � A k `1COE$MyB~X^` U h�NFMON^j�`1COA �$N^j � A U N � ]�N U B_A �$NF]
MOE���A�W�N�W
C g `1C E$]�COA k A b�`1COA E U A�B U EHC j A k A CON�W h
� X�E k ]
L�CON^MiCOA k N h
L�C h
��C g N�COA k N�C g `1C w�N k `$�
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N i%N^M U N^u#A�B�`~G�L U XYCOA E U EHGdCOf
NeCOA z{N W�A %�N^MON U X�N B�` U W A�B
A U W�N^]�N U W�N U C�EHG\COA z{NeB_f
A G�CvB R�< A l%N U COf
Neu�`HMOK%N�lH`HMOA N�C � EHG U N^L
MOE U `HuhX�E U
U N XYCOA l�A C �
` U W A U CON^Mv`%XYCOA E U C � ]�N B | ghNeN���CON U W BDCOMOA�XYC U N^L
MOE%q
A E%u E%K%A�X^`�u4z{E
W�N^u u A U K | g\f
N^MONeN����
]�N^MOA z{N U Cv`Hu\E%q�B_N^MOlH`�COA E U B{`HMON}W�A MON XYCOu � `H]
]
u A N W A U Xvf
E�EaB_A U K COf
N iHN^M U N^u\G�L U XYCOA E U
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CDghN^N U B_]
A iHN�B_N U C4q �{U N^L
MOE U
j
COE U N^L
MOE U
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` U W�B_]
A i%NFN^z{A C_CON W q �

U N^L
MOE U
i
R & N^M U N^u�]�`HMv`Hz{N�CON^MvB L�B_N W�A U COf
N�X�E%z{]
L�CON^MhBDCOL�W�A N B�(\��A �

Mv`�CvA E�EHG COf
N u N U KHCOf EHG g4N `Hi%N U A U K(` U W}EHG4BDCOMON U KHCOf
N U A U K MON^K%A E U B
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rL = L+
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� ` U W ��A A � Mv`�COA E(EHG COf
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u A COL�W�N B��
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M_�
A U K(E%L
M;B_A z L
u�`�COA E U B

rL
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N^MON `%B
rA

g#`%B w
R ��R I
E%M
MON B_L
u CvB E U EHCOf
N^M ]�`HMv`Hz{N�CON^MvB | B_N^N COf
N CON Xvf U A�X^`Hu MON^]�E%M_C
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Q�,��YR
I
E%M4COf
N BO`Hi%N�EHG*K%N U N^Mv`Hu A C �%| q
MOEa`%W�N^MhMv` U K%N B4EHG*]�`HMv`Hz{N�CON^MvBh`HMON�BDCOL�W�A N W R pFE�ghN^lHN^M |
A C A�B ghE%M_COf z{N U COA E U A U K COf�`�C B_L�XOf B � z{z{N�COMOA�X{i%N^M U N^u�B W�E}N���A�BDC A U MON `Hu U N^L
MOE U `Hu
U N�CVghE%MOi�B ) � q
q�EHC_Cd` U WerFN^u�B_E U�|�cHw%w%w:, R

SVU COf
N ��MvBDCd]
u�`%X�N | ghN f�`�l%N q�N^N U A U CON^MON BDCON W A U COf
N�N^z{N^MOK%A U K�u E�X^`Hu*` U W K%u�E%q
`Hu
X�E U
U N XvCvA l�A C � BDCOMOL�XYCOL
MONdEHG

W
RJS Chf�`%B4q�N^N U W�N^q�`�CON W�g\f
N�COf
N^M4COf
N�K%u E%q�`Hu�BDCOMOL�XYCOL
MON

]
MOE%]�N^M_C � �
L
| COf
N\`�lHN^Mv`HK%N U L
z�q�N^M EHG�N W�K%N B-E U COf
N\B_f
E%M_CON BDCJ]�`�COf � ` U W COf
N\X�u L�BDCON^M_�

A U K X�E�N�� XYA�N U C��
C
� ]
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MOE%]
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A E%MOA |
cHw%w
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MON B_L
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cHw%w%w:, | ` U W B_A z{A u�`HM
MON B_L
u CvBJf
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N#COE A CvB B_A z{]
u A�X�A C � ` U W�u E%K%A�X
g4N f�` l%N Xvf
EaB_N U COf
N u�`�C_CON^M#COE{]
MON B_N U C\E%L
M\MON B_L
u CvB R
5 f
N~]
f � B_A�X^`Hu�W�A�BDCv` U X�N~q�N�CDg4N^N U CDghE U E
W�N B A�BeX�E U B_A�W�N^MON W `%B�COf
N~A U lHN^MvB_N EHG

COf
N^A MdX�E U
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N � 
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NdK%Mv`H]
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NeK%Mv`H]
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j
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i
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 � � 
��	��� ��� � ��� � � ��� � 
����YR�5 f
N
z{N�COf
E�W EHGJX�E U
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A E%MOA�` ` U We@*`�COE%Mv`%X |
cHw%w%w:, z�`Hi%N B4L�B_N;EHG�COf
N
N�� X�A N U X � EHGhA U G�E%MOz�`�COA E U COMv` U BDG�N^M;A U BDCON `%W~EHG\W�A�MON^XYC ]
f � B_A�X^`Hu W�A�BDCv` U X�N B�q�N�CVghN^N U
U E�W�N B�( 5 f
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MOE U
i
g\A COf
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R*5 f
N�z{N ` U

K%u E%q�`Hu	W�A�BDCv` U X�N;A U COf
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< u E%q�`Hu W�A�BDCv` U X�N ]
MOE�l�A�W�N B;`(z{N `%B_L
MON G�E%M�COf
N ��� ��� ��E%M�COf
N�W�A�`Hz{N�CON^M � EHG COf
N U N�C_�
g4E%MOi R � X^X�E%MvW�A U K�COEG) � `HMvXvf
A E%MOA�`�` U W @*`�COE%Mv`%X |�cHw%w%w�|�� E%f
u�` U We` U W � A U `HA |�cHw%w
Q�,
u E�X^`Hu	f�`HMOz{E U A�X;z{N ` U W�A�BDCv` U X�N z{N `%B_L
MON;z�` � X�E%MOMON B_]�E U W�COE

1/C
��A U l%N^MvB_N;EHGJCOf
N

X�u L�BDCON^MOA U K{X�E�N�� X�A N U C �Y| g\f
N^MON `%B4COf
N K%u E%q�`Hu	l�`Hu L
N X�E%MOMON B_]�E U W
B4COE
L
R

c�R t�R �!��2 '�"�) 20H SVU E%L
MdB_A z�L
u�`�COA E U B#COf
N U N�CDg4E%MOi(]�`HMv`Hz{N�CON^MvB#ghN^MON B � BDCvN�z�`�CvA�X^`Hu u �
l�`HMOA N W ) + `Hu EHCv`HA	N�Cd`Hu R |�cHw%wac�, R�5 f
N4N^z{N^MOK%A U KdBDCOMOL�XYCOL
MON B�ghN^MON z{EaBDCJB_N U B_A COA l%N COEFCOf
N
G�E%u u E�g\A U K{]�`HMv`Hz{N�CON^MvB�(\��A � COf
N z�`HK U A COL�W�N EHG-COf
N N���CON^M U `Hu�N��
X�A Cv`�COA E U �6W�N�� U N W q �
COf
N{` l%N^Mv`HK%N ]�N^MvX�N U Cv`HK%N EHG U N^L
MOE U BdMON X�N^A l�A U K N��
X�A Cv`�COA E U G�MOE%z COf
N N U l�A MOE U z{N U C |
rex

� ` U W ��A A � COf
N Mv`�CvA E EHG;��MOA U K U N^L
MOE U B �
rf

��R � X^X�E%MvW�A U K COE COf
N~MON B_L
u CvB | G�E%M
N = 100

| CDghE N BOB_N U COA�`Hu u � W�A %�N^MON U C4]�`HMv`Hz{N�CON^MJMON^K%A E U BJz�` � q�NdB_N^]�`HMv`�CON W (*[\N^K%A E U
1
( COf
N}l�`Hu L
N B{EHG;q�EHCOf

rex

` U W
rf

]�`HMv`Hz{N�CON^MvB{`HMONeL U W�N^M
0.5

R [\N^K%A E U
2
( COf
N

l�`Hu L
N B EHG q�EHCOf
rex

` U W
rf

`HMON `Hq�E�l%N
0.5

R 5 f
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MON B B_f
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N#Mv`�COA EdEHG�N���CON^M U `Hu u �
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MOE U B{A�B

30 4 R
rf

| COf
N}]�N^MvX�N U C�EHG U N^L
MOE U B{`Hu u E�g4N W
CvE ��MON}A�B P w 4 R �!( x E U
U N XYCOA E U z�`�COMOA � G�E%M([\N^K%A E U
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R
rex =

rf = 70 4 R 5 f
N�z�`�COMOA ��N Bh`HMON U E%MOz�`Hu A�b�N W ` U W�COf
N W
`HMOi%N�M#X�E%u E%MvB
X�E%MOMON B_]�E U W�COE�f
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N B ��q
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A u N#I-A K R�c �[! � MON B_N^z�q
u N B*`FMv` U W�E%z X�E U
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MOE U B
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RFj A z{A u�`HMdMON B_L
u CvB\ghN^MON E%q�Cv`HA U N W A U

` q
MOEa`%W�N^M#]�`HMv`Hz{N�CON^M#Mv` U K%N R
5 f
N\G�E%u u E�g\A U K;��K%L
MON\A�B COE�Xvf�`HMv`%XYCON^MOA b^NhCOf
NdB_A b^NFEHG�COf
N U N�CDg4E%MOi R � N�X�E%z{]
`HMON W

COf
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u COA U K;pFN^q
q�rFN�C4BDCOMOL�XYCOL
MON B*g\A Cvf `�Mv` U W�E%z U N�C | A U g\f
A�Xvf Cvf�N\BO`Hz{NhghN^A K%faCvB
EHG COf
N{W ��U `Hz{A�X U N�CVghE%MOi f�` l%N�q�N^N U Mv` U W�E%z{u � `%BOB_A K U N WeCOEeW�A %�N^MON U C U E�W�N�]�`HA MvB R
I-A K R P f
A K%f
u A K%f%CvB�X�u N `HMOu � COf
N�N^z{N^MOK%A U KeB_z�`Hu u � g4E%MOu�W ]
MOE%]�N^M_COA N B���A R N R | f
A K%f X�u L�BD�
CON^MOA U K}X�E�N�� X�A N U CvB ` U W B_f
E%M_C ]�`�COf u�N U KHCOf�B �YR � u COf
E%L
K%f COf
N K%u E%q�`Hu X�E U
U N XYCOA l�A C �
u N U KHCOfegh`%B\`Hu z{EaBDChCOf
N BO`Hz{N�G�E%M\`Hu u�COf
N pFN^q
q�rFN�CvBF` U W COf
N^A MFX�E%MOMON^B_]�E U W�A U K�Mv` U �
W�E%z U N�CvB | u E
X^`Hu*W�A�BDCv` U X�N BF`HMON z�L�Xvf B_z�`Hu u N^MFA U [\N^K%A E U

2
RE5 f�`�CdA�B | X�E U
U N XYCOA l�A C �

BDCOMOL�XYCOL
MON{A�B B_]�`HMvB_N{q
L�C A U G�E%MOz�`�COA E U � E�g A�B BDCOA u u N�� X�A N U C R@5 f
N � `�C_CvBD� j COMOE%Ka`�COb
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A�BF��K%L
MON W�A�B_]
u�` � B\COf
N�u E
X^`Hu*f�`HMOz{E U A�X z{N ` U W�A�BDCv` U X�N BFA U `%BD�
X�N U W�A U K E%MvW�N^M G�E%M q�EHCOf MON^K%A E U B R I
E%M q�N�C_CON^M l�A�B_L�`Hu A b `�COA E U U EHC
`Hu�u W
`�Cv`(]�E%A U CvB `HMON�z�`HMOi%N W~` U W}COf
N{]�E%A U C `HMON{X�E U�U N XYCON W~g\A COf
`(B_E%u A�W u A U N R @�A U N Bdg\A COf~W�A�`Hz{E U W
BFq�N^u E U K�COE COf
N U N�CDg4E%MOi(COf�`�C
g#`%B�W�N^l%N^u E%]�N W L�B_A U K j;5\o + u N `HM U A U K R @�A U N B{g\A COf X�A MvX�u N B q�N��
u�E U K COE U N�CDg4E%MOi�B g\A COf COf
N}BO`Hz{N q
L�C Mv` U W�E%z{u � MON W�A�BDCOMOA q
L�CON W
ghN^A K%faCvB R @�A U N�g\A COf N^z{]�C � �6B_E%u A�W � z�`HMOi%N^MvB;MON^]
MON B_N U C�`}pFN^q
q��
rdNYC4EHG�[\N^K%A E UeQ �6[\N^K%A E U c%�YR-SVU MON^K%A E U{c COf
N\N^z{N^MOK%A U K pFN^q
q�rFN�C
f�`%B z�L�XOf(B_z�`Hu u N^M u E�X^`Hu
f�`HMOz{E U A�X\W�A�BDCv` U X�N B `%B4XYE%z{]�`HMON W�COE COf
N
X�E%MOMON B_]�E U W�A U K~Mv` U W�E%z U N�C R < u E%q�`Hu#f�`HMOz{E U A�X(z{N ` U W�A�BDCv` U X�N
G�E%MdCOf
N�E%MOA K%A U `Hu*` U W G�E%MFCOf
N Mv` U W�E%z{A b^N W U N�CDghE%MOi�BFA U [\N^K%A E U Q
� [#N^K%A E U c%� `HMON

Dh = 5.25
` U W

Dr
h = 5.01

�
Dh = 6.28

` U W
Dr

h = 4.98
�Y| MON B_]�N XvCvA lHN^u �%R

� � j
� MON�g\A�MOA U Kez{E�W�N^u ) � `�C_CvBF` U W j COMOE%Ka`�COb |	Q:-0- s , A�B;i U E�g U COE � A N^u�W q�EHCvf Mv` U �
W�E%z ` U W B_z�`Hu u � ghE%MOu�W BDCOMOL�XYCOL
MON B R I�E%M

N = 100
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MOE U B{g\A COf Z X�E U
U N XYCOA E U B

EHG
0.5

BDCOMON U KHCOf COE(N `%Xvf~` U W}g\A COf~MON^g\A MOA U K ]
MOE%q�`Hq
A u A C �
p
`HMOE%L U W

0.9
| COf
N{BDCOMOL�XY�

COL
MON E%q�Cv`HA U N W q � COf
N � j z{E�W�N^uhA�B A U K%E�E
W `HK%MON^N^z{N U C g\A COf E%L
M�Mv` U W�E%z U N�C R
�dL
M B_z�`Hu u � ghE%MOu�W U N�C | E U COf
NeEHCOf
N^M f�` U W | X^` U q�NeXvf�`HMv`%XYCON^MOA b^N W g\A COf MON^g\A MOA U K
]
MOE%q�`Hq
A u A C � q�N�CDghN^N U

0.1
` U W

0.2
R

@�A z{A CON WeBOX^`Hu N�� G�MON^Nd]
MOE%]�N^M_COA N BhB_N^N^z COE N^z{N^MOK%NFG�E%M\B_L�XvfeB_z�`Hu u U N�CDghE%MOi�B4A U [\N��
K%A E U c `%B B_f�E�g U q � I-A K R t�RA5 f
N{MOE%q
L�BDC U N BOB�EHG4COf
N U N�CDg4E%MOi COEeCOf
N�z�`HK U A COL�W�N
EHG COf
N�N��
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NdA U G�E%MOz�`�COA E U ��MvBDC | A U W�A MON XvC\X�E%z{z�L U A�X^`�COA�E U f�`H]
]�N U B R 5 f
A�B
A U W�A MON XYCFXYE%z{z�L U A�X^`�COA E U g\A u u	z�` U A G�N BDC\A CvB_N^u GJ`%B\` X�E%z{]�NYCvA COA E U�R 5 f
N X�E%z{]�N�COA COA E U
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g\A u u�q�N�W�A MON XYCOu � `%W�W�MON BOB_N W(A G X�Mv`�g\u N^M#z�`HA U Cv`HA U ` U WeMON�G�MON B_f}` u A�BDCdEHGJK%E�E
W u A U i
B#�
g4N�X^`Hu u	COf
EaB_N g4N^q
u E%KaBh�hg\f
A�XOf}L�B_N W(COE�]
MOE�l�A�W�N;COf
N z{EaBDCF]�EaB_A COA l%N;MON^A U G�E%MvX�N^z{N U C
G�MOE%z COf
N�X�Mv`�g\u N^M R � U Ndz�` � B_N^N\COf
N B_NdghN^q
u E%KaB `%B4u E�X^`Hu�B_L
q��VX�Mv` g\u�N�MvB | g\f
A�XOf(f
`�l%N
BDCv`HM_COA U Ke]�E%A U CvB ` U W B_N `HMvXOf ` B_z�`Hu u N^M U N^A K%f�q�E%MOf
E�E
W R 5 f
N `Hu K%E%MOA COf
zTEHG#g4N^q
u E%K
B_N^u N XYCOA E U A�B#]
MOE�l�A�W�N W(A U I-A K R�n
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5 f
N�`Hu K%E%MOA COf
z f�`%B\COf
MON^N A z{]�E%M_Cv` U Cd]�`HMv`Hz{N�CON^MvB�(d��A ��� �������	��

� (
B_A�b�N{EHG4N U l�A MOE U z{N U C `HMOE%L U W~` U E�W�N{EHG COf
N U N�CVghE%MOi | N��
`Hz{A U N W
W�L
MOA U K~COf
NeN^lH`Hu L�`�COA E U EHGFCOf�`�C U E�W�N | ��A A � � ��� ��� ����� ( B_A b^NeEHGFCOf
N
ghN^q
u E%K � U L
z�q�N^M{EHGFu A U i�B COf�`�C{X^` U q�N(MON^z{N^z q�N^MON W �Y| ` U W ��A A A �
�
γ
� (4W�A�BOX�E%L U C#G6`%XYCOE%M\EHGJ]�`%BDC\MON^g#`HMvW
B4MON X�N^A l%N We`HMOE%L U W(` U E�W�N R

5 f
N;E%MOA K%A U EHGJX�E%z{]�N�COA COA E U X^` U q�N B_N^N U `%B4G�E%u u E�gFB R 5 f
N B_z�`Hu u � ghE%MOu�W ]
MOE%]�N^M_C �
X^` U COMv`H] X�Mv` g\u N^MvB A U ` U N^A K%f�q�E%MOf
E�E
W g\f
N^MON(u A U i�B{`HMON(`Hq
L U W
` U C{` U W ]�E%A U C�COE
N `%XOf}EHCOf
N^M R;x Mv`�g\u N^MvB#z{A�K%f%C U EHCd� U W ` Ua� U E�l%N^u*A U G�E%MOz�`�COA E U�R 5 E E�l%N^MvX�E%z{N;COf
A�B
u A z{A Cv`�COA E U�| N `%Xvf}X�Mv` g\u�N�M\z�` � z�`HA U Cv`HA U `{u A�BDCFEHG u A U i�B | g\f
A�Xvf}`HMON g4E%M_COfeCOE�l�A�B_A C R
� BOB_L
z{N CVghE(X�Mv` g\u N^MvB�( E U N g\A COf `�u E U K�u A�BDC�` U W}` U EHCOf
N^MFE U N g\A COf ` B_A U K%u N u A U i R
5 f
NFB_N X�E U W X�Mv`�g\u N^MJg\A u u
� U W�COf
N U E�l%N^u
A U G�E%MOz�`�COA E U E U COf�`�C4B_A U K%u N\u A U i�g\A COf{f
A K%f
]
MOE%q�`Hq
A u A C �%R pFE�ghN^l%N^M | COf�`�C A U G�E%MOz�`�COA E U g\A u u U EHC q�N U E�l%N^uJG�E%M�COf
N{��MvBDC X�Mv`�g\u N^M
` Ua� z{E%MON | COf
N^MON�G�E%MON | COf
Ne��MvBDC(X�Mv` g\u N^M{g\A u u U EHC�q�N `Hq
u NeCOE !Y]
L
q
u A�B_f !(A C(`�C{COf
N
f
EaBDCON BOB R � BFCOf
N X�E U B_N �aL
N U X�N | COf
N ��MvBDC�X�Mv`�g\u N^MFg\A�u u-u E�ghN^MFCOf
N�lH`Hu L
N EHG COf
A�Bdu A U i
` U W(g\A u u�l�A�B_A C#COf
A�BFB_A CON u N BOBD�V` U W�� u N BOB G�MON �aL
N U COu �%R
5 f
N W�E�g U u Ea`%W�N W ]�`HM_C EHG�COf
N SVU CON^M U N�C ` U W A CvB W�A l�A�B_A E U q�N�CDg4N^N U COf
N CDg4E

X�Mv` g\u N^MvB#X^` U q�N B_N^N U A U I
L
K R -
5 f
N;X�E%z{]�N�COA CvA E U Ka`�l%NdMOA�B_NFCOE{`�W�N X�MON `%B_NFCOf
N;`HK%NdEHG�G�E%L U W MON^u N^l�` U C#W�E�X�L
z{N U C

A U E%L
M\z{E
W�N^u�N���]�N^MOA z{N U CvB\`%B#A CFA�B\B_f
E�g U A U I-A KaB R	Q w ` U W Q%Q
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5 f
N ��K%L
MON W�N^]
A�XYCvB COf
N X�E U
U N XYCOA l�A C � Cv`Hq
u N ��MON^]
MON B_N U CvA U K COf
N
u�A U i�B � q�N�CVghN^N U U E�W�N B R 54� ]
A�X^`Hu BOX^`Hu N�� G�MON^N{B_z�`Hu u g4E%MOu�W X�E U
U N XY�
CvA l�A C � X^` U q�N B_N^N U f
N^MON0( B_E%z{N U E
W�N B#f�` l%N;z�` U�� u A U i�B\]�E%A U COA U K
E U COE\COf
N^z ��MOE�gFB �Y| g\f
N^MON `%B	EHCOf
N^MvB	f�` l%N4`#u E U KFu A�BDC*EHG�u A U i�B�]�E%A U C_�
A U KdCOEdEHCOf
N^M U E�W�N Bh�6X�E%u L
z U B �YR < MON^N U ��MON W � W�EHCvB-W�N^]
A�XYC-COf
Nhu A U i�B
L�B_N W(q � COf
N���MvBDC �6B_N X�E U W � X�Mv`�g\u N^M R ��� X�A N U CdB_N^u G�� E%MOKa` U A b^A U K W�A �
l�A�B_A E U EHG-COf
N ghE%MOu�W | A R N R | COf
N Cv`%B_i(B_]�`%X�N | X^` U q�N�B_N^N U	R3� N^q
u E%KaB
X�E U Cv`HA U N W Q w u A U i�B R

t�R�� � ? ��� ? ? � :*<
5 f
NeX�E%z{]�N�COA COA l%N��VX�E%u u�`Hq�E%Mv`�COA lHN�z{N�COf
E�W f�`%B COf
N G�E%u u E�g\A U K `%W�lH` U Cv`HK%N B R + MOEH�

X�N BOB_A U K�A�B#u E�X^`Hu (-N `%XvfeX�Mv`�g\u N^Mhz{E�W�A ��N B#l�`Hu L
N BhEHG*i U E�g U u A U i�B#q�`%B_N W E U COf
N;MON^A U �
G�E%MvX�N^z{N U C R 5 f
N^MON;A�B\`{K%u E%q�`Hu�A z{]
MOE�lHN^z{N U C\A U ]�N^M_G�E%MOz�` U X�N R

@�N�C;L�B�X�E U B_A�W�N^M U E�g A U CvN�Mv`%XYCOA U K(f
EaBDCON BOB_N B R;j E%z{N�EHG COf
N f
EaBDCON BOB_N B��6`HL�COf
E%MvB �
X^` U q�NeB_N^u N XYCON W CvE q�N^A U K ` - MON^l�A N^ghN^M�. | `}z{N^z�q�N^M EHG#COf
N(q�Ea`HMvW | E%M COf
N(N W�A COE%M R
5 f
N{B_N^u N XYCOA E U X�E%L
u�W q�N q�`%B_N W E U COf
N^A M;N�� X�A N U X �%| E%MdCOf�`�C;COf
N{B_N `HMvXvf A�B;W�A l�A�W�N W
A U COE{COE%]
A�X^BF` U WeX�N U COMv`Hu	f
EaBDCON BOB_N B#f�` l%N `%X^X�N BOBhCOE{COf
N X�E U CON���CFEHG-COf
N B_N `HMvXvf R � U �
EHCOf
N^M A U COMOA K%L
A U K}]�EaBOB_A q
A u A C � A�B COf�`�C A U `eK%N U N^Mv`Hu B_N `HMvXvf ]
MOE%q
u N^z | B_N `HMvXvf~COE%]
A�X^B
`HMON(z�` � `Hu�B_E~q�N B_L
q �VN XYC{COE XYE%z{]�N�COA COA E U�R � U W�N^M COf
A�B�X�E U W�A CvA E U�| B_z�`Hu�u � g4E%MOu�W
B
q�N X�E%z{Ndu�`HMOK%N^Md��� �Y| COf
N - W�A�`Hz{N�CON^M�.aq�N^u E U K%A U K COE COE%]
A�X^B4A�B4u�`HMOK%N^M | f
E�ghN^l%N^M | B_N `HMvXvf��
A U K z�` � q�N X�E%z{N z{E%MON�N�� X�A N U C R x N U COMv`Hu4f
EaBDCON BOB_N B z�` � N^z{N^MOK%N `%B�`}MON B_L
u C EHG
COf
A�BdX�E%z{]�N�COA COA E U�RE5 f
N N^z{N^MOK%N U X�N EHG X�N U COMv`Hu�f
EaBDCON BOB_N BFX^` U q�N ]
MOE%z{EHCON Weq � COf
N
C � ]�N�EHG*A U CON^Mv`%XYCOA E U B | COf
N;`%X^X�N BOBhXYE U COMOE%u | `Hu u E�ghN W�q � COf
N�MOE%q�EHCOA�XdX�E%z{z�L U A C � �6B_N^N
q�N^u E�g �YR � N�X�E U X�u L�W�NFCOf
A�B4]�`HMv`HK%Mv`�]
f�q �{U EHCOA U K COf�`�C4COf
N�f
EaBDCON BOBD�VX�Mv` g\u N^M4B � BDCON^z
A�BdE U N C � ]�N EHG j � j�| g\f
N^MON `%B�XYE%u�u�`Hq�E%Mv`�COA U K f
EaBDCON BOB_N BdX^` U G�E%MOzm` U EHCOf
N^MdC � ]�N�EHG
j � j�R

SVU CON^Mv`%XYCOA E U `Hz{E U K�COf
N B � BDCON^z X�E%z{]�E U N U CvBhG6`Hu u�A U COE CDghE�X^`�CON^K%E%MOA N B�(
� Q�� SVU CON^Mv`%XYCOA E U Bhg\A COf
A U `{B_A U K%u N j � j
� c%� SVU CON^Mv`%XYCOA E U B#`Hz{E U K�W�A %�N^MON U C j � j B
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5 f
N�K%Mv` � MON^K%A E U q�N^u E U KaB COE{X�Mv`�g\u N^M � R�� EHCOf(X�Mv`�g\u N^MvB z�`HA U Cv`HA U
` u A�BDC EHG#ghN^q
u E%KaB | g\f
A�Xvf `HMON N�� X�A N U C MON BDCv`HM_C;u A U i�B;COE}X�E U COA U L
N
B_N `HMvXvf{g\f
N U U E�l%N^u�A U G�E%MOz�`�COA E U A U COf
Nd`%XYCOL�`Hu U N^A K%f�q�E%MOf
E�E
W�f�`%B
q�N^N U X�E%u u N XYCON W R � N^q
u E%KaB*`HMON E%MvW�N^MON W�q � COf
N^A M-l�`Hu L
N B�` U W XOf�` U K%N
W ��U `Hz{A�X^`Hu u � `Hz{E U KaBDCFX�Mv` g\u N^MvB#W�L
MOA U K�X�E%z{]�N�COA COA E U�R

�4`%XOf j � j A�B#z{EHCOA lH`�CON W COE{q�N X�E%z{N BDCOMOE U K%N^M R 5 f
N E�l%N^Mv`Hu u�Ka`HA U EHGJ` j � j�| A U COf
A�B
X�E%z{]�N�COA COA l%N N U l�A MOE U z{N U C | W�N^]�N U W
BFE U COf
N�B_L�X^X�N^BOB\EHG EHCOf
N^M j
c � j B R �4`%Xvf z{N^z �
q�N^M-EHG�`dB_A U K%u N j � j B_L
]
]�E%M_CvB*N `%XOf EHCOf
N^M-q � B_f�`HMOA U KFMON^u N^l�` U C*A U G�E%MOz�`�COA E U�R � U COf
N
EHCOf
N^M4f�` U W |�U E B_L�Xvf A U G�E%MOz�`�COA E U B_f�`HMOA U K A�BhW�E U Ndq�N�CDghN^N U W�A %�N^MON U C j � j B R 5 N^z �
]�E%Mv`Hu�B_N �aL
N U X�N B ` U W B ��U Xvf�MOE U A b `�COA�E U BJB_L
]
]�E%M_CJCOf
A�B A U G�E%MOz�`�COA E U B_f�`HMOA U K�]
MOE
X�N BOB R
S G x Mv`�g\u N^M � W�A�BOX�E�lHN^MvBFN^l%N U C;]~E U B_A CON�� COf
N U A C;z{A K%faC;q�N�L�B_N�G�L
u-COE B_N U W COf�`�C
A U G�E%MOz�`�COA E U COE x Mv`�g\u N^M � ! U N^g A U G�E%MOz�`�COA E U E U B_A CON�� ! R$5 f�`�CFA U G�E%MOz�`�COA E U X^` U
B_N^MOlHN `%BhCOf
N !�X�E U CON���C	!FG�E%MFX�Mv` g\u N^M � ` U WeX^` U f
N^u ]eCOE `%X^X�N^u N^Mv`�CON;B_N `HMvXOf R
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Average age of relevant documents found
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/
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"h0-,�7%'�����/�) 2
rdN�g W�E
X�L
z{N U CvB;`H]
]�N `HM | g\f
N^MON `%BFE%u�W~W�E�X�L
z{N U CvB�W�A�BO`H]
]�N `HMdA U
Cvf�A�BhN���]�N^MOA z{N U C Rhx E%z{]�N�COA COA E U B_N�C_COu N B\`HMOE%L U W�!vCOA z{N"! Z%w%w
R 5 f
N
E�l%N^MOu�`H] `Hz{E U KaBDC�u A U i�B-B_N `HMvXvf
N^W;q � X�Mv`�g\u N^MvB	q�N X�E%z{N B�z{A U A z{A b^N W
q � COf
A�B COA z{N R � EHCOf X�Mv`�g\u N^MvB;f�` l%N�f
A K%f X�E U
U N XYCOA l�A C � ghN^q
u E%KaB R
5 f
N `HK%N;EHG*G�E%L U W U E�lHN^u�W�E
X�L
z{N U CvB\A�B\W�N X�MON `%B_A U K{`�G�CON^MOg#`HMvW
B R
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Divide and Work Efficiently
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rdN�g W�E
X�L
z{N U CvB;`H]
]�N `HM | g\f
N^MON `%BFE%u�W~W�E�X�L
z{N U CvB�W�A�BO`H]
]�N `HMdA U
Cvf�A�BhN���]�N^MOA z{N U C Rhx E%z{]�N�COA COA E U B_N�C_COu N B\`HMOE%L U W�!vCOA z{N"! Z%w%w
R 5 f
N
E�l%N^MOu�`H] `Hz{E U KaBDC�u A U i�B-B_N `HMvXvf
N^W;q � X�Mv`�g\u N^MvB	q�N X�E%z{N B�z{A U A z{A b^N W
q � COf
A�B COA z{N R � EHCOf X�Mv`�g\u N^MvB;f�` l%N�f
A K%f X�E U
U N XYCOA l�A C � ghN^q
u E%KaB R
5 f
N N�� XYA�N U X � EHG�G�E%L U W U E�l%N^udW�E�X�L
z{N U CvB�A�B�A U X�MON `%B_A U K `�G�CON^M_�
g#`HMvW
B R
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5 f
Nd]�E%A U C COE�MON^z{N^z q�N^M A�B COf�`�ChX�E%z{z�L U A�X^`�COA E U `Hz{E U KaBDC4X�Mv`�g\u N^M E%M4f
EaBDCON BOB_N B

X^` U q�N

•
A U W�A MON XYCFq�`%B_N W(L
]�E U MON^A U G�E%MvX�N^z{N U C

•
W�A MON XYC
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COE~u N `HM U g\f
A�Xvf X�u�`%BOB_A ��N^MvB ]
MON W�A�XYC{ghN^u u\` U W COE z{E�l%Ne`�gh` � G�MOE%zyMON^K%A E U B g\f
A�Xvf
f�` l%N;K%MON `�C#q
L�CFL U G�L
u ��u u N W ]
MOE%z{A�B_N B R

S C;f�`%Bdq�N^N U B_L
K%K%N BDCON WeCOf�`�C X�u�`%BOB_A ��N^MvBFX�E%L
u�W}q�N�MON�COMv`HA U N WeCOE(i%N^N^]~`%W
`H]�COA l�A C �
) o A u A K%N U COA�N�Cd`Hu R |�cHw%w%w:, R 5 f
NdMON�COMv`HA U A U K ]
MOE�X�N W�L
MON | f
E�ghN^lHN^M | Cv`Hi%N B COE�E u E U K � ` U W
X^` U q�N�`Hz q
A K%L
E%L�B�A G x I x A�B X�E%z�q
A U N W~g\A COf q�`%XviaCOMv`%Xvi�A U K R�� E%MON^E�l%N^M | MON�COMv`HA U �
A U K�z�` � MON �aL
A MON X�E U COA U L
E%L�BdB_L
]�N^MOl�A�B_E%M � z{E U A COE%MOA U K�` U W}B_L
]�N^MOl�A�B_E%M � W�N X�A�B_A E U B R
SVU BDCON `%W~EHG#MON�COMv`HA U A U K | ghN B_L
K%K%N BDC;COE W�N�CON^MOz{A U N{COf
N MON�u�N�lH` U X�N{EHGhCOf
N X�u�`%BOB_A ��N^MvB
W�L
MOA U K COf
N B_N `HMvXOf R
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H
j N `HMvXvf�g#`%B u�`HL U Xvf
N W{G�MOE%z U N^L�COMv`Hu�B_A CON R � B_A CONdA�BhX^`Hu u N W U N^L�COMv`Hu
A GhCOf
N^MON�A�B lHN^M � G�N^g Cv`HMOK%N�C�W�E�X�L
z{N U C A U A CvB N U l�A MOE U z{N U C R(o A �
`Hz{N�CON^M\EHG-E%]�N U X�A MvX�u N B#A�B#]
MOE%]�E%M_COA E U `�u�COE COf
N U L
z�q�N^M\EHG*Cv`HMOK%N�C
W�E
X�L
z{N U CvB4W�E�g U u Ea`%W�N W R �4W�K%N B4`HMONFX�E%u E%M X�E�W�N W R 5 f
N^MONd`HMONhCDghE
N���CvMON�z{N B Rdo `HMOieq
u L
N0( j A CON�g#`%BFl�A�B_A CON W `�CFCOf
N�N `HMOu � BDCv`HK%N�W�L
M_�
A U K�COf
N�B_N `HMvXOf R @�A K%f%Cdq
u L
N0(h[\N X�N U COu � l�A�B_A CON W}B_A CON R �6I�E%M\G�L
M_COf
N^M
W�N�Cv`HA u�B | B_N^N�CON���C R �

Z
R t�R c�R � � � ���.������� � � � � �+�+� � � ��� � ��� �	����� �
� �/� �	� ��
 �d[\N^A U G�E%MvX�N^z{N U C u N `HM U A U K
E�%�N^MvB*`dB_E%u L�COA E U f
N^MON R*S G
COf
N4]
MON^g\A MON W E%MvW�N^M�EHG�COf
N#X�u�`%BOB_A ��N^MvB	A�BJ�aL
N^BDCvA E U `Hq�u�N COf
N U
g4N{X�E%L
u�W u N `HM U COf
N{X�E%MOMON XYC�E%MvW�N^MOA U K R'5 f
N^MON�A�B U EHCOf
A U K(COEeu E�EaB_N�f
N^MON | ]
MOE�l�A�W�N W
COf�`�C u N `HM U A U K A�B G6`%BDC R(S G#]
MON^g\A MOA U K}A�B ]�N^M_G�N XYC COf
N U COf
N�G6`%BDC u N `HM U A U K ]
MOE
X�N W�L
MON
g\A u u U EHC�z{E�W�A G � A C R S G\COf
N ]
MON^g\A MOA U K}A�B A z{]�N^M_G�N XYC COf
N U ]
MOE%]�N^M g4N^A K%faCvB g\A u u4q�N
W�N^MOA lHN W(q � COf
N u N `HM U A U K{`Hu K%E%MOA COf
z R
5 f
N E%L�CO]
L�CvB\EHG-COf
N j"2�� BFX^` U q�N BO`�lHN W R 5 f
N B_N;E%L�CO]
L�CvBFX^` U q�N;L�B_N W(COE�N BDCOA �

z�`�CON\COf
N�l�`Hu L
NFEHG*`�W�E�X�L
z{N U C#`�C#` Ua� A U BDCv` U C R 2 `Hu L
NFA�B4N BDCOA z�`�CON W�q � N BDCOA z�`�COA U K
g4N^A K%faCvB�G�E%M{N `%XOf j"2�� ` U W `%W
W�A U K L
] COf
N j"2�� E%L�CO]
L�CvB z�L
u COA ]
u A N W q � COf
N B_N
g4N^A K%faCvB R-SVU COL
M U�| E U NdX^` U X�E%z{]
L�CONdl�`Hu L
NFq�`%B_N W{E%MvW�N^MOA U K EHG�COf
N�W�E
X�L
z{N U CvB4g\A COf
z{A U E%M4X�E%z{]
L�Cv`�COA E U `Hu�N %�E%M_C4` U W COf
A�B4MON^E%MvW�N^MOA U K X^` U q�NFz�`%W�Nd`�C4N `%Xvf BDCON^] R 5 f
A�B
MON^E%MvW�N^M_A U K EHG\COf
N(W�E
XYL
z{N U CvB MON^]
u�`%X�N B ]
MON^g\A MON W E%MvW�N�MOA U K}EHG#COf
N x I x z{N�COf
E�W R
5 f
N U N^g `HMvXOf
A CON XYCOL
MON;A�BFB_f
E�g U A U I-A K R � Q P � ��q �YR

Z
R ��R �!��2 '�"�) 2 /
/-0 0-562 7%'-2 2 56,�/�H 5 f
N x G�+ ]
MOE%q
u N^z f�`%B q�N^N U BDCOL�W�A N W R j N `HMvXOf
]�`�C_CON^M U `�C#COf
N A U A COA�`Hu�]
f�`%B_N�G�E%M#COf
N q
MON `%W�COf(��MvBDC\z{N�COf
E
W(A�BFB_f
E�g U A U I-A K R � Q^t��YR

j N `HMvXvf ]�`�C_CON^M U B;G�E%M COf
N(X�E U CON���C G�E�X�L�B_N W X�Mv`�g\u N^M ` U W COf
N(X�Mv`�g\u N^M L�B_A U K [F@
q�`%B_N W lH`Hu L
N�N BDCOA z�`�CvA E U `HMON(B_f
E�g U A U I-A K R � Q��%� ` U W I-A K R � Q Za�YR�5 f
N u�`HL U Xvf
A U K
B_A CON~EHG COf
N B_N B_N `HMvXvf
N B�g#`%B(` - U N^L�COMv`Hu;B_A CON . | ` MON^u�`�COA l%N^u � u�`HMOK%N B_A CON X�E U Cv`HA U A U K
G�N^g x G�+ W�E�X�L
z{N U CvB � 	��
����� �����
����� � �������
 $�����"	�# �YR � N X�E U B_A�W�N^M(COf
A�B(C � ]�N EHG
u�`HL U XOf
A U K~A z{]�E%M_Cv` U C�G�E%M g4N^q X�Mv` g\u A U K ( S C�B_A z�L
u�`�CON B COf
NeX^`%B_N(g\f
N U z�`HA uhu A�BDCvB
`HMON U EHC ` lH`HA u�`Hq
u N | COMv`%W�A COA E U `Hu B_N^`HMvXvf N U K%A U N B;`HMON U EHC BO`�COA�BDG�`%XYCOE%M �a| ` U W~q
MON `%W�COf
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H
j N `HMvXvf g#`%BFu�`HL U XOf
N WeG�MOE%z U N^L�COMv`Hu-B_A CON RFo A�`Hz{N�CON^MdEHG E%]�N U X�A M_�
X�u N B\A�B#]
MOE%]�E%M_COA E U `Hu�COE Cvf�N U L
z�q�N^M\EHG-Cv`HMOK%N�C\W�E�X�L
z{N U CvB\W�E�g U �
u�Ea`%W�N W R �4W�K%N B#`HMON;X�E%u E%MhX�E
W�N W R 5 f
N^MON;`HMONFCDg4E N���COMON^z{N B R o `HMOi
q
u L
N0( j A CON gh`%B�l�A�B_A CON W `�C�COf
N N `HMOu � BDCv`HK%N W�L
MOA U K COf
N~B_N `HMvXvf R
@�A K%faCFq
u L
N0( [\N X�N U COu � l�A�B_A CON W B_A CON R

��MvBDCdB_N `HMvXOfeA�B\A U N�� X�A N U C R 5 f
A�B\]�`HM_COA�X�L
u�`HMFB_A CON g#`%BFXOf
EaB_N U q�N X^`HL�B_N q
MON `%W�COfe��MvBDC
B_N `HMvXOf X�E%L
u�W � U Wel%N^M � G�N^g W�E�X�L
z{N U CvBFBDCv`HM_COA U K�G�MOE%z COf
A�BFB_A CON R
- j X^`Hu N B/.4E U I-A K R � Q��%� ` U W I-A K R � Q Za� W�A %�N^M G�MOE%z N `%Xvf EHCOf
N^Me` U W G�MOE%z COf�`�C

EHG I-A K R � Q^t��YR - 5 MOL
N~B_L
M_G�N W BOX^`Hu N . ghE%L
u�W q�N MON � N XYCON W q � U E%MOz�`Hu A b^A U K COE N W�K%N
COf
A�XOi U N BOB R [F`%W�A L�BhEHG-E%]�N U X�A MvX�u N B#A�Bh]
MOE%]�E%M_COA E U `�u�COE COf
N U L
z q�N^M\EHGJW�E�g U u Ea`%W�N W
Cv`HMOK%N�C\W�E�X�L
z{N U CvB R 5 f
N x I x A�B#E U u � B_E%z{N^g\f�`�C\q�N�C_CON^M\A U COf
N;A U A COA�`Hu�]
f�`%B_NdCOf�` U
COf
N#q
MON `%W�COf���MvBDC z{NYCvf�E
W R @�E U K%N^M B_N `HMvXOf B_f
E�gFB*COf�`�C x I x q�N X�E%z{N^B X�E U B_A�W�N^Mv`Hq
u �
q�N�C_CON^M COf�` U COf
NFq
MON `%W�COf ��MvBDC4z{N�COf
E�W{g\f�N U B_N `HMvXvf A�B u�`HL U XOf
N W G�MOE%z COf
A�B U N^L�COMv`Hu
B_A CON R
� L�` U COA Cv`�COA l%N X�E%z{]�`HMOA�B_E U B(`HMON B_f
E�g U A U I-A K R � Q�nH�YR � X^X�E%MvW�A U K COE COf
N~��KH�

L
MON | L
]�E U W�E�g U u Ea`%W�A U K cHw
| w%w%w W�E�X�L
z{N U CvB | COf
N U L
z�q�N^M EHG4f
A CvB;g4N^MON{`Hq�E%L�C �Hw
|
cHw%w
| ` U W Q w%w%w G�E%M\COf
N q
MON `%W�COfe��MvBDC | COf
N x I x ` U W x I x q�`%B_N W [F@ XYMv`�g\u N^MvB | MON��
B_]�N XYCOA l%N^u �%R*5 f
N B_N�u�`HL U XOf
N BdghN^MON X�E U W�L�XYCON W `�C;`Hq�E%L�CdCOf
N BO`Hz{N COA z{N R � N{B_f�`Hu u
W�N^z{E U BDCOMv`�CON COf�`�CJCOf
N#u�`HMOK%NhW�A %�N^MON U X�N#q�N�CDghN^N U x I x ` U W x I x q�`%B_N W�[F@ez{N�COf
E�W
A�B#z{EaBDCOu � W�L
N;COE COf
N `%W
`H]�COA l%N;]
MOE%]�N^M_COA N B#EHG*COf
N [F@ X�Mv` g\u N^M R
5 f
N^MON�`HMON CDg4EeB_A CON C � ]�N B\COf�`�C�f�`�l%N q�N^N U A U l%N BDCOA Ka`�CON W R 5 f
N ��MvBDC;B_A CON C � ]�N A�B

COf
N U N^L�COMv`Hu�B_A CON4COf�`�CJf�`%B-q�N^N U W�N BOX�MOA q�N W q�N�G�E%MON R 5 f
NhEHCOf
N^MJB_A CONhg#`%B-`dz�`HA u�B_N^MOl%N^M
E U X�E U G�N^MON U X�N B R � u�B_E | G�E%M B_E%z{NhN��
`Hz{]
u N B-COf
N^MON#`HMONhMOL U B B_N^]�`HMv`�CON W q � E U Nhz{E U COf
� � `HMvXOf |*cHw%w
Q��YR � u�`HMOK%N U L
z�q�N^M EHGhB_L
z{z{N^M X�E U G�N^MON U X�N B�z�`%W�N{` U
U E%L U X�N^z{N U CvB
W�L
MOA U K COf
A�B#z{E U COf R

I-A MvBDC | u N�C4L�B N��
`Hz{A U N#COf
NdA U A COA�`Hu�]
f�`%B_N\EHG�COf
N�B_N^`HMvXvf R 5 f
A�B A U A COA�`Hu�]
f�`%B_N\EHG�COf
N
B_N `HMvXOf ��COf
N ��MvBDC cHw%w W�E�g U u Ea`%W�N WeW�E�X�L
z{N U CvB � A�BFB_f
E�g U A U I-A K R � Q s �YR � X^X�E%MvW�A U K
COE COf
A�Bh��K%L
MON�W�E�g U u Ea`%W�A U K�A�Bhl%N^M � N�� X�A N U C#G�MOE%z COf
N;z�`HA u�B_N^MOl%N^M#B_A CON�A U N `%XOf(E�XY�
X^`%B_A E U�R 5 f
N � U E U �V`%W
`H]�COA U K �hx I x X�Mv`�g\u N^M4L�COA u A b^A U K{` l%N^Mv`HK%N W{g4N^A K%faCvB4A�B#B_L
]�N^MOA E%M
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j N `HMvXvf g#`%BFu�`HL U XOf
N WeG�MOE%z U N^L�COMv`Hu-B_A CON RFo A�`Hz{N�CON^MdEHG E%]�N U X�A M_�
X�u N B\A�B#]
MOE%]�E%M_COA E U `Hu�COE Cvf�N U L
z�q�N^M\EHG-Cv`HMOK%N�C\W�E�X�L
z{N U CvB\W�E�g U �
u�Ea`%W�N W R �4W�K%N B#`HMON;X�E%u E%MhX�E
W�N W R 5 f
N^MON;`HMONFCDg4E N���COMON^z{N B R o `HMOi
q
u L
N0( j A CON gh`%B�l�A�B_A CON W `�C�COf
N N `HMOu � BDCv`HK%N W�L
MOA U K COf
N~B_N `HMvXvf R
@�A K%faCFq
u L
N0( [\N X�N U COu � l�A�B_A CON W B_A CON R
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Neutral (bf) 

+/−    RL crawler                  
bf      Breadth First ’Crawler’
cfc    Context Focused Crawler      

Neutral (cfc) 

Neutral (+/−) 
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/-0 �����
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COEe`Hu u-COf
N EHCOf
N^M;X�Mv`�g\u N^MvB � `Hu z{EaBDC;`Hu u W�E�g U u Ea`%W�N W}W�E
X�L
z{N U CvB;`HMON�f
A CvB R x u EaB_N
COE�COf
A�BdB_A CON COf
N^MON�`HMON z�` U�� MON^u N^l�` U CdW�E
X�L
z{N U CvBd` U W COf
N�- q
MON `%W�COf ��MvBDC�X�Mv`�g\u N^M�.
A�B�`Hu�B_E(N�� X�A N U C;f
N^MON R rFN^l%N^M_COf
N^u N BOB | COf
N x I x X�Mv`�g\u N^MdE%L�CO]�N^M_G�E%MOz�B\COf
N{q
MON `%W�COf
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Mail List

Neutral

Breadth First ’Crawler’

� � ����� > � � � ��,���� /�.�562 ,�/-2 C ��)�?D�
��/ ��/���'*)^.9/F"�� /
/-0
��/
5=" 2:�a. >��a. 2 5�):��2 56/ ) +��T56/-5�) 5=/F" �J+�/
2:��H [\N^g#`HMvW ` U W
]
L U A�B_f
z{N U C `HMON K%A�lHN U A U COf
N u N^K%N U W EHG COf
N ��K%L
MON R o A G��
G�N^MON U X�N B q�N�CDghN�N U B_A z{A u�`HM C � ]�N B `HMON W�L
N COE W�A %�N^MON U X�N B
A U u�`HL U Xvf
A U K COA z{N R 5 f
N u�`HMOK%N BDC COA z{N W�A %�N^MON U X�N q�N��
CDghN^N U B_A z{A u�`HM C � ]�N B A�B E U N z{E U COf R rFN^L�COMv`Hu B_A CON ��COf
A U
u�A U N^B � ( 	��
����� �������
��� � �������� $�����9	
# R � `HA u(u A�BDC ��COf
A�Xvi u A U N B � (
	��
�������
�)�
�
���"���$�.%+'�()�* +���-,���($�
'$,.%)	�����%/��0+,
1���%$'$2��+,����+�����$3��$�
�.(+�)4&(�1�6�6
6$7�8��9	��$4& R
j N `HMvXvf g\A COf - U E `%W
`H]�Cv`�COA E U . �6W�EHC_CON W u A U N � g#`%B;u�`HL U Xvf
N W~G�MOE%z
z�`HA�u4u A�BDC{` U W L�B_N W `�l%N^Mv`HKHN�ghN^A K%f%CvB G�MOE%zy` U EHCOf
N^M B_N `HMvXvf COf�`�C
g#`%B#u�`HL U Xvf
N W G�MOE%z COf
N BO`Hz{N;]
u�`%X�N R

��MvBDCdX�Mv`�g\u N^MFA U COf
A�BdW�E%z�`HA U�R @*`HL U Xvf
A U K{G�MOE%z U N^L�COMv`Hu-B_A CON BFA�BFA U N�� X�A N U C;`�CFCOf
A�B
N `HMOu � ]
f�`%B_N R � MON `%W�COf ��MvBDC�z{N�COf
E�W � U W
B U E f
A C X�u EaB_N{COE}COf
N U N^L�COMv`Hu4B_A CON~� U EHC
B_f
E�g U A U COf
N;��K%L
MON �YR

� A�W
W�u Nd]
f�`%B_NFEHG�COf
N�B_N `HMvXvf{A�B4B_f
E�g U A U I-A K R � Q:-a�YR +JN^M_G�E%MOz�` U X�N\A U COf
Ndz{A�W
W�u N
]
f�`%B_N A�B B_E%z{N^g\f�`�C{W�A %�N^MON U C R j E%z{N�COA z{N B | u�`HL U XOf
N B G�MOE%z�COf
N U N^L�COMv`Hu#B_A CON X^` U
� U W N��
X�N^u u N U C MON^K%A E U B RK5 f
N x I x X�Mv`�g\u N^M;A�B BDCvA u u X�E%z{]�N�COA COA lHN�A G#u�`HL U Xvf
N W~G�MOE%z
COf
N#z�`HA u
B_N^MOl%N^M R @*`HL U Xvf
N B-G�MOE%z COf
N\z�`HA u�u A�BDC4B_]�` U�U A U K;E U N#z{E U Cvf u E�E%i%N W�B_A z{A u�`HM
COE{N `%XvfeEHCOf
N^M �
X�E U G�N^MON U X�N;` U
U E%L U X�N^z{N U CvB#q�`HMON^u � z{E�W�A ��N W(COf
N MON B_L
u CvB R

j N `HMvXvf MON B_L
u CvB�L
] COE cHw
| w%w%w W�E�X�L
z{N U CvB;`HMON B_f
E�g U A U I-A K R � cHwa�YR 5 f
A�B�K%Mv`H]
f
X�E U Cv`HA U BdMON^B_L
u CYB\G�MOE%z `(B_L
q�B_N�C�EHG COf
N�MOL U BFCOf�`�C�ghN f�`�l%N N���N X�L�CON W R 5 f
N B_N�MOL U B
g4N^MONhu�`HL U Xvf
N W G�MOE%z W�A %�N^MON U C B_A CON B �HCOf
N U N^L�COMv`Hu�B_A CON\` U W COf
N#z�`HA u�u A�BDC | `%B-ghN^u u
`%BJ`
COf
A MvWdC � ]�N | COf
N�- X�E U G�N^MON U X�N .^B_A CON0(&	��
����� �
� �
�
����� ����0$,+4.'$�&�����9#
�5�/&��+,���� 2
#
,
1�� 0
���
� �10��������$���"	
�+4. R�5 f
A�B4u�`�C_CON^MhA�B4i U E�g U COE�q�N�A U l%E%u l%N W{A U E%MOKa` U A b^A U K X�E U G�N^MON U X�N B R
� W
`H]�COA U K [F@eX�Mv`�g\u N^MvB-X�E%u u N XYCON W�`du�`HMOK%N U L
z�q�N^M EHG�W�E
X�L
z{N U CvB-G�MOE%z `Hu u�B_A CON4C � ]�N B
` U WeW�L
MOA U K{COf
N g\f
E%u N ��E U N z{E U COf � COA z{N MON^K%A E U�R 5 f
N Mv`�CON;EHG X�E%u u N XYCOA E U g#`%B#q�N��
CVghN^N U c 4 � � 4 R~SVU X�E U COMv`%BDC | `Hu COf
E%L
K%f COf
N X�E%u u N XYCOA E U Mv`�CON A�B X�u EaB_N COE Q w%w 4 G�E%M
COf
N x I x u�`HL U XOf
N W G�MOE%z COf
N}z�`HA uFu A�BDC(B_A CON}L
] COE cHw%w W�E�g U u Ea`%W
B | COf
N}u�`%Xvi EHG
`%W
`H]�Cv`�COA E U ]
MOE%f
A q
A CvB4COf
A�B\X�Mv`�g\u N^M4COE�� U W U N^g Cv`HMOK%N�C\W�E�X�L
z{N U CvBhA U X�A MvX^` Q�n�| w%w%w
W�E�g U u Ea`%W
B\`�C\u�`�CON^MFBDCv`HK%N B R 5 `HiHN U COE%K%N�COf
N^M:(
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� � ����� > � � � ��,���� /�.�562 ,�/-2DC �a) ?D�
��/ 0-5<;���.9��/�){2 5�):��2{' � ) ,
34+�D�+5+5+ 0-,�7%'�����/�) 20H j `Hz{N X�E U W�A COA E U B�`%B{A U I-A KaB R � Q s � ` U W
� Q:-a�YR{j N `HMvXOf~g\A COf - U E `%W
`H]�Cv`�COA E U .�L�B_N W `�lHN^Mv`HK%N�ghN^A K%f%CvB�G�MOE%z
` U EHCOf
N^M B_N `HMvXvf COf�`�C g#`%B{u�`HL U XOf
N W G�MOE%z COf
N BO`Hz{N ]
u�`%X�N �6W�N��
U EHCON Weq �

∗
�

� Q�� S W�N U COA�X^`Hu#u�`HL U Xvf
A U K X�E U W�A COA E U B z�` � K%A l%NeMOA�B_N(COE l%N^M � W�A %�N^MON U C�MON B_L
u CvB
E U N;z{E U COf u�`�CON^M R

� c%�ej Cv`HM_COA U K\G�MOE%z ` U N^L�CvMv`Hu%B_A CON4X^` U q�N4`%B	N %�N XYCOA l%N4`%B�BDCv`HM_COA U K#G�MOE%z `\z�`HA u A U K
u A�BDC\G�E%M#COf
N `%W
`H]�COA l%N [F@ X�Mv`�g\u N^M R
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� � ����� > � ��� ��+�/
/�B�� ,�# ?D��5=B�+	) 2 ,�#��u@�� 2 ' � ,�/ 0-,;?�/�%
"6,�/
0-2K# .�,�� ��/
5="42 5�):��H
pdE%MOA b^E U Cv`Hu	`���A�B�(4��X^X^`%B_A E U B4g\f
N U ghN^A K%f%CvB#ghN^MON�COMv`HA U N W R

�6P �!5 f
N~u�`%XOi EHG `%W
`H]�Cv`�COA E U A�B(` B_N^MOA E%L�B W�Mv` g\q�`%Xvi N^lHN U A G;COf
N X�Mv`�g\u N^M�A�B
u�`HL U Xvf
N W G�MOE%z ` z�`HA u A U K{u A�BDC R

5 f
N{A z{]�E%M_Cv` U X�N EHG#`%W
`H]�Cv`�COA E U A�B;`Hu�B_E W�N^z{E U BDCOMv`�CON W q � COf
N�[F@ g4N^A K%faCvB;`%BD�
B_A K U N W W�L
MOA U K{B_N `HMvXvf R 5 f
N B_N�g4N^A K%faCvB#`HMON�B_f
E�g U A U COf
N�G�E%u u E�g\A U K���K%L
MON B R I-A K%L
MON
� c�Q�� W�N^]
A�XYCvB COf
NeghN^A K%f%CYB�q�N^u E U K%A U K}COE~COf
N W�A %�N^MON U C j"2�� B u�`HL U XOf
N W G�MOE%z�COf
N
z�`HA u*u A�BDC;B_A CON R � C�COf
N�q�N^K%A U
U A U K EHG COf
N B_N `HMvXvfeCOf
N g4N^A K%faCvBd`HMON�`Hu z{EaBDCd]�N^M_G�N XYCOu �
E%MvW�N^MON W��4COf
N u�`HMOK%N BDC{ghN^A K%f%C�A�B{K%A l%N U COE~COf
N j"2�� Cvf
`�C ]
MON W�A�XYCvB MON^u N^lH` U C�W�E�XY�
L
z{N U C - E U NeBDCON^] `�g#` � .*g\f
N^MON `%B;COf
N

4th
` U W COf
N

5th j"2�� B�f�` l%N�COf
NeB_z�`Hu u N BDC
g4N^A K%faCvB R 5 f�`�CFA�B | [F@ - ]
` � B\`�C_CON U COA E U .�COE COf
N;��MvBDC j"2�� ` U W(]�` � B#u N BOB\`�C_CON U COA E U
COEdCOf
N#EHCOf
N^MvB R�5 f
A�BJE%MvW�N^MJXvf�` U K%N B-`%B*COA z{N#K%E�N B*E U�R 5 f
N^MON#`HMON4MON^K%A E U B#�6`�C `HMOE%L U W
COL U A U K BDCON^] U L
z�q�N^M Q�n�w%w E U COf
N f
E%MOA b^E U Cv`Hu�`���A�B � g\f
N^MON z{EaBDCd`�C_CON U COA E U A�B\]�`HA�W
COE COf
N

5th j"2�� ` U W B_z�`Hu u N^M�`�C_CON U COA E U A�Bd]�`HA�W COE COf
N EHCOf
N^MvB R*5 f
A�Bdz{N ` U BFCOf�`�C
COf
N X�Mv`�g\u N^M#g\A u u�z{E�l%N `�gh` � G�MOE%z COf
N MON^K%A E U�R 5 f
N E%MvW�N^M#EHGJA z{]�E%M_Cv` U X�N XOf�` U K%N B
`HKa`HA U g\f
N U `}MOA�Xvf MON^K%A E U A�B G�E%L U W��JCOf
N A z{]�E%M_Cv` U X�N�EHG#COf
N���MvBDC j"2�� MON X�E�lHN^MvB
�aL
A�XOi�u � ` U W | A U COL
M U�| X�Mv`�g\u A U K A�B�W�E%z{A U `�CON W q � COf
N(ghN^A K%f%C EHG\COf
N ��MvBDC j"2�� (
5 f
N X�Mv`�g\u N^M - BDCv` � B/.�` U W W�E�g U u Ea`%W
B\W�E�X�L
z{N U CvB R
- � N^A K%faC\f
A�BDCOE%M � .�A�B\W�A %�N^MON U Cd`�ChCOf
N U N^L�COMv`Hu�B_A CON��6I-A K R � c%c%�_�YR �F](COE�`Hq�E%L�C Q w%w

W�E�g U u Ea`%W
BdlHN^M � G�N^g MON^u N^lH` U C;W�E
X�L
z{N U CvB�ghN^MON G�E%L U W~`�CdCOf
A�B B_A CON R'5 f
N l�`Hu L
N�EHG
g4N^A K%faC#EHG�COf
N

5th j"2�� A�B#B_u A K%faCOu � ]�EaB_A COA l%N | g\f
N^MON `%B COf
N�lH`Hu L
N B4EHG�COf
N�EHCOf
N^MvBh`HMON
U N^Ka`�COA lHN R�5 f
N

1st
` U W�COf
N

2nd j"2�� B-`HMON g4N^A K%faCON W�COf
N - ghE%MvBDC�. ��g4N^A K%faCvB�q�N^u E U K%A U K
COE�COf
N B_N X�u�`%BOB_A ��N^MvBh`HMONdu�`HMOK%N U N^Ka`�COA lHN U L
z q�N^MvB R � C#COf
A�B\B_A CON | COf
N;E%MvW�N^MhEHG j"2�� B
COf�`�C ghN^MON�COMv`HA U N W `�C{`HMOE%L U W Cv`HMOK%N�C W�E�X�L
z{N U CvB�A�B U EHC{`H]
]
MOE%]
MOA�`�CON R j A COL�`�COA E U
XOf�` U K%N B �aL
A�Xvi�u � g\f
N U ` MOA�Xvf{MON^K%A E U A�B G�E%L U W RJSVU B_L�XOf�MON^K%A E U BJCOf
N

1st j"2�� Cv`Hi%N B
COf
N#u N `%W R-S C A�B-C � ]
A�X^`Hu�COf�`�C COf
N#ghN^A K%faC EHG�COf
N

5th j"2�� A�BJMv` U i%N W B_N X�E U W R�5 f�`�C A�B |
COf
N;`%W
`H]�Cv`�COA E U X�E U X�N^M U B z{EaBDCOu � g\f
N�COf
N^M4COf
N X�Mv` g\u N^M#B_f
E%L�u�W BDCv` � E%MhA G*A CFB_f
E%L
u�W
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Neutral site

� � ����� > � � � ��+�/
/�B�� ,�#'?D��5=B�+�) 2 ,�#��u@�� 2 56/ >F/F"6'�����2^) 5c%
��/�) 56,�/.# ,�. ��/���'*)^.9/F"��J2 5�):��H
pdE%MOA b^E U Cv`Hu\`���A�B�(~��X^X^`%B_A E U B�g\f
N U l�`Hu L
N N BDCOA z�`�COA E U g#`%B N^MOMOEH�
U N^E%L�B\` U WeghN^A K%f%CvB#ghN^MON�COMv`HA U N W R

z{E�l%N�- G6`HM `�g#` � . R~SVU COL
M U�| A U G�E%MOz�`�COA E U X�E U Cv`HA U N W q � COf
N�- X�E U CON���C�.-A�B�MON^u N^lH` U C
` U WeX^` U q�N L�B_N W(COE{E%]�COA z{A b^N;COf
N q�N^f�`�l�A E%M#EHG*COf
N X�Mv`�g\u N^M R
Z
R Z
R ��,�/-70"6'-2 56,�/-20H � N(f�`�lHNeB_L
K%K%N BDCON W ` U E�l%N^u4z{N�COf
E
W G�E%M ghN�q B_N `HMvXOf R 5 f
N
z{N�COf
E�W z�`Hi%N B4L�B_N�EHG*X�E%z�q
A U `�COA E U B4EHG�CDg4E ]�E%]
L
u�`HM � S CON XOf U A��aL
N B | B_L
]
]�E%M_Chl%N XY�
COE%Mdz�`%XOf
A U N B � j"2��~� ` U W MON^A U G�E%MvX�N^z{N U Cdu N `HM U A U K~�6[F@ �YR�5 f
N�z{N�COf
E�W}f�`%B�`{G�N^g
`%W
`H]�COA U Ke]�`HMv`Hz{N�CON^MvBdCOf�`�C X^` U q�N�E%]�COA z{A b^N W W�L
MOA U KeCOf
N�B_N `HMvXvf R 5 f
A�B;]�`HMv`Hz{N��
CON^MOA b `�COA E U f
N^u ]�B;COf
N X�Mv`�g\u N^M�COE `%W
`H]�C COE W�A %�N^MON U C�]�`HM_CvB;EHGhCOf
N g4N^q R@5 f
N�E%L�C_�
]
L�CvB EHG�COf
N j"2�� B | COE%K%N�COf
N^M | G�E%MOz{N W ` B_N�C EHG - � `HMvW
BDCOA�XOi�B/. G�E%M�COf
N N BDCOA z�`�COA E U
EHGhCOf
N W�A�BDCv` U X�N{G�MOE%zTCv`HMOK%N�C W�E�X�L
z{N U CvB R!5 f
N l�`Hu L
N ��COf
N�ghN^A K%faC � EHGhCOf
N(W�A %�N^M_�
N U C � `HMvW
BDCOA�Xvi�BFz�` � q�N l%N^M � W�A %�N^MON U C `�C W�A %�N^MON U C U N^A K%faq�E%MOf
E�E�W
B R*5 f
N ]�E%A U C;A�B
COf�`�C(��A � [F@ A�B N�� X�A N U C�g\A COf K%E�E
W}G�N `�COL
MON B���Cvf�N(`%B;ia�VBDCON^] j"2�� B A U COf
A�B X^`%B_N �Y|
��A A � A GdCOf
N^MON `HMON �VL�BDC ` G�N^g ]�`HMv`Hz{N�CON^MvB G�E%M�[F@ COf
N U COf
N B_Ne]�`HMv`Hz{N�CON^MvB�X^` U q�N
COMv`HA U N W �aL
A�Xvi�u � q � MON^g#`HMvW�A U K G�E%M�Cv`HMOK%N�C W�E�X�L
z{N U CvB R [F@ f�`%B�z�` Ua� W�A %�N^MON U C
G�E%MOz L
u�`�COA E U B `Hu u EHG#g\f
A�XOf X�E%L
u�W q�N `H]
]
u A N W f
N^MON R(� EaBDC ]
MOE%z{A�B_A U K}`HMON COf
N(`H]��
]
MOEa`%XOf
N B4COf�`�CFX^` U Cv`Hi%N;A U COE�`%X^X�E%L U C ��z�` U��
� W�A %�N^MON U CdX�MOA CON^MOA�`�A U COf
N B_N `HMvXvf(E%q��
�VN XYCOA lHN ) I
Mv`%B_N^M\` U Wepd`HL
K%N |	Q:-0- s |J< �Hq�E%M\N�Cd`Hu R |	Q:-0- s |%o L
q�E%A�B\N�Cd`Hu R |�cHw%w%w:, R � u�`%B |
[F@�z{N�COf
E�W
B*`HMON X^`H]�`Hq
u N EHG�N���COMv`%XYCOA U K#G�N `�COL
MON B ) 5 f
MOL U ` U W j XOf�g#`HM_COb |	Q:-0-a��, COf�`�C
z�` � X�E%z{]
u N^z{N U C\COf
N ]
MON^g\A MON W j"2�� G�N `�COL
MON B R
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