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Abstract

When drawing graphs whose nodes contain text or graphics, the non-

trivial node sizes must be taken into account, either as part of the initial

layout or as a post-processing step. The core problem in avoiding or

removing overlaps is to retain the structural information inherent in a

layout while minimizing the additional area required. This paper presents

a new node overlap removal algorithm that does well at retaining a graph’s

shape while using little additional area and time. As part of the analysis,

we consider and evaluate two measures of dissimilarity for two layouts of

the same graph.

Submitted:

November 2008
Reviewed:

March 2009

Revised:

May 2009
Accepted:

November 2009

Final:

November 2009

Published:

January 2010

Article type:

Regular paper
Communicated by:

I. G. Tollis and M. Patrignani

E-mail addresses: erg@research.att.com (Emden R. Gansner) yifanhu@research.att.com (Yifan

Hu)

mailto:erg@research.att.com
mailto:yifanhu@research.att.com


54 Gansner and Hu Efficient Node Overlap Removal

1 Introduction

Most existing symmetric graph layout algorithms treat nodes as points. In
practice, nodes usually contain labels or graphics that need to be displayed.
Naively incorporating this can lead to nodes that overlap, causing information
of one node to occlude that of others. If we assume that the original layout
conveys significant aggregate information such as clusters, the goal of any layout
that avoids overlaps should be to retain the “shape” of the layout based on point
nodes.

The simplest and, in some sense, the best solution is to scale up the drawing
while preserving the node size until the nodes no longer overlap [30]. This has
the advantage of preserving the shape of the layout exactly, but can lead to
inconveniently large drawings. In general, overlap removal is typically a trade-
off between preserving the shape and limiting the area, with scaling at one
extreme.

Many techniques to avoid overlapping nodes have been devised. One ap-
proach is to make the node size part of the model of the layout algorithm. It
is assumed that whatever structure that would have been exposed using point
nodes will still be evident in these more general layouts. For hierarchical lay-
outs, the node size can be naturally incorporated into the algorithm [11, 35].
For symmetric layouts, various authors [3, 19, 28, 37] have extended the spring-
electrical model [7, 12] to take into account node sizes, usually as increased re-
pulsive forces. Node overlap removal can also be built into the stress model [26]
by specifying the ideal edge length to avoid overlap along the graph edges. Such
heuristics, however, cannot guarantee all overlaps will be removed, so they typ-
ically rely on overly large repulsive forces, or the type of post-processing step
considered below. This problem was addressed by Dwyer et al. [5], who showed
how to encode overlap avoidance, as well as many other layout features, as lin-
ear constraints in a stress function, and then optimize the stress function using
stress majorization [13].

An alternative approach is to remove node overlaps as a post-processing
step after the graph is laid out. Here the trade-off between layout size and
preserving the graph’s shape is more explicit. In addition to many of the al-
gorithms mentioned above that can be adapted for this use, a number of other
algorithms have been proposed. For example, the Voronoi cluster busting algo-
rithm [15, 29] works by iteratively forming a Voronoi diagram from the current
layout and moving each node to the center of its Voronoi cell until no overlaps
remain. The idea is that restricting each node to its corresponding Voronoi
cell should preserve the relative positions of the nodes. In practice, because of
the number of iterations often required and the use of a rectangular bounding
box,1 the nodes in the final drawing can be homogeneously distributed within
a rectangle, the graph bearing little resemblance to the original layout.

Another group of post-processing algorithms is based on setting up pairwise
node constraints to remove overlaps and then performing some procedure to

1The latter might be improved by using something like α-shapes [8] to provide a more
accurate boundary.
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generate a feasible solution. The force scan algorithm [31] and its later vari-
ants [20, 24] proceed along these lines. More recently, Marriott et al. [30, 31]
have presented quadratic programming algorithms which remove node overlaps
while, if desired, minimizing node displacement. All of these techniques rely
on solving separate horizontal and vertical problems. They behave differently
if the layout is rotated by a degree that is not a multiple of π/2. We have also
found that, in practice, this asymmetry often results in a layout with a distorted
aspect ratio (e.g., Figure 4, bottom right).

One desideratum proposed [31] for overlap removal is the preservation of
orthogonal ordering, i.e., the relative ordering of the x and y coordinates of
two nodes should be the same in the original layout and the one with overlaps
removed. Thus, if a node is above and to the left of another node in the original
layout, it is above and to the left in the derived one. The idea is that, in
this manner, a user’s “mental map” of the graph is better preserved. Many of
the algorithms described above either inherently preserve orthogonal ordering,
or have simple variations that do. While preserving orthogonal ordering can
be important, it alone cannot ensure that the relative proximity relations [23]
between nodes are preserved. At other times, it is too restrictive, causing two
highly-related nodes to be moved far apart due to some largely unrelated third
node. For these reasons, our approach is to concentrate on proximity relations
and not deal with orthogonal ordering.

In this paper, we focus on the problem of removing overlaps rather than
avoiding them. To this end, we discuss (Section 3) metrics for the similarity
between two layouts which we believe better quantify the desired outcome of
overlap removal than minimized displacement or such simpler measures as as-
pect ratio or edge ratio (the ratio of the longest and the shortest edge lengths).
We then present (Section 4) a node overlap removal algorithm based on a prox-
imity graph of the nodes in the original layout. Using this graph as a guide,
it iteratively moves the nodes, particularly those that overlap, while keeping
the relative positions between them as close to those in the original layout as
possible. The algorithm is similar to the stress model [26] used for graph layout,
except that the stress function involves only a sparse selection of all possible
node pairs. Because of this sparse stress function, the algorithm is efficient and
is able to handle very large graphs. In Section 5, we evaluate our algorithm
and others using the proposed similarity measures. Finally, Section 6 presents
a summary and topics for further study.

2 Background

We use G = (V,E) to denote an undirected graph, with V the set of nodes
(vertices) and E edges. We use |V | and |E| for the number of vertices and
edges, respectively. We let xi represent the current coordinates of vertex i
in Euclidean space. For this paper we are interested in 2D layout, therefore
xi ∈ R2.

The aim of graph drawing is to find xi for all i ∈ V so that the resulting
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drawing gives a good visual representation of the information in the graph. Two
popular methods, the spring-electrical model [7, 12], and the stress model [26],
both convert the problem of finding an optimal layout to that of finding a
minimal energy configuration of a physical system. We shall describe the stress
model in more detail since we will use a similar model for the purpose of node
overlap removal in Section 4.

The stress model assumes that there are springs connecting all nodes of
the graph, with the ideal spring length equal to the graph theoretical distance
between nodes. The energy of this spring system is

∑

i6=j

wij (‖xi − xj‖ − dij)
2, (1)

where dij is the graph theoretical distance between vertices i and j, and wij is a
weight factor, typically 1/dij

2. The layout that minimizes the above stress en-
ergy is an optimal layout of the graph. There are several ways to find a solution
of the minimization problem. An iterative approach can be employed. Starting
from a random layout, the total spring force on each vertex is calculated, and
the vertex is moved along the direction of the force for a certain step length.
This process is repeated, with the step length decreasing every iteration, until
the layout stabilizes. Alternatively, a stress majorization technique can be em-
ployed, where the cost function (1) is bounded by a series of quadratic functions
from above, and the process of finding an optimum becomes that of solving a
series of linear systems [13].

In the stress model, the graph theoretical distance between all pairs of ver-
tices has to be calculated, leading to quadratic complexity in the number of
vertices. There have been attempts (e.g., [2, 13]) to simplify the stress function
by considering only a sparse portion of the graph. Our experience, however,
with real-life graphs is that these techniques may fail to yield good layouts.
Therefore, algorithms based on a spring-electrical model employing a multi-
level approach and an efficient approximation scheme for long range repulsive
forces [18, 22, 36] are still the most efficient choices to lay out large graphs
without consideration of the node size.

3 Measuring Layout Similarity

The outcome of an overlap removal algorithm should be measured in two aspects.
The first aspect is the overall bounding box area: we want to minimize the area
taken by the drawing after overlap removal. The second aspect is the change
in relative positions. Here we want the new drawing to be as “close” to the
original as possible. It is this aspect that is hard to quantify.

When total node movement is optimized [6, 24], comparison is reduced to
measuring the amount of displacement of the vertices in the new layout from
those of the original graph. This measurement does not take into account pos-
sible shifts, scalings or rotations, nor the importance of maintaining the relative
position among vertices.
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As far as we are aware, there is no definitive way to measure similarity of
two layouts of the same graph. We adopt two approaches. The first approach
is based on measuring changes in lengths of edges. The second approach, which
is a modification of the metric of Dwyer et al. [6], is based on measuring the
displacement of vertices, after discounting shift, scaling and rotation.

Before defining these two measures of similarity, we first introduce the con-
cept of a proximity graph. A proximity graph is a graph derived from a set of
points in space: points that are “neighbors” to each other in the space form
an edge in the proximity graph. There are many ways to create a proximity
graph [25]. In this paper, we shall work with the Delaunay triangulation (DT),
which is an approximation to the proximity graph, and has the advantage being
rigid. Two points are neighbors in DT if and only if there exists a sphere passing
through these two points, and no other points lie in the interior of this sphere.

One way to measure the similarity of two layouts is to measure the distance
between all pairs of vertices in the original and the new layout. If the two
layouts are similar, then these distances should match, subject to scaling. This
is known as Frobenius metric in the sensor localization problem [9]. Calculating
all pairwise distances is expensive for large graphs, both in CPU time and in
the amount of memory. As we want a metric feasible for very large graphs, we
instead form a DT of the original graph, then measure the distance between
vertices along the edges of the triangulation for the original and new layouts.2

If x0 and x denote the original and the new layout, and EP is the set of edges
in the triangulation, we calculate the ratio of the edge length

rij =
‖xi − xj‖

‖x0
i − x0

j‖
, {i, j} ∈ EP ,

then define a measure of the dissimilarity as the normalized standard deviation

σdist(x
0, x) =

√∑
{i,j}∈EP

(rij−r̄)2

|EP |

r̄
,

where

r̄ =
1

|EP |

∑

{i,j}∈EP

rij

is the mean ratio.
The reason we measure the edge length ratio along edges of the proximity

graph, rather than along edges of the original graph, is that if the original
graph is not rigid, then even if two layouts of the same graph have the same
edge lengths, they could be completely different. For example, think of the
graph of a square, and a new layout of the same graph in the shape of a non-
square rhombus. These two layouts may have exactly the same edge lengths,

2 Another possibility would be to sample O(|V |) out of the |V |(|V | − 1)/2 possible vertex
pairs. Some care is needed in making sure that the resulting graph is rigid.
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Figure 1: The edge lengths of these two layouts of a non-rigid graph are exactly
the same, but the layouts are clearly different.

but are clearly different (see Figure 1). The rigidity of the triangulation avoids
this problem.

Notice that σdist(x
0, x) is not symmetric with regard to which layout comes

first. Furthermore, in theory, this non-symmetric version could class a layout
and a foldover of it (e.g., a square grid with one half folded over the other) as
the same. We can symmetrize it by defining the dissimilarity between layout x
and x0 as (σdist(x

0, x) + σdist(x, x
0))/2. This also resolves the “foldover prob-

lem”. The symmetric version may be more appropriate if we are comparing two
unrelated layouts. Since, however, we are comparing a layout derived from an
existing layout, we feel that the asymmetric version is adequate.

An alternative measure of similarity is to calculate the displacement of ver-
tices of the new layout from the original layout [6]. Clearly a new layout derived
from a shift, scaling and rotation should be considered identical. Therefore we
modify the straight displacement calculation by discounting the aforementioned
transformations. This is achieved by finding the optimal scaling, shift and ro-
tation that minimize the displacement. The optimal displacement is then a
measure of dissimilarity.

We denote by scalars r and θ the scaling and rotation,

T =

(

cos(θ) sin(θ)
− sin(θ) cos(θ)

)

(2)

the rotation matrix, p ∈ R
2 the translation, and define the displacement dissim-

ilarity as

σdisp(x
0, x) = minp∈R2,θ,r∈R

∑

i∈V

‖rTxi + p− x0
i ‖

2, (3)

This is a known problem in the Procrustes analysis [1, 16] and the solution (the
Procrustes statistic) is

σdisp(x
0, x) = tr(X0X0T )− (tr((XTX0X0TX)

1
2 )2tr(XTX), (4)

where tr(A) is the trace of a matrix A, X is a matrix with columns xi − x̄, X0

is a matrix with columns x0
i − x̄0, and x̄ and x̄0 are the centers of gravity of the

new and original layout.
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Figure 2: Nodes i and j overlap (left). The overlap factor, according to (5), is
min((2+ 2)/3, (1+ 2)/2) = 1.33. Expanding the edge i− j by 33% removes the
overlap (right).

In the above we do not consider shearing, since we believe a layout derived
from shearing of the original should not be considered identical to the latter.

The quality of an overlap removal algorithm is a combination of how similar
the new layout is to the original, and how small an area it occupies. The
simplest overlap removal algorithm is that of scaling the layout until all overlaps
are removed. This has a dissimilarity of 0, but usually occupies a very large
area. The alternative extreme is to pack the nodes as close to each other as
possible while ignoring the original layout. This will have the smallest area, but
a large dissimilarity. A good solution should be a compromise between these
two extremes. We now describe one candidate.

4 A Proximity Stress Model for Node Overlap

Removal

Our goal is to remove overlaps while preserving the shape of the initial layout by
maintaining the proximity relations [23] among the nodes. To do this, we first
set up a rigid “scaffolding” structure so that while vertices can move around,
their relative positions are maintained. This scaffolding is constructed using an
approximate proximity graph, in the form of a Delaunay triangulation (DT).

Once we form a DT, we check every edge in it and see if there are any node
overlaps along that edge. Let wi and hi denote the half width and height of
the node i, and x0

i (1) and x0
i (2) the current X and Y coordinates of this node.

If i and j form an edge in the DT, we calculate the overlap factor of these two
nodes

tij = max

(

min

(

wi + wj

|x0
i (1)− x0

j (1)|
,

hi + hj

|x0
i (2)− x0

j (2)|

)

, 1

)

. (5)

For nodes that do not overlap, tij = 1. For nodes that do overlap, such overlaps
can be removed if we expand the edge by this factor, see Figure 2. Therefore
we want to generate a layout such that an edge in the proximity graph has the
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ideal edge length close to tij‖x
0
i −x0

j‖. In other words, we want to minimize the
following stress function

∑

(i,j)∈EP

wij (‖xi − xj‖ − dij )
2. (6)

Here dij = sij‖x
0
i − x0

j‖ is the ideal distance for the edge {i, j}, sij is a scaling

factor related to the overlap factor tij (see (7)), wij = 1/‖dij‖
2 is a weighting

factor, and EP is the set of edges of the proximity graph. We call (6) the
proximity stress model in obvious analogy.

Because DT is a planar graph, which has no more than 3|V | − 6 edges, the
above stress function has no more than 3|V | − 6 terms. Furthermore, because
DT is rigid, it provides a good scaffolding that constrains the relative position
of the vertices and helps to preserve the global structure of the original layout.

It is important that we do not attempt to remove overlaps in one iteration
by using the above model with sij = tij. Imagine the situation of a regular mesh
graph, with one node i of particularly large size that overlaps badly with its
nearby nodes, but the other nodes do not overlap with each other. Suppose
nodes i and j form an edge in the proximity graph, and they overlap. If we
try to make the length of the edge equal tij‖x

0
i − x0

j‖, we will find that tij is a
number much larger than 1, and the optimum solution to the stress model is to
keep all the other vertices at or close to their current positions, but move the
large node i outside of the mesh, at a position that does not cause overlap. This
is not desirable because it destroys the original layout. Therefore we damp the
overlap factor by setting

sij = min(tij, smax) (7)

and try to remove overlap a little at a time. Here smax > 1 is a number limiting
the amount of overlap we are allowed to remove in one iteration. We found that
smax = 1.5 works well.

After minimizing (6), we arrive at a layout that may still have node overlaps.
We then regenerate the proximity graph using DT and calculate the overlap
factor along the edges of this graph, and redo the minimization. This forms an
iterative process that ends when there are no more overlaps along the edges of
the proximity graph.

For many graphs, the above algorithm yields a drawing that is free of node
overlaps. For some graphs, however, especially those with nodes having extreme
aspect ratios, node overlaps may still occur. Such overlaps happen for pairs of
nodes that are not near each other, and thus do not constitute edges of the
proximity graph. Figure 3(a) shows the drawing of a graph after minimizing
(6) iteratively, so that no more node overlap is found along the edges of the
Delaunay triangulation. Clearly, node 2 and node 4 still overlap. If we plot
the Delaunay triangulation (Figure 3(b)), it is seen that nodes 2 and 4 are not
neighbors in the proximity graph, which explains the overlap.

To overcome this situation, once the above iterative process has converged
so that no more overlaps are detected over the DT edges, we apply a scan-
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Figure 3: (a): A graph layout where nodes 2 and 4 overlap. (b): the proximity
graph (Delaunay triangulation) of the current layout. No two nodes linked by
an edge of the proximity graph overlap.

line algorithm [6] to find all overlaps, and augment the proximity graph with
additional edges, where each edge consists of a pair of nodes that overlap. We
then re-solve (6). This process is repeated until the scan-line algorithm finds
no more overlaps. We call our algorithm PRISM (PRoxImity Stress Model).
Algorithm 1 gives a detailed description of this algorithm.

Algorithm 1 Proximity stress model based overlap removal algorithm (PRISM)

Input: coordinates for each vertex, x0
i , and bounding box width and height

{wi, hi}, i = 1, 2, . . . , |V |.
repeat

Form a proximity graph GP of x0 by Delaunay triangulation.
Find the overlap factors (5) along all edges in GP .
Solve the proximity stress model (6) for x. Set x0 = x.

until (no more overlaps along edges of GP )
repeat

Form a proximity graph GP of x0 by Delaunay triangulation.
Find all node overlaps using a scan-line algorithm. Augment GP with edges
from node pairs that overlap.
Find the overlap factor (5) along all edges of GP .
Solve the proximity stress model (6) for x. Set x0 = x.

until (no more overlaps)

We now discuss some of the main computational steps in the above algo-
rithm. Delaunay triangulation can be computed in O(|V | log |V |) time [10, 17,
27]. We used the mesh generator Triangle [33, 34] for this purpose.

The scan-line algorithm can be implemented to find all the overlaps in
O(l|V |(log |V | + l)) time [6], where l is the number of overlaps. Because we
only apply the scan-line algorithm after no more node overlaps are found along
edges of the proximity graph, l is usually a very small number, hence this step
can be considered as taking time O(|V | log |V |).

The proximity stress model (6), like the spring model (1), can be solved
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using the stress majorization technique [13] which is known to be a robust
process for finding the minimum of (1). The technique works by bounding
(6) with a series of quadratic functions from above, and the process of finding
an optimum becomes that of finding the optimum of the series of quadratic
functions, which involves solving linear systems with a weighted Laplacian of the
proximity graph. We solve each linear system using a preconditioned conjugate
gradient algorithm. Because we use DT as our proximity graph and it has no
more than 3|V | − 6 edges, each iteration of the conjugate gradient algorithm
takes a time of O(|V |).

Overall, therefore, Algorithm 1 takes O(t(mk|V |+ |V | log |V |)) time, where
t is the total number of iterations in the two main loops in Algorithm 1, m is
the average number of stress majorization iterations, and k the average number
of iterations for the conjugate gradient algorithm.

In practice, we found that the majority of CPU time is spent in repeatedly
solving the linear systems (which takes a total time of O(tmk|V |)). We ter-
minate the conjugate gradient algorithm if the relative 2-norm residual for the
linear system involved in the stress majorization process is less than 0.01. A
tighter tolerance is not necessary because the solution of each linear system con-
stitutes an intermediate step of the stress majorization. Furthermore, solution
of the proximity stress model (6) is an intermediate step itself in Algorithm 1,
so we do not need to solve (6) accurately either. Hence we set a limit of mmax

iterations. By experimentation, we found that a smaller value mmax gives a
faster algorithm, and that, in terms of quality, a smaller mmax is often just as
good as, if not better than, a larger value of mmax. Therefore, we set mmax = 1.

5 Numerical Results

To evaluate the PRISM algorithm and other overlap removal algorithms, we ap-
ply them as a post-processing step to a selection of graphs from the Graphviz [14]
test suite. This suite, part of the Graphviz source distribution, contains many
graphs from users. As such, these are good examples of the kind of graphs
actually being drawn.

Our baseline algorithm is Scalable Force Directed Placement (SFDP) [22], a
multilevel, spring-electrical algorithm. Using the layout of SFDP, we then apply
one of the overlap removal algorithms to get a new layout that has no node
overlaps, and compare the new layout with the original in terms of dissimilarity
and area.

In Table 1, we list the 14 test graphs, the number of vertices and edges, as
well as CPU time3 for PRISM and three other overlap removal algorithms. The
graphs are selected randomly with the criteria that a graph chosen should be
connected, and is of relatively large size. We compared PRISM with an imple-
mentation of the solve VPSC algorithm [6] provided by its authors. We also
evaluated the companion algorithm satisfy VPSC. This offered, at best, a 2%

3All timings were derived on a 4 processor, 3.2 GHz Intel Xeon CPU, with 8.16 GB of
memory, running Linux.
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Table 1: Comparing the CPU time (in seconds) of several overlap removal al-
gorithms. Initially the layout is scaled to an average edge length of 1 inch.

Graph |V | |E| PRISM VPSC VORO ODNLS
b100 1463 5806 1.44 14.85 350.7 258.9
b102 302 611 0.14 0.10 4.36 5.7
b124 79 281 0.03 0.01 0.02 0.5
b143 135 366 0.04 0.01 0.47 1.3

badvoro 1235 1616 0.54 71.15 351.51 73.6
mode 213 269 0.09 0.09 2.15 2.1

ngk10 4 50 100 0.01 0.00 0.02 0.14
NaN 76 121 0.01 0.01 0.11 0.27
dpd 36 108 0.01 0.01 0.02 0.1
root 1054 1083 0.89 7.81 398.49 46.9
rowe 43 68 0.00 0.00 0.04 0.1
size 47 55 0.01 0.00 0.06 0.09
unix 41 49 0.01 0.00 0.04 0.07
xx 302 611 0.13 0.10 8.19 5.67

reduction in time, while producing almost identical results concerning displace-
ment, dissimilarity and area. For this reason, in the sequel, we only consider
the solve VPSC algorithm, hereafter denoted as VPSC.4 We also evaluated the
Voronoi cluster busting algorithm [15, 29], denoted by VORO, as well as the
ODNLS algorithm of Li et al. [28], which relies on varied edge lengths in a spring
embedder. We note, in passing, that we also tested scaling using the algorithm
of Marriott et al. [30]. As expected, it outperformed all other algorithms in
terms of speed and dissimilarity, but at an unacceptably high cost in area. For
example, on the b143 graph, the time and dissimilarity were essentially 0 but
the area was 82.2. Overall, scaling produced areas at least 4.5 times larger than
PRISM and, more typically, at least an order of magnitude larger. We therefore
remove scaling from further consideration.

The initial layout by SFDP is scaled so that the average edge length is 1 inch.
From the table, it is seen that PRISM is usually faster, particularly for large
graphs on which it scales much better. The others are slow for large graphs,
with VORO the slowest.

Table 2 compares the dissimilarities and drawing area of the four overlap
removal algorithms. The smaller the dissimilarities and area, the better.

The ODNLS algorithm performs best in terms of smaller dissimilarity, fol-
lowed by PRISM, VPSC and VORO. In terms of area, PRISM and VPSC are
pretty close, and both are better than ODNLS and VORO, which can give ex-

4 Both versions of the VPSC algorithm can be extended to support the preservation of
orthogonal ordering. We did not have an opportunity to check these versions.
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tremely large drawings. Indeed, in terms of area, scaling outperformed ODNLS
and VORO in 20%-30% of the examples.

Comparing PRISM with VPSC, Table 2 shows that PRISM gives smaller
dissimilarities most of the time. The two dissimilarity measures, σdist and σdisp,
are generally correlated, except for ngk10 4 and root. Based on σdist, VPSC
is better for these two graphs, while based on σdisp, PRISM is better. The
first row in Figure 4 shows the original layout of ngk10 4, as well as the result
after applying PRISM and VPSC. Through visual inspection, we can see that
PRISM preserved the proximity relations of the original layout well. VPSC
“packed” the labels more tightly, but it tends to line up vertices horizontally
and vertically, and also produces a layout with aspect ratio quite different from
the original graph. It seems that σdist is not as sensitive in detecting differences
in aspect ratio. This is evident in drawings of the root graph (Figure 4, second
row): VPSC clearly produced a drawing that is overly stretched in the vertical
direction, but its σdist is actually smaller! Consequently, we conclude that σdisp

may be a better dissimilarity measure.
The fact that VPSC can produce very tall and thin, or very short and wide,

layouts is not surprising, and has been observed often in practice. VPSC works
in the vertical and horizontal directions alternatively, each time trying to remove
overlaps while minimizing displacement. As a result, when starting from a layout
with severe node overlaps, it may move vertices significantly along one direction
to resolve the overlaps, creating drawings with extreme aspect ratios. In fact,
for 9 out of 14 test graphs, VPSC produces layouts with extreme aspect ratios.
PRISM does not suffer from this problem.

When starting from a layout that is scaled sufficiently so that relative fewer
nodes overlap, VPSC’s performance can be improved. Table 3 compares the
four overlap removal algorithms, starting from layouts that are scaled to give
an average edge length that equals 4 times the average node size. Here the size
of a node is calculated as the average of its width and height.

From the table, we can see that in terms of dissimilarity, PRISM and VPSC
are now similar, closer to the better performing ODNLS. In terms of drawing
area, PRISM is better than VPSC, with VORO and ODNLS much larger. When
visually inspected, VPSC again suffers from extreme aspect ratio issue on at
least 5 out of the 14 graphs (b100, b143, badvoro, mode, root). Figure 5
shows the layout of badvoro (first row), on which VPSC performed badly based
on the two similarity measures. In the same figure, we also show b124 (second
row), on which PRISM is rated worse than VPSC based on the same measures.
On badvoro it is clear that VPSC performed badly, as the similarity measures
suggest. On the other hand, if we look at b124, VPSC perhaps performed better
than PRISM, but not as clearly as the similarity measures suggest. Overall,
visual inspection of the drawings of these 14 graphs, as well as drawings for
graphs in the complete Graphviz test suite (a total of 204 graphs in March
2008), shows that PRISM performs very well, and is overall better and faster
than VPSC and VORO. The ODNLS algorithm preserves similarity somewhat
better than PRISM, but at much higher costs in term of speed and area.

Considering a larger collection of graphs, Table 4 compares PRISM with
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Table 2: Comparing the dissimilarities and area of overlap removal algorithms.
Results shown are σdist, σdisp and area. Area is measured with a unit of 106

square points. Initially the layout is scaled to an average length of 1 inch.

Graph PRISM VPSC
σdist σdisp area σdist σdisp area

b100 0.74 0.38 14.05 0.76 0.72 18.91
b102 0.44 0.25 2.45 0.58 0.8 2.71
b124 0.65 0.37 1.04 0.78 0.73 0.91
b143 0.59 0.35 1.5 0.78 0.83 2.16

badvoro 0.34 0.15 12.58 0.61 0.75 13.85
mode 0.59 0.37 0.79 1.02 0.77 1.29

ngk10 4 0.41 0.16 0.33 0.39 0.3 0.25
NaN 0.4 0.2 0.72 0.54 0.65 0.71
dpd 0.34 0.18 0.25 0.51 0.4 0.18
root 0.71 0.3 16.99 0.6 0.75 17.68
rowe 0.33 0.14 0.22 0.44 0.31 0.19
size 0.37 0.2 0.47 0.77 0.74 0.4
unix 0.39 0.23 0.39 0.51 0.67 0.36
xx 0.42 0.25 3.96 0.57 0.82 3.9

Graph VORO ODNLS
σdist σdisp area σdist σdisp area

b100 - - - 0.33 0.20 1.02E3
b102 0.8 0.3 31.79 0.30 0.16 53.13
b124 0.86 0.39 13.42 0.33 0.19 14.79
b143 0.99 0.45 22.91 0.49 0.34 23.79

badvoro 2.29 0.65 3.01E3 0.31 0.26 318.66
mode 0.97 0.54 10.84 0.38 0.27 49.45

ngk10 4 0.48 0.26 0.52 0.22 0.13 2.30
NaN 0.56 0.28 5.04 0.26 0.15 5.10
dpd 0.48 0.32 0.45 0.37 0.29 1.30
root 4.09 0.94 6.93E9 0.29 0.22 950.01
rowe 0.49 0.26 0.95 0.27 0.12 2.10
size 0.62 0.35 1.27 0.32 0.20 4.14
unix 0.6 0.35 0.85 0.26 0.13 2.35
xx 0.97 0.34 58.83 0.29 0.14 74.00
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Figure 4: Divergence of dissimilarity measures: for both graphs, σdist estimates
that VPSC gives layout closer to the original, while σdisp predicts the opposite.
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Table 3: Comparing the dissimilarities and area of overlap removal algorithms.
Results shown are σdist, σdisp and area. Area is measured with a unit of 106

square points. Initially the layout is scaled to an average edge length that equals
4 times the average label size.

Graph PRISM VPSC
σdist σdisp area σdist σdisp area

b100 0.74 0.36 14.59 0.95 0.62 25.33
b102 0.41 0.18 2.62 0.44 0.33 2.77
b124 0.52 0.12 3.39 0.28 0.06 3.04
b143 0.5 0.22 2.59 0.67 0.41 4.26

badvoro 0.35 0.15 11.85 0.65 0.58 11.71
mode 0.57 0.35 0.78 0.84 0.59 1.45

ngk10 4 0.25 0.05 0.54 0.16 0.03 0.53
NaN 0.25 0.06 1.15 0.15 0.04 1.15
dpd 0.14 0.03 0.54 0.1 0.03 0.53
root 0.73 0.28 16.02 0.73 0.7 25.93
rowe 0.16 0.04 0.38 0.11 0.03 0.38
size 0.35 0.11 0.54 0.28 0.08 0.57
unix 0.25 0.07 0.6 0.13 0.04 0.59
xx 0.39 0.18 4.23 0.45 0.34 4.54

Graph VORO ODNLS
σdist σdisp area σdist σdisp area

b100 - - - 0.49 0.24 1.09E3
b102 1.18 0.47 131.55 0.33 0.15 41.01
b124 0.69 0.36 19.09 0.43 0.26 14.64
b143 0.84 0.39 19.35 0.57 0.36 29.39

badvoro 3.8 0.9 4.45E5 0.34 0.10 166.53
mode 1.09 0.58 20.02 0.44 0.28 45.21

ngk10 4 0.46 0.2 0.79 0.23 0.12 2.21
NaN 0.49 0.22 2.28 0.33 0.18 4.86
dpd 0.43 0.23 0.6 0.38 0.29 1.45
root 4.14 0.94 3.68E8 0.39 0.14 1.52E3
rowe 0.41 0.2 0.68 0.25 0.11 2.01
size 0.62 0.34 2.07 0.28 0.16 3.35
unix 0.55 0.24 0.64 0.20 0.09 2.01
xx 1.13 0.44 185.7 0.30 0.11 45.18
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Table 4: Comparing dissimilarity and area of overlap removal algorithms on the
Rome suite of test graphs. # stands for the number of graphs within the size
range specified.

sizes # PRISM VPSC VORO ODNLS
σdisp area σdisp area σdisp area σdisp area

10–19 1407 0.009 0.16 0.09 0.061 0.14 0.069 0.07 0.34
20–29 839 0.02 0.27 0.11 0.12 0.14 0.15 0.078 0.92
30–39 2036 0.03 0.36 0.13 0.19 0.13 0.26 0.078 1.85
40–49 1800 0.035 0.43 0.14 0.25 0.12 0.36 0.074 2.71
50–59 1045 0.042 0.51 0.15 0.32 0.11 0.53 0.074 4.53
60–69 1172 0.046 0.58 0.17 0.39 0.11 0.70 0.074 6.18
70–79 1008 0.051 0.64 0.17 0.46 0.11 0.94 0.073 8.44
80–89 788 0.05 0.71 0.17 0.52 0.10 1.20 0.07 9.99
90–99 1296 0.054 0.78 0.18 0.59 0.10 1.49 0.069 13.26
100–109 140 0.055 0.82 0.18 0.61 0.10 1.7 0.068 14.14

VPSC, VORO and ODNLS on the Rome test suite of graphs [4]. This suite has
a total of 11534 graphs5 of relatively small size. Due to space limitation, we only
give the similarity measure σdisp and the area, and we average the results over
graphs of similar sizes. Again, PRISM achieves the best compromise between
being close to the original drawing, and having a smaller drawing area.

We note that while there is no theoretical result guaranteeing that PRISM
algorithm converges to an overlap free layout in a finite number of iterations, in
practice, out of thousands of graphs tested, some as large as tens of thousands
of vertices, PRISM always converges within a few hundred total number of
iterations in the two main loops in Algorithm 1. In our implementation we set
a limit of 1000 iterations, even though this limit has never been observed to be
reached. Table 5 gives the number of iterations taken for the 14 test cases in
Tables 2-3. As can be seen, for these graphs, the maximum number of iterations
is 122.

As a demonstration of the scalability of PRISM, we consider its application
to a large graph. This is a tree from the Mathematics Genealogy Project [32].
Each node is a mathematician, and an edge from node i to node j means that j
is the first supervisor of i. The graph is disconnected and consists of thousands
of components. Here we consider the second largest component with 11766
vertices. This graph took 31 seconds to lay out using SFDP, and 15 seconds
post-processing using PRISM for overlap removal. PRISM converges in 81 itera-
tions. Important mathematicians (those with the most offspring) and important
edges (those that lead to the largest subtrees) are highlighted with larger nodes

5Three graphs were dropped from the test because they were disconnected.
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Table 5: Number of iterations taken in the two main loops in Algorithm 1. A:
initially the layout is scaled to an average edge length of 1 inch. B: initially the
layout is scaled to an average edge length that equals 4 times the average label
size.

Graph |V | |E| A B
b100 1463 5806 122 75
b102 302 611 66 44
b124 79 281 43 19
b143 135 366 46 26

badvoro 1235 1616 53 32
mode 213 269 43 26

ngk10 4 50 100 29 8
NaN 76 121 34 9
dpd 36 108 26 6
root 1054 1083 103 119
rowe 43 68 28 7
size 47 55 29 14
unix 41 49 32 8
xx 302 611 53 46

and thicker edges. Figure 6(top) gives the overall layout, which shows that
PRISM preserved the tree structure of the layout very well after node overlap
removal. Figure 6(bottom) gives a close up view of the details of a small area in
the center-left part of Figure 6(top) with many famous mathematicians of early
generations. Additional drawings of this and other components of the Mathe-
matics Genealogy Project graph, including that of the largest component, are
available [21].

6 Conclusions and Future Work

A number of algorithms have been proposed for removing node overlaps in
undirected graph drawings. For graphs that are relatively large with nontrivial
connectivities, these algorithms often fail to produce satisfactory results, either
because the resulting drawing is too large (e.g., scaling, VORO, ODNLS), or
the drawing becomes highly skewed (e.g., VPSC). In addition, many of them
do not scale well with the size of the graph in terms of computational costs.
The main contributions of this paper is a new algorithm for removing overlaps
that is both highly effective and efficient. The algorithm is shown to produce
layouts that preserve the proximity relations between vertices, and scales well
with the size of the graph. It has been applied to graphs of tens of thousands of
vertices, and is able to give aesthetic, overlap-free drawings with compact area
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in seconds, which is not feasible with any algorithm known to us.
It is possible that algorithms such as VPSC, which rely on separate passes in

the X and Y directions, might be improved by randomizing which overlaps are
removed in which pass or by gradually removing overlaps using many alternating
X and Y passes. This would, however, further increase their computational cost,
which is already much higher than the algorithm proposed in this paper.

For future work, we would like to extend the overlap removal algorithm to
deal with edge-node overlaps. We would also like to explore the possibility of
using the proximity stress model for packing disconnected components.
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Moore

Moore

Morrison

Mulry

Musso

Neggers

Nerurkar

Nowak

Oglesby

Ohme

Oktac

Ortmeyer
Ostling

Pace

Park

Park

Parker

Parr

Paulsen

Paur

Payne

Penazzi

Pennington

Peter

Petrides

Leitzel

Powell

Powers

Prasad

Prins

Prullage

Quigley

Quiros

Radloff

Rajaram

Ralescu

Ralescu

Rallis

Rao

Raspopovic

Rhoades

Rhode

Rigoli

Rim

Ruane

Rubison

Russel

Russell

Rustichini

Sabotka

Sanwal

Schommer

Sedlock

Semmes

Seo

Seoh

Seppalainen

Shaffer
Sharma

Shepherd

Shi

Slivka

Smith

Smith

Snyder

Stangl

Steger

Stoudt

Jr

Stucke

Su

Sun

Sund

Taboada

Taliaferro

Taylor

Thwing

Timm

Ting

Titi

Trautwein

Tsau

Tucker

Tzuu

Usadi

Ark

Eerdewegh

Varadachari

Vignati

Vivian

Vora

Wachsmuth

Wadhwa

Wang

Wang

Wang

Weerasinghe

Wesselink

Williams

Wishart

Wolcott

Woodard

Woodruff

Wu

Wu

Wu

Wykoff

Xian

Xiao

Xu

Xue

Yan

Yang

Yang

Ye

Yen

Yu

Zarnowski

ZerlaZhang

Zhao

Zhao

Zheng

Zhou

Zhou

Zwart

Lindgren

Brown
Foster

Komanaka

Tankou

Liu

He

Raffoul

Spalinski

Friberg

Shen

Intermont

Trautman

Authement

Rothman

Estes

Hardy

Eberhart

Feaux

Anderson

Lobquist

Waid

Hunsucker

Brown

Rice

Waggoner

Couvillon

Baritompa

Gonzalez

Caron Matherne

Kroonenberg

Smith

Ganci

Lindsey

Cerin

Wayland

Michael

Kramer

Sullivan

Lynch

Collins

Chon

Reyes

Garcia

Aucoin

Dumesnil

Curole

Gonzalez

Ocneanu

Peinado

Jenkins

Armendariz

Hoffman

Schumann

Munasinghe

Tsaur

Boyer

Clay

Fox

Montgomery

Lopez Covington

Reeves

Reeves

Bunch

Mashburn

Duncan

Griffing

Bourezgue

Lenker

Deane

Boyd
BolanoApaloo

Zhong

Cunkle
Jakobsen

Foland

Waltman

England

Heckenbach

Hallam
Nelson

Anderson

Davis

Jr

Jones

Keener

Miles

Chaffer

Morley

BhandariStephens

Stockton

Getu

Thompson

Rodabaugh

Wallgren

Helsabeck

Nolting

Luxon

Girou

Levasseur

Streit

Tangeman

Bruning

Boisen

Kelly

Leech

Mosbo

Woodward

Brown

Heckman

May

Enersen

Thomas

Smith

Spencer

Sukup

Sarma

Grow

Sastry

Hankerson

Diaz

Peil
Schneider

Li

Atici

Harmsen

Morelli

Rutledge
Nicholas

Ehrlich Alexander
Smith

Cross

Shaikh

Davis

LaTorre

Hampton

Robinson

Hildebrant

Dolan

Rodriguez

Bogar

Ögren

Peterson

Smith

Lawson

Wall

Feliciano

Chitwood

Baker

Beard

III

Rehbinder

Hays

Walker

Amsbury

Simpson

Dent

Jones

Owens

Yeager

Gard

Stafford

Crawley

Dowell

Chang

Cain

Stoughton

Wilson

Preston

Cripps

Lay

Allen

Pax

Antonios
DeLuna

Bowers

Bestvina

Choi

Li

Snyder

Guilbault

Emert

Im

Silva

Davis

Ackleh

Galecki

Thurston

Henson

Magid

Terras

McEachin

Nail

Kearns
Jacobs

Meeden
Staudte

Ihring

Singletary Mayoh
Madison

III

McCullough
Pelletier SacerdoteMoore

Lockhart

Terry

Thrall

Tordella

Pate
Hansman

Ferguson

Schubert

Seybold

Calbert

Scott

Haneken

Hasisaki
Flesch

Spring

Koss
Yff

Boen

Braunfeld

Wilde

Drufenbrock

Frandsen

Geiger
Laskar

Phelan

Tang

Vogt

Ishii

Moran
Davis

LaBach

Taylor

Corbett

Stancl

Blanton

Wilson

Smith Greene

Steimley

Udinski

Reinsch

Carman

Hoover

Bailey

Conkwright

Graesser

HosfordStevenson

Morrel

Beveridge

Bower

Oakley

Bristow

Purdy

Starcher

Smith

Sigley

Locke

Bird

Ketchum

Martin

Burdette

Lang

Dobbie

Moore

Kent

Giaccai

Fossum

Wanna

Cuadrado

Hain

Nagase

Brown

Feuerman

Cavagnaro

Goodner

Silverman

Yen

Luthar

Dean

Ernest

Anderson

Brannon

Cudia

Rosen

Wilde

Truitt

Jenkins

Wong

Fairchild

Mech

Vasudevan

SmithMegginson

Griego

Strong

Cox

Parker

Moskovitz

Clarkson

Hamilton

Hill

Morse

Day

Beesley

Munroe

Wilansky

Freilich

Sholander

Bennett

Moores

Schatz

Thompson

Wolk

Slepian

Demers

Kamowitz

Mitchell

Almgren

Voichick

Brothers

O

Brennan

Hardt

Basener

Brandstein

O

O

Dippolito

Goresky

Jones

Lee

Anderson

Damiano

Khavinson

Vilonen

Ryan

Shepard

Anderson

McConnell

Hanamura

Huang

Saccone

Andreano

Kaufman

Matheson

Masarani

Hashimi

Lefton

Strus

Jockusch

Cohen

Richter
Ingrassia

Welch

Kurtz

Blaylock

Hummel

Lin

Showalter

Perry

Ford

RaoO

White

HelmsLeviatan

Purdy

Frykman

Bonvallet

Grossman

Walter

Biggs
Morris

Harty

Johnson
Cassady

Kalyansundar

Heller

Rowe

Morley
Karney

Butler

Lobb

Ruan

Uhlenbeck

Jacob

Wolfowitz

Akst

Nandakumar

Gaer

Schreiner

Lockhart

Hensler

Carmichael

Slepian

Williams Robbins

Wilson

Batchelder Brink

Miller

Morse

Ettlinger

Langer

Adams

Pairman

Garabedian

Linfield

Murray

Betz

Holley

Widder

Brinkmann

Ward

Koopman

Stone

Sheffer

Coe

Hinrichsen

Liu

Morrey

Smith

Cope

Lewis

Price

Whitney

Steen

Galbraith

Lancaster

Street

Clippinger

Hestenes

Gravalos

O

Guenther

Nadler

Eisenman

Grobe

Lee
Rogak

West

Battle

Krom

Lucas

Patil

Schuur

Trauth

Walker

Benkard

Bouwsma

Deal

Dubinsky

II

Guting

Lebow

Sell

Cross

Stoddard

Kelley

Stampfli

Stubblefield

Church

Keisler

Moore

Raymond

Davis

Gary

Prins

Smale

Briggs

Hoffman

Munkres

Brahana

Crisler

Feit

Fox

Jans

Jewett

Kuller

Wend

Brown

Norman

Raimi

Roberts

Wall

Dickinson

Ginsburg

Hocking

MacDowell

Roth

Shoenfield

Smith

Thompson

Curtis

Duncan

Eisenstadt
Heider

Wright

Cullen

Davidson

Jerison

Boothby

Vest

Butcher

Larguier

Brandt

Komm

Kaplan

Miller

Odle

Rickart

Savage

Fan

Maddaus

Schneckenburger

MacKay

Ollman

Phillips

VanceSimond

Wehausen

Welmers

Dancer

Vaughan

Getchell

Kaltenborn

Dushnik

Miller

Lee
Smith

Pao

Swingle

Cohen

Rouse

Anderson

BedfordChildress

Hantler

Stahl

Barrow

Edmonds

Ferry

Liu

Schneider

Schwenk

Shapiro

Willson

Bloomberg

Cenzer

Sommerfield

Dushane

Evans

Patterson

Stockmeyer

Blass

Connelly

Hinrichsen

Howard

Khan

Lyon

Manvel

Metzger

Edwards

Keller

Rebman

Seidman
Strube

Ecker

Hethcote

Kozlowski

Lee

Miller

Petrucco

Roseman

Stenzel

Case

Glover

Johnson

Kim

Latil

Sieradski

Stone

Bennett

Hedetniemi

Lewis

Orlik

Plummer

Beineke

Cohen

Dickey

Dudley

Falk

Palmer

Sikkema

Becker

Worth

Allen

Daigle

Ethington

III

Tanner

Michaelides

Carlson

Whitaker

Kuhn

Keynes

Orey

Ragsdale

Sherman

Peng

McAllister

Chen

Brahana

Cairns

Faith

Jones

Osofsky

Caldwell

Dickson

Slaught

Ornstein

Berkowitz

Cozzens

Camillo

Levine

Petryshyn

Tierney

Landweber

Wolf

Boyle

Williamson

Luke

Mahony

Rao

Iberkleid

Treves

Saltz

Gilioli

Viola

Jain

Hounie

Goldman

Cheng

Shapiro

Milojevic

Jones

Seese

Daccach

Conjura

Lehmer

Findlay

Bussey

Jordan

McKinney

Ranum

Birkhoff

Börger

Lennes

Owens

MacNeish

Wheeler

Hildebrandt

Baker

Pitcher

Root

Wilson

Chittenden

Sanderson

Gaba

Dines
Hazlett

Wells

Schweitzer

Hart

Wong

Kosinski

Roberts

Eagle

Niefield

Chen

Lebowitz

Weiss

Cozzens

Gersonowicz

Breen

Keller

Amgott

Kwon

Maier

Adams

Lindgren

Opsut

Martin

Raychaudhuri

Borsari

Cordaro

Thompson

Moloney

Videla

Berhanu

Lafferriere

Meziani

Logsdon

MacDuffee

Gokhale

Zeisler
Horn

Wilson

Ingraham

Latimer

Nowlan

Pepper
Cooper

Garver

Georges

Smith

Stark

Barnard

Archibald

Griffiths

Williamson

Jones

Morrow

Thompson

Albert

Yang

Pall

Brown

Perez

Silberfarb

Oppenheim

Underwood

Arlinghaus

Rees
Chandler

Ross

Sparks

Wong

Mason

Iwaniec

Taylor

Kupiainen

Corwin

Tesman

Rosenbaum

Petersen

Lohrenz

Rosengarten

Oehsen

Latka

Francsics

Pitt

Sessions

Neelon

Roosen

Luo

Lin

Altinel

Sanje

Trimble

Kelley

Tai

Anderson

Pekec

James

Hull

Huston

Tseng

Stafford

Baker

Oldenburger

Killen

Sagen

Shook

Webber

Litzinger

Ghent
Humphreys

Case

Dribin

Brixey

Anderson
McFarland

Townes

Blake

Chatland

Rees

Smiley

Graves

Haberzetle

Niven

Ayres

Boyce

Perlis

Mauch

Bobonis

Neuhaus

Levin

Martin

Kalisch

Schafer

Dubisch

Zimmerberg

Zelinsky

DivinskyKadison Price

Finch

Gaffney

Gerstenhaber

Merriell

Weiner

Moore

Kokoris

Paige
Oehmke

Vale

Block

McKibben

Kellogg

Harper

Koranyi

Sandler

Stanek

Lashof

Stong

Minkus

Brown

DeSapio

McNamara

Gray

Kirby

Alperin

Kuo
Shamash

Lees

Kock

Tucker

Schultz

Weller

Heitsch

Fattahi

Finkel

Schiefelbusch

Pedersen

Rigas

Porter

Merrill

Huang

Harris

He

Pang

Rangaraj

Wang
Gabriel

Wang

Wang

Brewster

Hilton

Yeh

Militello

Ries

Schuck

Krajcevski

Devaney

SuzukiFagella

LoFaro

Nadim

Alexander

Haruta

Sanches

Chivukula

Boas

Yaqub

Loeb

Saenger

Wets

Smith

Haywood

Buskirk

Metcalf

Hughes

Solis

Nowell

Wright

Baker

Mand

Hedlund

Buchanan

Gray

GuggenbuhlAnderson

Hughes

Grant

Tuller

Ames

Maharam

Mitchell

Albert

Chen

Chou

Rosset

Oxley

Carter

Fredricksen

Krahn

Lee

Slaminka

Hsu

Brownstein

Chang

Hesaaraki

Plantholt

Townsend

Fenson

Kim

Dunn

Levenberg

Garaizar

Kim

Shapiro

Xin

Khodja Park

Boucher

Lee

Li

Lou

Pan

Seidel

Nimershiem

Petrovic

Wright

Albert

Shy

ChenDoyle

LaForte

Payne

Simen

Anker

Bedient

Exoo

Gardner

Hoff

Kabell

McCullough

Miller

Oh

Plotnick

Ratcliffe

Rees

Squires

Swartwout

Temple Wagner

Lipman

Levy

Pant

Takriti

Alladi

Auslander

Bott

Mugler

Brumer

III

Statton

Eberlein

Eggan

Eilenberg

Goldstein

Prather

Wenyu

Halpern

Harary

Imoru

Heins

Hinman
Holsztynski

Kinukawa

Jones

Kaplan

Kazarinoff

Alongi

Lee

LeVeque

Myers

Peterson

Ritt

Robbins

Scott

Wichman

Smoller

Gonzalez

Yuan

Newton

Taylor

Thomas

Tornheim

Utz

Birge

Harer

Reiner

Stafford

Rechard

Bunyan

Hartung

Church

Kleene

Rosser

Turing

Bustamente

Henkin

Kemeny

Davis

L

Boone

Rogers

Shapiro

Rabin

Scott

Kochen

Daigneault

Smullyan

RitchieGuard

Bennett

Winder

Richter

Hensel

Andrews

Easton

Robbin

Collins

Bruton

Conwell

Turrittin

Pollard

Barron

Schwid

Wegner

Vass

Trump

Scheffé

Wolf

Wolf

MayLarsen

Taylor

Lester

Albert

Trimble

Whaples

Ward

Newell

Kiokemeister

Everett

Cole

Stewart

Mitchell

Varino

Johnson

Crow

Bell

Thurston

Kelly

Erickson

Colvin

Nelson

Wagner

Wilson

Wiegmann

Leavitt

Strehler Fuller
Goldhaber

Hachmeister

Hood

Lowney

Buck

Morrison

Ziebur

Donoghue

Fulkerson

Mitchell

Buehler

Dinnen

Rose

Smith

Deskins

Johnson

Ruchte

Chandapillai

McKelvey

Rubel

Addison

Bragg

Pearl

Spector

Wymore

Axt

Osborn

Bell

DeMar

Sinkhorn

Vesley

Clarke

Lazier

Moschovakis

Levy

Weston

Hessler

Murtha

Robinson

Todd

Unni

Lin

Cole

Yates

Maddox

Wilson

Buchanan

Campbell

McColgan

Pothoven

Nadathur

Johnson

Malde

Kubicki

Nouh

Chen

Walters

Cong

Yue

Vandell

Liu

Moschovakis

Roberts

Brown

Sandomierski

Goodrick

Hathway

Lawver

Cateforis

Easton

Thewarapperuma

Crovella

Elgot

Purang

Rose

Chen

Ruedemann

Zhang

Daumis

Tabor

Aslan

Henry

Reynolds

Smith

Gresham
Reagor

Hennig

Moon

Glezen

Jochner

Lee

Quenell

Bauer

Tse

Zhang

Dye

Poffald

Hulbert

Tang

Israel

Wu

Parks

Nipp

Jenson

Karp

Kerfoot

Sims

Bendat

Kyrouz

Constable

Jongh

Brualdi

Kunen

Hawkins

Hunter

Morgan

Bartelt

Booth

Chell

Hintzman

Klatt

Mason

Kainen

Quinn

Smith

Kuzmanovich

Mather

Sheldon

Bahl

Boos

Coram

Dinolt

Ketonen

Mitchell

Neumann

Overdeck

Parra

Ritter

Soloway

Vrabec
Wiegand

Detmer

Knoblauch

Miller

Rosenholtz

Foregger

Manocha

Randell

Wright

Feinberg

Heitmann

Starbird

Funderburk

Gardner

Rochberg

Sember

QuirkLeetsma

Peercy

Higgins

Howard

Klein

Ferguson

Daly

Downey Ota

Al

Kirby

Davies

Manshad

Jacobs

Zhao

El

Hussein

Messer

Scott

Smith

Ancel

Berner

Chueh

Everett

Frankel

Koh

Mitchell

Parsons

Shrikhande

Wage

Bittman

Brin

Chen

Chicone

Herink

Sternfeld

Tinsley

Verde
Foregger

Henderson

Kierstead

Price

Reid

Garity

Lee

Palenz

Parker

Ross

Velleman

Ho

Navy

Talmage

Teglas

Charlap

Clark

Bradley

Wermer

Adams

Falk

Flapan

Goldwasser

Mills

Das

Park

Kim

Strenk

Child

ByersBurdick

Lameier

Chang

Cariola

Berkey

Castro

Coffey

Ortega

Kim

Pulskamp

Nassar

Syzmanski

Byun

Enayat

Farmer

Klingler

Pritikin

Rebarber

Shao

Gunter

Hwang

Jacobs

Solheid

Tatsuoka

Archdeacon

Decker

Wang

Burrell

O

Pujara

Brown

Hale

Sternbach

Nikolai

Johnsen

Haber

Tinsley

Knudson

Salter

Hummel

Jenkins
Rinehart

Robinson

Shover

Bush

Ahmed

Boyles

Haefner

Kime

Merrill

Velickovic

Berge

Dharmadhikari

Green

Grimmer

Ellis

Federer

Fuller

Hailperin

Haimo

Hamilton

Heerema

Hirschman

III

Wicke

Weinberger

Walsh

Wade

Tromba

Traylor

Thorpe

Ryser

Haltiner

Andree

Campbell

Cashwell

Svobodny

Cho

Kechris

Rubin

Kastanas

Crawshaw

Ramsamujh

Lutz

Uzcategui

Ditzen

Solecki

Ki

Li

Hlavacek

Yao

Jeon

Tsolomitis

Kessar Schwartz

Li

Yang

LeouLing

Reinhold

Voon

Brozovic

Wimelaratna

Fiedler

Song

Chidume

Woldar
Johnson

Flinn

Lin

Gordon
Miller

Heritier

Monti

Rossi

Cantoni

Dell

Mancini

Passarin

Peracchi

Feser

Dorsett

Leavelle

Kurepa

Unsurangsie

Abbott

Ali

Cossio

Dawson

Gadam

HassanpourNeuberger

Ochoa

Willerding

Matthews

Goodman

Hasting

Stephanus

Landvoy

Hansen

Woo

Ehlers

Laursen

Swenson

Helzer

Griffin

Novak
Dearden

Yates

Korntved

Hosada

Pletsch

Robey

Taijeron

Wester

Waters

Farhat

Leeney

Freed

Boudhraa

WilsonBrown

Mohammad

Norfolk

Eid
Benander

Benander

Haase

Jones

Whitehead

Clarke

Thomas

Miller

Gan

Tseng

Lee

Castellini

Koslowski

Grubb

Zakeri

Heiman

Titcomb

Melton

Wittekind

Chu

MacLean

Lune

Hatzenbuhler

Lee Yeung

Spears

Hart

Jung

Poisignon

Katz

III

Wilger

Woempner

Bertanzetti

Jackson

Ince

Hoscheit

Swenson

Shawcroft

Freden

Fordham

Zhao

Seldomridge

Pierce

Darrah

McDowell

Woolsey

Zhang

Solomon

Stromberg

Jaworowski

Jensen

Puri

Foias

Kist

Huneke

Phillips

Hansen

Jiang

Michael

Miller

Odenthal

Sardis

McDougal

Landver

Shader

Wu

Zhang

Zhong

Arvola

Chavey

Daniel

Jung

Linton

Son

ZrotowskiLamb

Lazarevic

Tan

Dzamonja

Jewell

Quinn

Mellendorf

Steinberg

Schneider

Ron

Spasojevic

Wingers

Johnson

Forsythe

Johnson

Koepp

Lawrence

Merkes

MacPherson

Hart

Hogan

Villaveces

Rho

Sneyd

Szydlik

Thron

Pree
Maxfield

Bloch

Dietrich

Reich

Rosenblatt

Potra

McKennon

Penner

Kiefer Lorden

HuffmanBridges
Henderson Patenaude

Lam
Keenan

Anstee

Jacquet

Ramakrishnan

Socrates
Sitaraman

Lesin

Ji

Wiorkowski

March

Long

Slater

McConnel

McRae

Messing

Wang

Lazer

Leighton

Lewis

Lewis

Friedman

Davis

Sternberg

Riggs

Bloom

Thale

Sloss

Kambayashi

Reisel

Driscoll

Harris

Holdt

Austin

Hartfiel

Proctor

III

Christian

Crosby

Roberts

Zenor

Warner

Scott

Hedrick

Reed

Shih

Tefteller

Finch

Houston

Kerr

Oberhoff

Epps

Feuerbacher

McDonald

Smiley

Taylor

Broome

Thorsteinsson

Wilson

Laidacker

Pawlowski

Achilles

Hoffman

Sorenson

Suchan

Gibson

King

Schmidt

Graham

MoebesCollins Davis

Marsh

Sherling

Fraughnaugh

Nall

Roberson

Muoneke

West

Gonzalez

Carrizosa

DeLoura

Cook

Waller
Chen

Cardan

Nasser

Burghduff

Luo

Carthel Singer

Benningfield

Ruan

Sanchez

Zafiris

Delavina

Souza

Spencer

Hunt

BriggsMarsh

Lange

Bardwell

Aull

Cook

Hillam
Thompson

Drake

Hare

Hursch

Porter

Wunderlich

Birnbaum

Shotwell

Callas

Davis

Dooher

Gibson

Modeer

Reed

Stevenson

Jefferson

Ramaley

Shader

Chung

Larson

Maynard

Shonkwiler

Andima

Carlson

Phillips

Warren Morez

Duke

Goodrich

Hodges

Lelek

Fajtlowicz

Block

Anderson

Glowinski

Stern

Brooks

Parker

Browder
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Figure 6: The second largest component from the Mathematics Genealogy
Project. Top: overall layout with node overlap removed. Bottom: close up
view of a small area of the center-left part of above.
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