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Abstract

Visualizing graph structures has its applications in various fields of research. Good readability of a graph is essential for
conveying the desired information. In the images depicting graphs, features such as small angles between edges or node images

overlapping edges reduce the readability.

This article presents a solution reducing these unwanted features by extending the standard force-directed “spring” model with
a repulsive force between edges and nodes not connected to these edges. Apart from the new force, the extended sprint model

behaves as the regular spring model.

An evaluation criteria based upon statistical analysis of edges between drawn nodes is also presented, and it can be used for
evaluating any graph visualizations where similar problematic features might emerge.

Based upon the evaluation criteria the presented solution improves the situation for more than 99% of test cases using a
peer-reviewed testing data set. The improvement is small but consistent over the whole testing data set.

CCS Concepts

eHuman-centered computing — Graph drawings; Visualization design and evaluation methods;

1. Introduction

Graph theory is the study of mathematical structures consisting of
nodes (vertices) and edges (connections). It finds applications in a
wide area of research across many fields including biology, social
studies and information systems research. When modeling systems
with graphs, it is often useful to visualize these systems using two-
dimensional embedding where nodes are represented as dots (or
other shapes such as images of the objects they represent) and edges
are represented as lines [BGL*97], [ST04], [GFV13].

There are several approaches to graph drawing. A recent sur-
vey [WT17] discusses methods ranging from processes that derive
the positions of graph nodes from symmetrical structures like or-
thogonal grids or co-centric circles to general purpose algorithms
[BBDW17] such as the spring model which uses a force-directed
approach in which numerical simulations of physics-like forces are
used to compute the positions of the nodes based typically on re-
pulsive forces between unconnected nodes, attractive forces along
the edges and possibly other — for example magnetic field-like —
forces. A common example of a force-directed graph drawing algo-
rithm is the “spring model” [Tut63], which models edges as stretch-
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able springs (hence the name) and nodes as objects with the same
electric potential. For sparse graphs, this algorithm yields visually
appealing results — as confirmed by [VDBG™*00] evaluation — and
is very simple to implement. It is often used for visualizing infor-
mational networks or dependency graphs in software engineering.

General-purpose layout algorithms [BBDW17] deal with posi-
tioning nodes with respect to each other and do not take into ac-
count relative position of nodes to edges or relative positions be-
tween edges close to each other. This aspect also means that the an-
gles between edges drawn from one node can be arbitrarily small.
This phenomenon is called zero angular resolution of studied algo-
rithms — because the lower angle limit is zero.

As the spring model is an instance of a force-directed graph
drawing algorithms class, which fall into the general-purpose lay-
out algorithms, it suffers from the same problem. [LY12] propose
solution based on a different approach to force-directed algorithms.
It uses only repulsive forces between the edges modeled as conduc-
tive wires with electric potential. Other forces between the nodes
are not considered.

Instead of trying to overcome the zero angular resolution of
traditional simple force-directed graph drawing algorithms, the
present research extends the simple spring model with a newly de-
fined force that aims to counter the angles between edges that are
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too small. There is no definition of what angle sizes are perceived
as “small” as this may be very subjective, therefore an exact and
measurable criteria is developed based on [VDBG™*00] and [LY12]
with respect to how close to the ideal angle distribution the sizes
get. With the new force definition and the evaluation criteria spec-
ified, this work proves that it is possible to address the problems
arising from zero angular resolution of the simple spring model by
adding a repulsive force between nodes and edges unconnected to
such nodes.

This article proposes an extension to the simple spring model al-
gorithm by adding a new force to the simulation and evaluates its
improvement to the resulting images with respect to angular res-
olution. In the first section the simple spring model is described,
the second section lays out the evaluation criteria for measuring
the angular resolution artifacts, in the third section an extension
to the simple spring model is presented. In the fourth section, the
testing data set based on [VDBG™*00] is presented and the testing
process is summarized. And in the last section the results are dis-
cussed. Lastly, conclusions and possible research suggestions are
presented.

2. The simple spring model

For the purpose of this project, the simple spring model can be de-
scribed in terms of repulsive forces between all nodes and attractive
forces between nodes connected by an edge.

2.1. Forces magnitude

The repulsive forces are modeled similarly to the electrostatic
forces and for the purpose of the simple spring model they shrink
with distance. For any given node A and B in an arbitrary graph, the
size of repulsive force FB_ A between nodes A and B is calculated
as:

Fa—pl=

Cr
1
IAB] (€]
The constant ¢, gives the force size at unit distance and |AB| is
the distance between nodes A and B.

Sometimes, forces more resembling real electrostatic force are
used. In such cases the force magnitude shrinks with the square of
the distance:

Cr
ABP2 (2)

Fa_p| =
For the purpose of this project, the force magnitude specified in
equation 1 is used. This study focuses on angles between edges and
not their lengths. There were two reasons for using this simplifica-
tion. Using the chosen approach simplifies calculations of the re-
pulsive forces between nodes and lowers its computational cost. In
addition to this, it similarly simplifies the newly defined repulsive
forces in section 4 The extended spring model.

The attractive forces are modeled as an ideal spring. For a given

connected pair of nodes A and B, the size of the attractive force
between the two nodes is calculated as:

|Fa 5| = ca|AB| 3)

The constant ¢, gives the attractive force size at unit distance.

The constants ¢, and ¢, are chosen arbitrarily to affect the
lengths of edges in the resulting image. Given just two nodes, con-
nected by an edge, their distance, after the simulation converges and
the attractive and repulsive forces come to equilibrium, becomes:
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Figure 1: Equilibrium between repulsive and attractive forces size
between two nodes connected by an edge.

In this project, values of ¢, = 1 and ¢; = 11—0 are used, therefore
the distance between two nodes connected by an edge converges
to |AB| = v/10. The equilibrium between attractive and repulsive
forces size can be seen in figure 1. For studying angles between
edges, the actual distances are not relevant and these values are
chosen arbitrarily. Changing them should not affect the evaluation
results, only the image size of graph drawings generated.

2.2. Forces direction

The repulsive forces between two nodes, as shown in figure 2, are
always in the opposite direction of each other. Extending the equa-

submitted to COMPUTER GRAPHICS Forum (4/2018).



Dominik Pantii¢ek / Extended spring model graph drawing 3

Figure 2: Repulsive forces between nodes.

tion 1, the formulas for repulsive forces between nodes A and B
affecting these nodes become:

_>

F _ Cr BA
A=B = |AB]| |AB] )

& _ o AB

B=A " |AB]| |AB]

Fi_p represents the repulsive force between nodes A and B af-
fecting node A, Fg_,4 is analogous.

As discussed in subsection 2.1 Forces magnitude, the force mag-
nitude shrinks with distance. This has an additional benefit when
calculating the vector of repulsive force between nodes. The force
F‘A_B can be expressed as:

—
- crBA

Fup=20
A~B= g (6)

Calculating the square of vector length has smaller computa-
tional cost, as there is no need to calculate the square root, only
sum of squares is required to calculate in the denominator:

AB= (4 x,ﬁy)
AB| = \/AB2 + AR ™

AB> = AB + AB?

Similarly, the attractive forces along the modeled spring, as seen
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Figure 3: Attractive forces between connected nodes.

in figure 3, can be calculated — including the direction — by extend-
ing equation 3:

FA+B = Calﬁ
> —
FB+A = CaBA

(®)

Where FM_ p represents the attractive force between the con-
nected nodes A and B affecting the node A and the similarly defined
Fp4 is inverse to it.

2.3. Forces application

For each frame of the simulation, the forces affecting all nodes are
calculated first and for each node in the graph a total force is calcu-
lated as a sum of all forces affecting it:

Fj= i (FA+i+FA—i) ©

Where FA+i is the attractive force between node A and i-th node
in the graph and Fy_; is the repulsive force between node A and i-
th node in the graph. Attractive forces between unconnected nodes
are zero in this equation as well as any force the node exerts upon
itself.

Then the total forces are applied to all nodes in the graph by
adding the total force vector to given node. For each node A a new
position A is calculated:

A =A+F, (10)
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Should the force be applied exactly this way, the immediate dis-
placement may put the node in a position where the total force af-
fecting it may be bigger than it is in the previous state. To counter
this problem, an arbitrary scale coefficient ¢y < 1 is chosen to make
the simulation run smoother and closer from discrete to continuous
physics-like movement:

A =A+csFy
1 (11)
(,f—2

The force scale coefficient for the simple spring model does not
need to be too small as the simulation always converges even for
relatively large values. Therefore the value ¢y = % is chosen for
all simulations using the simple spring model. Lower values show
no improvement in the results with respect to chosen evaluation

criteria.

2.4. Simulation convergence

The convergence of the simulation is determined by calculating the
total displacement between two successive frames and comparing
it to a predefined threshold value. In order to do so, the sum of all
total force sizes affecting all nodes is calculated:

N =
A= Z\Fi| 12)

If the value A < Aypresiola for some small Aypyegno1a, the simu-
lation has converged and is stopped. In this case, the number of
frames to converge is known as well as the total time to run the
simulation. It is also possible to evaluate the resulting drawing ac-
cording to the evaluation criteria.

For this project, value A esnora = 0.01 is chosen for simple
spring model. This value is chosen empirically based on the test
results and no significant improvements have been observed for
smaller values of Asjeshold-

2.5. Complexity and cost

For an arbitrary graph with N number of nodes there exists a repul-
sive force between each pair of the N nodes, for a total of N(N — 1)
forces. This means the asymptotic time complexity of calculating
the forces is O(n?).

Similarly, if E is the number of edges in a graph, there are E
steps required to calculate the attractive forces in the graph. The
number of edges for a connected graph is in the range:

E€<N—l,w> (13)

Therefore the total number of steps required to calculate attrac-

N-N N+N
Divisions 1 1
Multiplications 4 4
Additions 1 1
Subtractions 2 2
Minimum steps N<NZ*1) N—-1
Maximum steps N(Nz_l) N(Nz_l)

Table 1: The computational cost of calculating all repulsive and
attractive forces between all nodes of the graph. N-N represents
the repulsive force between nodes and N+N is the attractive force
between nodes connected by an edge.

tive and repulsive forces between nodes is N(N — 1) + E which
gives maximum total number of steps for a fully connected graph:

Smax :N(N_ 1)+Emax

N(N-1)

Smax = NN —1) + > (14)

3
Smax: EN(N— 1)

It is possible to calculate the repulsive forces between nodes in
N(Nz_l) steps by calculating the force magnitude and direction be-
tween each pair of nodes only for one node in each pair and then
negating the resulting vector for for the other node in the pair. This
is an optimization that is omitted in this calculation as it makes
strictly functional implementation (that is without any program-

ming side effects) impossible.

The asymptotic time complexity of calculating both attractive
and repulsive forces in the simple spring model is therefore also
o(n?).

In the case the graph is not connected — that means it contains
subgraphs comprised of subsets of nodes where there is no edge
connecting a node from one set to another — some repulsive forces
are never canceled out by attractive forces along the edges and
therefore such simulation using the calculated forces never reaches
equilibrium.

As there is some arbitrarily small Aj,en014 Specified, the simu-
lation would eventually reach the point where it could be labeled as
converged even for a graphs that contain disconnected sub-graphs.
In such case the resulting graph drawing would get arbitrarily large
and there are currently no known practical applications for this ap-
proach.

Computational cost of calculating both the repulsive and attrac-
tive forces between nodes can be seen in table 1. Minimum and
maximum number of steps required to calculate all the forces for
graph with given number of nodes are also given.

It has been empirically shown that the number of steps required
for the simulation to converge grows linearly with the number of
nodes [VDBG™00].

The total asymptotic complexity of running the algorithm until
convergence is therefore O(n*).
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3. Evaluation criteria

The zero angular resolution of a simple spring model may cause
the algorithm to produce edges holding very close angles as studied
by [LY12]. Even in the experimental study [VDBG*00] there is no
rigorous criteria defined for measuring this phenomenon.

The evaluation criteria analyzes a graph in three steps.

Firstly, for all N nodes in the graph, an ideal angle between edges
connected to each node is calculated. As the whole circle around
the node i is represented by an angle 27, dividing this angle evenly
by the number of edges E; connected to this node yields the ideal
angle between such edges:

E; (15)

Secondly, for all nodes, actual angles between edges connected
to each node are measured, each measured angle is labeled f; ;
where j € (1;E;). The ratio between measured and ideal angle is
then:

rij = % (16)

i

Using this ratio in place of real angles allows for analyzing these
ratios over the whole graph regardless of the number of edges
around each node. The ratio can be seen as “normalized angle”.

Thirdly, performing a statistical analysis of the ratios over the
whole graph describes how close to an ideal angle are all angles in
the graph. The statistical property used for this is statistical vari-
ance.

Lemma: The average value 7 of the ratios between measured and
ideal angles over the whole graph is always one.

a7

~i
Il
—_

This lemma allows calculating directly the variance without the
need for calculating average value. Proof of this lemma is as fol-
lows:

N E;
7= l Z i B’J (18)
NSE = o
Substitute for the ideal o;:
1 1 & BijEi
1y 1 i |
"TNEE ; m (19

j=1
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Factor out %’t from the inner sum:

(20)

The sum of all angles around each node is always 27:
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Which proves the lemma:
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Therefore, calculating the variance of measured to ideal angles
ratios is done as follows:

=
IS

_1
TN
1

1

2 o 1)\2
o (r) lEj (rij—1) (23)

1

However, a definition better suited for implementation can be
derived. First, the ratio is expressed in terms of ideal and measured
angles:

i .. 2
() :%z“%z (%{_1) 24)

Then the ideal angle is expressed in terms of number of edges
connected to each node and measured angles:

L[ BijEi ?
ACIINING S RNC

This definition can be directly implemented in the software and
calculates the variance of ratios of measured angles to ideal angles
over the whole graph directly from measured angles and graph def-
inition.

The lower the (52(7‘) value, the closer the measured angles in the
whole graph are to ideal angles. Any improvement to the simple
spring model with respect to countering problems caused by zero
angular resolution lowers the value of 6°(r).
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4. The extended spring model

To counter the problems associated with zero angular resolution
which include angles between edges getting arbitrarily small or
nodes crossing edges, described in [LY12], a repulsive force be-
tween nodes and edges unconnected to them is proposed.

Introducing a repulsive force between a node and an edge uncon-
nected to it requires expanding the simulated force field to have its
source not only at distinct nodes but also on the line representing
an edge. An analogy would be to describe the edge as a conductive
spring with electric potential the same way a node can be imagined
as a point with electric potential. A spring from conductive material
should serve as a physical analogy of such edge.

Such force pushes the edges connected to the same node further
away from each other and it also repels other nearby nodes away
from the edge itself. This is the behavior that counters both prob-
lems studied in this project: arbitrarily small angles between edges
and node images overlapping with edges.

4.1. Force field

A force field modeled around each edge ensures that any node af-
fected by this field is repelled away from the edge.
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Figure 4: Visualization of repulsive force field affecting nearby
nodes around an edge.

As seen in figure 4, the repulsive force’s direction depends on rel-
ative position of an interacting node to given edge. Its scale depends
on the distance of such node from this edge. Again, the magnitude
of the force is modeled the same way as the magnitude of repulsive
forces between nodes in subsection 2.1 Forces magnitude, equation
1, but the distance calculation is more complex in this case.

4.2. Coordinates on an arbitrary axis

In order to calculate the repulsive force between an edge AB and
a node P, a relative position of the node to the edge must be cal-
culated. The infinite straight line on which the edge lies is treated
as an arbitrary axis / with one node of the edge having coordinate
[ = 0 and the other node being at / = 1. A position of node P on
this axis is calculated first. It can be calculated as a distance be-
tween a line defined by one of the points with normal vector being
the vector between the two nodes.

Calculating the distance of a point from a given straight line is
simple. The straight line is defined by the following equation:

ax+by+c=0 (26)

And the distance of any point in the two-dimensional plane from
this line can be computed using:

_|ax+by +c|
|

d @7

Where 1 is the normal vector of such line. A normal vector can
be constructed from the coefficients of the line equation — or the
coefficients can be taken from known normal vector as follows:

n=(a,b) (28)

Therefore the distance can be easily calculated using the follow-
ing formula:

_ Jax+by+c|

d
Va2 +b?

(29)

By omitting the absolute value from this equation, a distance
value with a sign can be calculated. The sign of the distance value
represents the semi-plane to which the point belongs with respect
to the line:

d*:ax+by+c (30)
N7

A positive sign means the point [x,y] belongs to the same semi-

plane as the normal vector is facing towards. A negative sign means

it is in the opposite semi-plane. As with regular distance between a

point and a line, zero value means the point lies directly on the line.

Calculating the coefficients of the given line equation is per-
formed using known normal vector and a point on given line. Given
the following:

0 = (Tx,niy)

A =[Ay,A)] @b
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The coefficients for the line equation then are calculated as:

Il
1)
£

1

a
b=
c= —aAx— DAy

(32)

~

To calculate the 1-axis coordinate for the edge AB, the distance
value with sign between a line defined by the point A and normal
vector ﬁ and the point P is calculated and divided by the size of
vector ﬁ to scale the resulting value to be / = 1 at point B. The
normal vector used is:

ii—AB (33)

Coefficients a, b and c are calculated as given in equation 32 and
the appropriate l-axis coordinate is then calculated as:

d*
lp ==

5| (34)
_ aPx+bPy+c 1

Ip— )
’ Va2 +b2 Va2 +b?

This can also be simplified to remove the necessity of calculating
the square root:

aPy+bPy+c
=g (33)

According to the /p coordinate, method for calculating the force
is chosen.

4.3. Possible force calculation methods

There are three distinct cases that must be addressed. The following
choices for the repulsive force between node P and edge AB exist:

Ip <0 —itis calculated as a repulsive force between the nodes A
and P (point P on figure 5),

Ip > 1 —itis calculated as a repulsive force between the nodes B
and P (point R on figure 5),

Ip € (0,1) — it is calculated as a repulsive force between the line
on which edge AB lies and the node P (point Q on figure 5).

The three distinct cases can be seen in figure 5 superimposed on
the three regions where given force calculation must be applied.

From the programming perspective, these are two general cases.
First instance is where the force is calculated using the distance
between line and point. Second instance is where the force is cal-
culated using the distance from the nearer of the two points defining
given edge.
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Figure 5: Visualization of repulsive force affecting three nodes
close to an edge in three possible regions with respect to the nodes
defining the edge.

4.4. Repulsive force between a line and a point

In the case the node P has I, € (0,1), the distance between the
infinite straight line on which the edge AB lies and the point rep-
resenting node P is used to determine the force magnitude and its
direction. The line is specified as in the equation 26 with coeffi-
cients calculated similarly to the equation 28.

The normal vector 1i is obtained by rotating the vector defining
the edge by 5 counter-clockwise:

=l
I
sl

(36)

=1

= (i, x)

The distance between the line / and the point P is calculated as:

_|aPy+bPy+c|
|

d (37

Then the size of the repulsive force is calculated similarly to cal-
culating the repulsive force between nodes (see equation 1) as:

- Cr
[Fap—p| = g’ (38)

Where |F 48— p| represents the magnitude of the repulsive force
between the edge AB and node P affecting the node P.

The direction of the force is always perpendicular to the edge.
Therefore the direction of the force is the same or inverse as of the
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calculated normal vector. To calculate the direction, the unit normal
vector is calculated first:

0 = TRl (39)

A distance value with sign is calculated by removing the absolute
value. It is the same approach as used in the equation 35:

_ aPx+bPy+c

d*
Il

(40)

If a distance value with a sign is used, the final force vector can
be calculated directly from unit normal vector. This is because pos-
itive sign means the force vector has the same direction as normal
vector that was used and negative sign means it has the opposite
direction:

- c .

Fap—p= d%‘ -1y 41)

This is the vector of repulsive force between edge AB and node

P affecting the node P. Calculating the reciprocal force is done
similarly as:

- I .
Fp_ap= _d%‘ 1y (42)

Where Fp_up represents the repulsive force between the edge
AB and node P affecting the edge AB.

4.5. Force distribution along the edge

The force affecting the edge should exhibit itself exactly on the
nearest point on the line representing the edge. This can be greatly
simplified by splitting the force at this point to two forces affecting
both ends of a given edge by shrinking its magnitude based on the
distance from the other end.

If the nearest point on the straight line defined by the two points
forming the edge does not lie between them, the distance — and
direction — is determined simply by calculating the force against
the nearer of the two edge ends. In this case the repulsive force
affects effectively only the closer node of given edge and it can be
calculated just as the aforementioned repulsive force between two
nodes in the equation 5.

For the case where Ip € (0, 1), the force is divided between the
two nodes defining the edge by the inverse ratio of the distance
from /p to nodes A and B respectively.

FILAB(A) =(1—1p)-Fp_ap “3)

Fp_aps) = Ip-Fr_ap

The force FP, AB(a) affecting the node A and the force F P—AB(B)
affecting the node B are shown in figure 6.

Figure 6: Visualization of the repulsive force affecting the node
close to an edge and respective forces affecting the nodes compris-
ing such edge.

The sum of magnitudes of the new forces is equal to the magni-
tude of the original force:

|FP—AB(A) |+ \FP—AB(B) | = [Fp_asl (44)

For Ip € (0,1) the proof is as follows:

(1—1p) - Fp_ag+1p-Fp_ap = (1—1p)+1p) -Fp_p

(1=1p)+1p) = 1 )

For practical implementation, the forces into which the original
force gets split are calculated directly using:

= cr(1—1p)
Fp_apa)y= — % ‘A
; (46)
- crlp
Fp_apm) = — ;* gl

This division of the force translates the edge away from the in-
teracting node P and if Ip # %, rotates the edge around its midpoint
as well.
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4.6. Application

Newly calculated forces are added to the forces affecting each node.
To incorporate this change the equation 9 is extended by adding
newly calculated forces to the sum:

N E N
Fr=) (FA+i “'FAfi) +) (FiA +) Fj—i(A)) (47
i=1 =

i=1

Where FA is the total force affecting node A, FA+1‘ is the attrac-
tive force between node A and i-th node, FA_ ; is the repulsive force
between node A and i-th node, Fi, A is the repulsive between the
node A and i-th edge affecting node A and F j—i(a) 1s the repulsive
force between i-th edge and j-th node affecting node A.

As the simulation is more complex than in the simple spring
model, it takes significantly longer time to fully converge. For all
practical purposes, choosing A, esnoid = 0.1 does not have any neg-
ative impact on the results for stopping the simulation early.

However, with more force-like interactions in the simulation,
higher precision is required to avoid problems of low resolution
numerical simulations. With ¢y = 0.1, all simulations ran smoothly
and converged within expected time.

4.7. Complexity

Adding a new force to the spring model requires calculating this
force for all nodes for each frame and adding it to the total force
affecting nodes.

The number of steps required to calculate the repulsive forces be-

tween edges and nodes unconnected to them depends on the num-

ber of edges in the graph E € <N -1, w > Therefore the num-

ber of steps required to calculate the newly added forces is:
N(N-1)
Se (N—l)-(N—Z),T(N—Z) (48)

This has important consequences, as:

Spin = N> —3N +3

N3 —3N? 42N
Smax = f

(49)

The number of steps for the algorithm to converge grows linearly
with the number of nodes in the graph — which is confirmed by the
experimental results. Adding newly defined force to the model in-
creases the algorithmic complexity between O(n’) and O(n*) de-
pending on the number of edges. When working with sparse graphs,
for all practical purposes, O(n3 ) is an estimation that also fits the
experimental results.

Computational cost is also increased compared to the simple
spring model. The most expensive function is square root which
needs to be calculated when computing the force interaction be-
tween line and node. Actual number of distinct operations can be
seen in table 2.
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N-E/1 | N-E/d
Square roots 1 0
Divisions 1 1
Multiplications 6 4
Additions 4 2
Subtractions 2 2
Negations 1 2
Minimum steps | (n—1)-(n—2)
Maximum steps % -(n—2)

Table 2: The computational cost of calculating repulsive forces be-
tween nodes and edges. N-E/l represents the case where the inter-
action is based upon line-point distance and N-E/d shows the cost
of calculation based on direct distance between the nearer of the
two nodes forming an edge and the affected third node.

The extended spring model is significantly more computation-
ally expensive than the simple model. This matches the experimen-
tal results.

5. The evaluation of the extended spring model

To test the extended spring model, a proof-of-concept implementa-
tion was created.

The testing data was obtained from [VDBG*00] which used
11582 graphs gathered from science and engineering applications
and additional graphs constructed randomly based on the properties
of the collected graphs.

5.1. Implementation

The implementation was created using Racket cross-platform,
scheme-based programming environment [Rac17].

Support utilities for running the tests in parallel, converting the
original testing data set and analyzing results were implemented as
well.

5.2. Testing data set

The testing data set was in a simple text format consisting of two
parts listing first the nodes and then listing the edges represented as
node pairs.

Set or subset Graph count
Original testing data set 11582
Disconnected graphs 2
Too many nodes (> 100) 3
Empty graphs 49
Final testing data set 11528

Table 3: Erroneous graphs found in the original testing data set
and resulting data set graph count.

In addition to nodes and edges listing, the original format al-
lowed for storing per-node and per-edge weights. This feature was
not used in the original testing data set as all such values were zero.
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The testing data set was converted to S-expressions based format
used by the software developed for this project. The conversion
revealed a number of graphs with various kinds of errors in the
original data set which are presented in table 3. Erroneous graphs
were discarded from the testing data set.

Conversion of the original testing data set was done on an In-
tel(R) Core(TM) i7-5600U CPU 2.60GHz. The data was converted
in 68m13s. There were no other errors encountered.

5.3. Evaluation methodology

To assess the improvement of the extended spring model over the
simple spring model, the testing data set is processed by both and
the results are evaluated with respect to chosen criteria given in
section 3 Evaluation criteria.

All graphs in the testing set were processed by the simple spring
model first and then the resulting node positions were used as input
for the extended spring model. For both parts, the resulting angle
ratio variance was calculated after the simulation converged and the
time to finish and number of simulation frames were stored as well.

After collecting results from all graphs in the testing data set, a
statistical analysis is performed on the complete results. Obtained
statistical data is plotted as histogram with respect to number of
nodes in graph.

6. Results

Both the simple spring model and the extended version converged
for all graphs in the testing set. Running the extended algorithm
after the simple one yielded better results for over 99% of these
graphs. Only for 108 graphs out of 11518 the results after running
the extended algorithm were worse with respect to chosen eval-
uation criteria. These 108 graphs were not studied further in this
project.

" Simple |
0.8 |- Both
Improvement

Angle ratio variance

0 i i i i i i i i
10 20 30 40 50 60 70 80 90 100

Number of nodes

Figure 7: Averages of angle to ideal angle ratios variance over the
whole graph for all graphs in the testing set, grouped by the number
of nodes in the graph. The results of running only the simple algo-
rithm and running both algorithms are shown with the improvement
added for clarity.

The averages of the resulting angle ratio variances grouped by
the number of nodes in the graph can be seen in figure 7 shown
as histogram. The improvement of running both algorithms against

running only the simple one is also depicted and although the im-
provement is less than 10% of the original value, it is consistent
over the whole testing set.

The improvement depicted in figure 7 shows slightly de-
creasing tendency with the increasing number of nodes in test-
ing graphs. As the decrease is really small if approximated
with linear function using the least squares fitting method

<linear dependence of ~ (—11.6128 £1.195)- 10_05>, studying

this phenomenon would require testing data set of graphs with
many more nodes.

18000 .
Simple
16000 | Extended ‘
Both * - ;
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10 20 30 40 50 60 70 80 90 100

Number of nodes

Figure 8: Averages of the number of frames for both algorithms to
converge with respect to the number of nodes in the graph. Both
the simple and extended parts of the simulation are shown, as well
as the total number of frames for the simulation to finish. Linear
approximations are displayed to show that the experimental results
match the estimations.

Running the experiments shows that the average number of
frames to converge for both the simple and extended algorithm
grow linearly with the number of nodes in a graph. The aver-
age number of frames to finish the simulation can be seen in fig-
ure 8 and it is shown with respect to the number of nodes in the
graph. Also linear approximations using the the least squares fit-
ting method of the Gnuplot software suite [gnul7] are shown.

These results match the expectations from subsection 2.5 Com-
plexity and cost. All simulations converged in less than 20 000
frames. The limit of 100 000 frames set to catch possible errors
was never reached.

Unlike the linear growth observed in the number of simulation
frames to converge, the computational complexity and also the ac-
tual computing cost grow faster with the number of nodes. As
given in subsection 2.5 Complexity and cost and subsection 4.7
Complexity, the asymptotic complexity of the simple spring model,
based upon required number of steps in the equation 14, is O(n3 )
and the extended spring model’s asymptotic complexity, based
upon the minimum and maximum number of steps given in equa-
tion 49, falls between O(n*) and O(n*). As the graphs in the testing
set are sparse, the 0(n3) approximation of running times fits the re-
sults sufficiently.

The average times to converge, with respect to the number of
nodes in the graph, are shown in figure 9. The increased algorithmic

submitted to COMPUTER GRAPHICS Forum (4/2018).



Dominik Pantii¢ek / Extended spring model graph drawing 11

1600 :
Simple
Extended

1400 - Both

1200

1000

800

Time [s]

600 o

400

4t
by

200 K

RS bt

Number of nodes

Figure 9: Average times for the simulations to converge for both
variants of the algorithm with respect to the number of nodes in a
graph. Cubic estimations are added as dashed curves to show how
the experimental results match the predictions.

complexity and added computing cost is reflected in much longer
times needed to run the simulation using the extended algorithm.

Simulations were run on an Intel(R) Xeon(R) CPU E5-2620 v4
@ 3.00GHz. There were 8 parallel tasks running using simple
partitioning scheme where the testing data set was divided into
8 roughly equally sized bins based on the number of graphs and
nodes in those graphs.

Total running CPU time used was 1140h38m35s and all the sim-
ulations were finished in less than a week time.

7. Conclusions

An extension to the simple spring model graph drawing algorithm,
that should counter the problem of having zero angular resolution,
was designed, implemented and rigorously evaluated.

7.1. Test results

It was confirmed that on a publicly available, peer-reviewed, test-
ing data set used for practical evaluation of graph drawing algo-
rithms, the extended spring model yields better results than the sim-
ple spring model alone. For less than 1% of the graphs in the testing
set, the algorithm yielded worse results.

The extended spring model algorithm cannot be used on its own,
initial node positions need to be determined by some other algo-
rithm. Using the simple spring model as the algorithm of choice for
finding the initial positions is sufficient.

A downside of the extended spring model algorithm is its asymp-
totic time complexity and higher computational cost of distinct
steps. The simple spring model can run in 0(n3) time, whereas
the extended algorithm requires between O(r*) and O(n*) — based
on the number of edges in given graph.

The evaluation metric developed for this project can be used in
the future to measure the performance of other graph drawing al-
gorithms with respect to handling artifacts arising from zero or low
angular resolution by measuring how close to the ideal angles dis-
tribution around nodes the results get.

submitted to COMPUTER GRAPHICS Forum (4/2018).

7.2. Future improvements

As the extended spring model algorithm was shown to be improv-
ing the size of angles between edges towards their ideal size only
after running a simple force-directed graph drawing algorithm, a
future research should focus on analyzing whether the extended al-
gorithm can also be used after other graph drawing algorithms as a
final improvement before actually displaying the result.

To address the algorithmic complexity, study should be con-
ducted to assess possible parallel implementation of certain parts
of the algorithm. The forces calculation stage could be — in theory
—run in as many threads as there are forces to calculate. Although
such thread configuration would pose a different challenge for task
scheduling on a massively parallel hardware architecture.

Such hardware architecture, affordable today by virtually any-
one, is represented by GPU cards. These can nowadays process
many hundreds or thousands tasks in parallel which means that for
graphs in the testing set used a separate thread for calculating the
forces could be spawned for each node — maybe for each pair of
nodes. The most optimistic prediction would be that it should be
possible to trade the time complexity for the number of computing
cores. The best case scenario would then be to have the algorithm
run in linear time with respect to the number of input nodes and
edges.

An experimental study with larger graphs is needed to fully un-
derstand the nature of the slow decrease in improvement of the vari-
ance of measured to ideal angle over the whole graph, discussed in
section 6 Results, as the number of nodes in the graph grows.
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