Minimum spanning tree in analyzing audiovisual integration network: A developmental study
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Abstract

Audiovisual integration (AVI) is a brain function that combines received information from visual and
auditory sources. Delay in the development of multisensory integration functions makes functional
problems in cases like autism spectrum disorder. However, the nature of the development of its network
in the brain is poorly understood. We used resting-state functional magnetic resonance imaging data from
ADHD 200 publicly available dataset. There are 192 records from typically developing children (92 Girls)
in open eyes conditions which we used to make AV networks based on functional connectivities. The
minimum spanning tree tool was used to have comparable networks. We explored the measures of the
extracted trees to discover changes in the developmental trajectory. The links of the AVI network undergo
many changes before nine years and nine months, which form the main structure of the network. Most of
these changes in links are related to the superior parietal gyrus area. The subsequent changes are related to
setting the network performance, most of which are intra-regional links related to the superior temporal
gyrus. Based on our results, it is recommended to perform localization tasks for rehabilitation or

enhancement of AVI in the early stages of AVI development.

Keywords: Audiovisual integration, Development, Graph theory, Resting state fMRI, Functional

connectivity, Minimum spanning tree.



1. Introduction

The brain combines information received through different sensory modalities to gain more information
[1]. The process of combining the auditory and visual information is called audiovisual integration (AVI)
[2]. This function improves reaction times in response to audiovisual (AV) stimuli, makes localization of

the AV source more accurate, and results in better speech comprehension [3-6].

Studies have shown that some disorders like autism make defects in this function [7-9]. People with
autism show delays in reaching optimal state in the function of the AVI compared to normal adults [10].
As a result, the pattern of the AVI development in typically developed people can help us to find out the
nature of the defects [11]. Accordingly, researchers designed studies on how and when people start to
benefit from AVI [12]. They compared different groups of children during development. Based on
different methods used and the age range, they declared different ages as starting times of the AVI
[12,13]. Researchers have shown that children do not benefit from the AVI before the age of 7, and they
used switching strategy between two senses [14]. By development, signs of the presence of AVI in
individuals have been reported [14-16]. By reaching the ages of 10 to 11, the performance of individuals
approaches to adults' one [15]. Subsequently, the process of AVI evolves with the growth [17].
Concerning the broad age range used in these studies, it cannot be sure about its starting time [12]. In
addition, the different used tasks in studies made it hard to reach the same viewpoint. Moreover, different
tasks activated various areas during doing tasks [18-20]. These variations also affect the reported
relationship between areas [21]. In studies that examine localizing the AV stimuli, researchers reported
the activity of the superior parietal gyrus (SPG) [22,23]. In examining the AV temporal judgment, the
superior temporal gyrus (STG) shows more activity [23—-25]. While both of these conditions, activate AVI
to process. Researchers have shown that the AVI depends on the dynamics of the relationship between
areas [26]. Therefore, finding the changes that lead to individuals benefiting from AVI requires the

involved areas to be studied simultaneously.



Graph theory (GT) is a computational tool that provides a holistic perspective about networks [27,28], like
the audiovisual integration network (AVIN). Using GT and network science makes it possible to examine
the involved areas and changes in communication between them [28-30]. In addition, it is possible to

study the AVI independently of tasks and in a resting state.

Using GT for studying the brain networks of individuals with different ages is facing some challenges.
One challenge is the non-uniform distribution of participants in different groups. The statistical method of
bootstrap has been proposed to address the issue of comparing the groups of participants with non-
uniform distribution. It makes possible to compare age groups in brain network studies. In this method, a
subset of data is obtained using resampling, which diminishes the impacts of the subject-specific networks

with different patterns of connections on results [31].

Different density of network links is the other challenge in network comparison between groups that can
yield spurious results [32—34]. This difference in links density affects the extracted measures from
networks and makes the results incomparable. There are various methods to address this issue, one of
which is the Minimum Spanning Tree (mST). The mST is a sub-network that connects all network nodes
without creating a loop [34,35]. It is consisted of links that make total links weight minimum possible.
Previous studies has shown the mST will be unique if the network has distinct weights, like the brain
networks. Also, it retains the dynamics and features of the main network while eliminating
methodological biases in network comparison [34]. These advantages have made mST as a suitable tool

for comparing networks with different densities, such as brain networks.

In brain studies, we typically use neuroimaging data representing the strength of connectivities. Therefore,
examining brain networks requires to use the Maximum Spanning Tree (MST) [34]. In this case, the link
selection process follows a way that maximizes the sum of weights. In this case, the link selection process
follows a way that maximizes the sum of weights. It has been shown that MST has a similar performance
to mST [34,36]. In recent years, various studies have used MST tool in the field of brain networks studies

to compare individuals' networks in different groups and conditions [36—38].



For this purpose, in this study, we used resting-state fMRI data to extract and evaluate the AVIN. We
hypothesize that using network science tools can reveal changes in brain areas associated with AVI. Also,
by comparing the information obtained from AVIN and previous studies, it is possible to say what kind of
changes make AVIN functional in individuals during development. Comparing networks of children at
different ages requires an unbiased way to compare networks [33,34]. As a result, we used the maximum

spanning tree tool, making it possible to reach this aim.

2. Material and methods

2.1 Data resource
The objective of this research is to study changes in AVIN during development. Therefore, we used a
publicly available rs-fMRI dataset called ADHD-200. The anonymous dataset is freely available through

the internet address link (http://fcon 1000.projects.nitrc.org/indi/adhd200/index.htmi#;

RRID:SCR_005358) [39]. This dataset contains information of 598 typically developing participants and
374 patients with diagnosed attention deficit hyperactivity disorder. Data has been recorded in a resting
state with open or closed-eyes conditions. Participants’ ages range is from 7 to 23 years, most of whom
were under 14 years old. We used preprocessed dataset through the NIAK pipeline for this study

(http://neurobureau.projects.nitrc.org/ADHD200/Introduction.html; RRID:SCR_000576). We used the

version with a 1000 mma3 threshold in the parcellation phase, which has 954 regions of interest (ROIs) for
whole brain. So, there are 954 time series for each participant, which are the average time series of the
existing voxels in each ROI [40,41].

To AVIN extraction, we needed recorded data from participants who had received both auditory and
visual sensory inputs simultaneously. Therefore, just data recorded in the opened-eye condition were used
to make AVIN. Records of typically developed right-handed individuals were extracted using the

demographic dataset, which included 192 participants (92 F).

2.2. AVIN extraction


http://fcon_1000.projects.nitrc.org/indi/adhd200/index.html
http://neurobureau.projects.nitrc.org/ADHD200/Introduction.html

We must extracted the relevant parcels to the areas involved in AVI from 954 ROIs of whole brain to
define the nodes of AVIN. Table 1 shows the related information to the involved areas (Figure 1A) and
their equivalent parcels in the ALL Atlas we used in this research [42]. Each parcel which more than 50%
of its volume involved in AVI areas was coded with the related region label. According to the volume of
areas Al, STG, SPG, and V1, they have 1, 11, 13, and 11 parcels, respectively. Therefore in total 36
parcels from 4 areas assigned as AVIN nodes from the total of 954 ROIs. It is essential to indicate the
relationships between nodes to make network [43]. Thus, we used Pearson's correlation coefficients to
indicate the functional relation between the performances of nodes [44]. Coefficients are between -1 and
1, which can show the direction and strength of connectivity between two nodes. We just used absolute
values of coefficients to make undirected weighted networks. Next, we calculated the adjacency matrix

for each participant by zeroing the elements on the main diagonal of the absolute coefficients matrix.

2.3. Bootstrap
We divided the whole developmental age range into smaller intervals to analyze the changes in AVIN
better. According to the age distribution of participants, we have shorter intervals in the early stages when
the rate of developmental change is faster. The selected age ranges and the number of samples per interval
are shown in Figure 1B.
We used the statistical method of bootstrap to compare different groups with non-uniformly distribution
samples. The process was as follows:
a) First, we selected ten samples from each temporal bin using the sampling with replacement
method.
b) Then we calculated the average adjacency matrix by the adjacency matrix of the selected samples.
c) We repeated steps a and b 1000 times to obtain the bootstrap distribution for each range (Figure
1C).
d) The averaged network of each group was computed using the mean of the obtained bootstrap

distribution (Figure 1D) [31].



The averaged networks had different densities, so we extracted Maximum Spanning Tree (MST) from

each network to make them comparable.

2.4. The Maximum Spanning Tree

MST is a sub-network that connects all network nodes without creating a loop consisting of links that
make the total links weight maximum possible. It is unique for brain networks because of the distinct
weights while retaining the dynamics and features of the main network. We used improved Kruskal's
algorithm to find MSTs [45]. We calculated the MST for each averaged network in all intervals. Then we
extracted the measures of each MST to inquire differences through intervals. The definition and

calculation methods of MST measures used are summarized in Table 2.

2.5. Multi-scale temporal network
The MST of each group indicates AVIN activity in the relevant interval that changes with growth. We
made two types of multi-scale networks to represent the changes made in AVIN better. The constructed
network had the same nodes as MSTs but to make links, we had two different scenarios:
A) In the first scenarios, we determined links as follow rules:
= The link weight will be one if there is a link between tantamount pairs of nodes in at least one
MST.
= The link weight will be two if its equivalent links exist in all MSTs.
Therefore, the resulting network has two types of links: (1) The stationary links during development that
retained their value and importance in network; (2) Links that have been removed or added which their
importance has changed over time in AVIN.
B) In another scenario, we omitted fixed links across MSTs to make the second multi-scale network and
bring to light the made changes over time. Then we redrew links using color coding to emphasize their

creation time in various MSTSs.

2.6. Intraregional and interregional links



Each brain region plays a role in separate functions. So it can be beneficial to explore the relation of the
changes in links between areas. Hence, we named the links between nodes in the same region as
intraregional links and the links between nodes in two separate regions as interregional links to highlight
kinds of changes. Then we obtained the percentage of changes in these two types of links. To represent
the rate of the change better, we calculated total changes, which are the sum of the interregional and
intraregional links changes. Also, we computed the cumulate sum of total changes. The amount of
change can show how fast the network modifies over time. Further, we named the ratio of interregional

to intraregional links by the measure R (Relation 1):

_Interregional links

R=
Intraregional links

1)

R changes can be a good criterion to study alterations in the relationship between involved areas in the
AVI process.

3. Results

The main objective of this research was to study AVIN changes during development. We used the
preprocessed ADHD200 dataset. We only used the data of TD individuals, who were in the age range of 7
to 14 years. We omitted the results of the 14-22 year group due to the nonuniform distribution (mean:
17.065, STD: 3.407). We divided the age range into smaller intervals to examine the changes in the
network so that there are at least eight samples in each age range (Figure 1B). We created 1000 networks
from the data of individuals in each interval based on the bootstrap method (Figure 1C). Then we
calculated the average network for each group (Figure 1D). In the next step, we extracted the relevant

MST of each averaged network and obtained the measures of each MST (Figure 2).

3.1. Analysis of MSTs' measures
In exploring MST measures, we obtained diameter, path length, and leaf fraction. We face two increases

in the ages of 7/6 to 8/0 years and 9/9 years in diameter (Figure 2A) and path length (Figure 2B)



quantities over time which decreases again by passing these ages. In addition, a slight increase is seen in
these two graphs in 9/0 years.

In Figure 2C, we see the fluctuations of the leaf fraction diagram in the early age groups are minor
meanwhile, it increases with growth. It can be said that in early intervals most changes occur in inner
links, not in leaves. However, we see alterations raises and more variations occur in later intervals. The
overlap plot (Figure 2D) shows major changes between subsequent MSTs. The overlap plot shows higher
differences between the MSTs in 8/0 to 10/0 years. These variations are severe at 8/3 and between 9/3 to

9/9 years, then overlap increases to reach its maximum value at 11/0, and then decreases slightly.

3.2. Development in MSTs

As we mentioned in the method section, the multi-scale network was obtained from the data. This
presentation characterizes the changes in MSTs better in different age ranges. As shown in Figure 3A,
links that have retained their importance during development are generally related to intraregional links.
The link between the Al and STG is the only remaining interregional link. It is noteworthy that the Al
node has the maximum degree among all nodes, which shows its importance in the network. In addition,
V1 has the highest degree after Al. High-degree nodes in the network are known as hub points of the
network. We see that these nodes have reserved their importance in the network during developmental
changes in links based on Figure 3B. However, this is entirely different for the S2 node, and its 3 degrees
is related to constant links. Afterward, S2 loses its importance during development. Removing constant
links does not impact the nodes of the SPG region, and they preserve their importance in relation to other
nodes in SPG.

In comparing constant links with altered links, interregional links have a higher proportion of changes. It
demonstrates the exchange of the importance of links over time and shows how different links get higher
ranks. Exploring temporal changes in links in Figure 3B indicate changes in different development stages.

The network tolerates the bulk of changes in the early stages. SPG region has the maximum changes in



the initial intervals, and STG links change more at endpoints. Links of V1 and Al change through the

whole developmental process.

3.3. Changes in dynamics of interregional and intraregional links

We explored the dynamics of the interregional and intraregional links to show the rate of changes during
development in Figure 4A. In addition, we examined the sum of the changes and their cumulative sum.
According to the results, the highest rate of changes is in early intervals; then, it decreases over time.
Intraregional links show more changes in the early stages, whereas interregional links show a relatively
constant rate of changes. The R ratio of interregional links changes is shown in Figure 4B. We see that the
pattern of R is increasing despite its fluctuation. This means that some intraregional links in MSTs are
replaced by interregional links, and intermediary links become more important in the AVIN structure.

4. Discussion

In this work, we explored the changes in AVIN during development. Most fMRI studies in the field of
AVI have focused on examining the activity of involved areas while performing AV tasks. They showed
that in the early stages of the AV stimulus processing Al, V1, STG, and SPG [19,23] areas display higher
activities (Figure 1A). However, the connections between areas have not been studied well. While
researchers have shown that the function of AVI depends on the relationship of the involved areas and the
dynamics of the interaction between them [26]. Therefore, we used the network approach to study the
areas involved in AVI. Using the network approach provides a holistic perspective to scrutinize
phenomena, and its results have high generalizability [46]. Accordingly, in addition to examining the
activity of the areas, we were able to characterize the relationship between them and the changes taking
place during development. Moreover, MST method is reported as a proper tool in brain network studies,
which makes unbiased comparisons between networks of individuals in different age groups [34,45].
Notably, using different tasks in studies sometimes lead to results discrepancy in fMRI experiments [47].
We used rs-fMRI data recorded in the open eyes condition. In this case, the results are dependent on the

activity of the whole network and are independent of the task used in task-based studies.
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4.1. Critical ages in AVIN development

The effects of multisensory integration appear in the performance of individuals after the age of 7, and by
getting older, its accuracy goes closer to the performance of adults [15]. Eight years old is the youngest
age in which signs of AVI existence have been reported, but it is ambiguous when and how it started. This
is due to the broad age range of subjects and different used methods [12,13]. Mathematical models
showed the performance of 8 years old subjects tends to benefit from AVI instead of the strategy of
switching between modalities [14], but it is not yet clear how this process of changing occurs. So, we used
a dataset that have a larger number of participants in the previously studied age ranges. The higher
number of samples in the desired age range caused time intervals to be shorter and the results to be more
accurate. For each age range, we obtained the average network (Figure 1B-D). Subsequently, we
compared MSTs' measures from each averaged network. For the diameter and path length, there are two
local peaks in 8 and 9/9 ages (Figure 2A, B). These higher values indicate lower data transferring speeds.
The changes in inner branches make these reductions in information flow reach the optimal state because
there are not many changes in leaf fraction in the early stages (Figure 2C). Whereas, after 9/9, we see
changes in outer links raise as leaf fraction increases. This indicates that the network has reached a stable
state, and minor changes are taking place to obtain the optimal state. Changes in overlap (Figure 2D) also
show the most remarkable changes at the ages of 8 to 10 years, after which the overlap decreases due to
leaf changes. Changes in overlap and leaf fraction show the inner links connected to higher degree nodes,

develop first and, then other outer links and leaves will develop.

The overlap raises after ten years old when the function of AVI in temporal tasks goes more similar to
adults' one [14,15], but it is still not mature [24]. Showing distorted audio and visual stimuli with different
levels of noise revealed that with increasing age from 8 to 10 years, children start benefiting from the
advantages of the AVI and gradually improve this ability [6]. Also, researchers reported adult-like high-
precision performance in simultaneity judgment tasks at the age of 9 [12]. Our results suggest that it can

be the impact of the formation or strengthening of network links in the parietal region, which has

11



improved participants' performance (see Figure 3B). Figure 3B represents that most of the link changes in
these ages are related to SPG, which plays a role in multisensory spatial localization [22,48], especially in

tasks with incongruent AV stimuli [23].

In later age intervals, more changes in the intraregional STG links were observed. Studies have shown
that, after age 10, individuals' performance in temporal processing of non-speech AV stimuli increases
[24]. Likewise, fMRI studies confirm increasing STG activity during doing these tasks [23,25].
Eventually, improving intraregional communication in STG can bring performance closer to adults. As
getting older, the activity of STG decreases during the task (compared to younger children) [25]; it is the
sign of reaching the optimal AVI state. Consequently, changes in STG are the final step in the

development of AVIN.

4.2. Rate of changes in AVIN links

During development, some links remain fixed between trees (red links in Figure 3A). We hypothesized
that these links establish the basic connections to perform the main function of areas. Meanwhile, other
links change over time (blue links in Figure 3A). During development, children learn to benefit from the
advantages of AVI in the face of AV stimuli [10,12,14,26,49]. So we propose that blue links play
essential roles in AVIN formation. We did not see many changes in the degree of the nodes and the order
of their importance after removing the fixed links (Figure 3B); that shows specific nodes have more
significant impacts on AVIN performance. This means some subregions in each area play a more
important role in the AVI process. Most links changes occur before the age of 9/9, after which there is a
noticeable decrease in the slope of the cumulative sum of changes (see purple dashed line in Figure 4A).
The high volume of links changes in the early age ranges is a sign of the formation of the main AVIN
framework, which causes revelation of the symptoms of benefiting from AVI. This is why previous
studies have declared the beginning of AVI at these ages [13-15]. The next volume of changes and
decreasing amount of changes can be related to network reconfiguration to improve performance

[6,25,50,51].

12



Links changes between Al and V1 during development (Figure 3B) indicate that AVIN preserves the

value of the interaction between these regions.

The slight increase in the value of R (the ratio of intraregional-to-interregional links) in Figure 4B and the
new connections made at higher age intervals (Figure 3B) are consistent with the accepted development
pattern, which assumes distal strengthening and local weakening in structural and functional connectivity
[52]. Variations in the R ratio (Figure 4B) and the volume of changes in links (Figure 4A) in the early

stages also re-emphasize the importance of the links and AVIN establishment in the early stages.

From a network studies perspective, is our study consistent with other studies conducted on brain
networks? A rich-club phenomenon is the interconnection of high-degree nodes with other rich nodes.
Studies have shown that in the brain network of adults, there is a higher functional rich-club organization
compared to the younger population [53]. Our study shows the strengthening of interregional links and
increasing the degree of the corresponding node in older age ranges, which can be consistent with the
formation of rich-clubs in the brain. Also, studies have shown connections of the existing brain
subnetworks refines from adolescence to early adulthood [54]. Where we observed reducing changes in
intermediate link weights and increasing in MST leaves changes. Researchers suggest that these changes

cause the development of sensory and cognitive functions [54].

Considering the superior spatial resolution of the fMRI technique, it appears to be a more favorable option
for studies like ours, where changes in the connections between different brain regions are of importance.
On the other hand, when a higher temporal resolution is required, studies have utilized
electroencephalography (EEG) to construct brain networks. Taskov and Dushanova studied changes in
brain connectivity before and after visual training using EEG data [55]. Similarly, Fraga-Gonzélez et al.
created and compared the brain networks of individuals during task blocks [56]. Also, using EEG data,
researchers have been able to demonstrate the effect of visual training on dyslexia by utilizing the tools of

graph theory and MST [55,57]. These studies indicate that graph theory and MST tools can effectively

13



reflect changes in brain networks despite the variation of the neuroimaging techniques used and subjects'

conditions.

Finally, we hypothesized that at the first step brain learns to detect the source of the AV stimuli. In this
process, the brain examines the spatial location and congruency of AV stimuli. Next, the brain adjusts the
timing window that shows received auditory and visual stimuli have been released from the same source
if the delay time is in the range of the timing window. As a result, enhancement or rehabilitation programs
that want to improve AVI, should include localization tasks before the age of 9/9 and temporal judgment

tasks before the age of 11 to accelerate this process.

4.3. Study Limitations

According to our used method, there are some limitations in interpreting the results. We used a rs_fMRI
dataset to explore AVIN characteristics independent of AV tasks. In this case, there are slight differences
in the performance and the boundaries of the areas. Whereas, researchers showed these studies can
provide a reliable method in exploring developmental progress and assessing brain networks in children
[44,58]. We used the values of the functional connectivities between the parcels (network nodes) as a
criterion to assign links between them. During development, by changing the weight of links some links
add to or remove from the MSTs. These changes indicate that the importance of the related connection
has increased or decreased. Nevertheless, we cannot determine whether the communication value of the
route has altered or a new route has been created between two parcels, or an old route has been
demolished. In interpreting the results, it is beneficial to consider whether the structural connections
between brain regions change or not [59]. While Researchers in some tractology studies have been found
direct connections between Al and V1 [60,61] and indirect one between STG and SPG [25,61], yet its
developmental alterations are unrevealed. Tractological studies are recommended to study developmental
changes in the pathways related to AVI. Studies like this will help us clarify the nature of the changes

made better.
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We extracted MSTs from AVIN to attain comparable networks with the same size and densities. Studies
have shown using MST instead of the whole network preserves the main features and dynamics of the

main network [34]. Meanwhile, other methods can be used to compare the results of the removing links.

According to the results, a similar study can be repeated on individuals with impaired sensory integration
function to figure out abnormal developmental patterns. According to studies on brain plasticity, training
affects the process of the AVI and improves the function of the related areas [62,63]. Our findings make it
possible to design more effective rehabilitation programs based on critical age ranges to reduce probable
time lags or dysfunctions in the AVI process. Also, brain stimulation methods can be performed to

strengthen interrelationships between involved areas [64-66].

5. Conclusion

In this study, we scrutinized how AVIN changes during development. We found that AVIN formation
takes place gradually and improves over the years. In this process, the spatial localization sub-network is
created and evolves in the parietal lobe at first, and at the same time, with a slight delay, the temporal
judgment sub-network begins to form and develop in the temporal lobe. Consequently, studies based on

different task designs may differ in reporting the age at which individuals start to benefit from AVI.

The highest rate of change occurs in the early stages of development and before the age of 9/9
(years/months). Afterward, the speed of change slows down but does not stop, which is the sign of the
network evolution. It is recommended to perform localization tasks for rehabilitation or enhancement of
the AVI process in the early stages of development. In the next step, temporal judgment tasks are a good

choice to improve children's performance.
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Table Captions

Table 1: Regions of interest within the left hemisphere that were used to make the audiovisual integration

network (AVIN).

Table 2: Explanation of the maximum spanning tree (MST)'s measures.
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Figure Captions

Figure 1: Steps of audiovisual integration network (AVIN) formation in different age groups
A- The involved brain areas in the audiovisual integration process.

B- The number of participants based on age ranges. The horizontal axis shows the age range in
years/months format, and the vertical axis shows the number of samples in each bin.

C- The bootstrap method was used and repeated 1000 times for each age group.

D- The overall network was obtained from mean bootstrapped adjacency matrices.

Figure 2: Diameter (A), path length (B), leaf fraction (C), and normalized value of overlap between two

MSTs in a row (D) of the maximum spanning trees (MST) in different age intervals

Figure 3: The multi-scale and equivalent anatomically networks formed from the changed links in MSTs
of various age ranges. The size of each node is proportional to its degree.

A- The multi-scale network shows stationary (red) versus varied (blue) links.

B- The changed links by development (the blue links in Figure 3A) are shown according to their age

changes with the color coding. The cyan color is related to the lower age ranges.

Figure 4: Showing changes in interregional and intraregional links
A- Chang percentage of intraregional links number (red) to the interregional links (blue), total changes
(yellow dashed line), and cumulative sum of changes (violet dashed line)

B- The ratio of interregional links (blue columns in the cyan background) to the total links
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Tables

Table 1:

REGION ANATOMICAL DESCRIPTION AAL3 LABEL AAL3 No.
Al Heschl’s gyrus Heschl_L 83

STG Superior temporal gyrus Temporal_Sup_L 85

SPG Superior parietal gyrus Parietal_Sup_L 63

V1 Calcarine fissure and surrounding cortex Calcarine_L 47
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MEASURE EXPLANATION FORMULA

SHORTEST The fewest links between two nodes of an MST
PATH
DIAMETER The Ionge_st shortest path in the MST (normalized by D= i
network size) M
PATH 1 z "o
LENGTH The average of the shortest paths of a tree L, = _Z A ieN
N5 1-N
LEAF The ratio of the number of nodes with first degree to L — L
FRACTION the total number of links M
i i , , MST. " MST,
OVERLAP The rgtlo of shared links between MST; and MST; to 0 = i i
total links M
N Number of nodes

Table 2:



<

—r £ o

M is the total number of links
The longest shortest path in MST
The topological distance (the inverse of the link weights) between nodes i and j

The number of the nodes with degree one
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Figure 3:
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