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ABSTRACT

ARTICLE HISTORY

Mapping spatial flow remains a challenge despite noticeable progress in recent years. This article
presents a new, automated layout algorithm for spatial flow from one origin to multiple destinations.
The algorithm triangulates the mapped space and builds a network from the triangles. It then simulates
the formation of the dendritic drainage pattern of natural river systems and constructs an approximate
Steiner tree by sequentially computing the shortest paths from the origin to the destinations using
dynamically decreasing edge costs. A series of automatic cartographic operations, including edge
simplification, straightening, smoothing, and rendering, then follow to improve the esthetics of the
tree and to produce flow layouts that feature natural clusters and smooth edges. An experimental
evaluation using four examples illustrates the effectiveness and adaptability of the algorithm with
various spatial and parameter configurations. A quantitative comparison with existing methods on
esthetics shows that the new algorithm generally renders destinations farther away from tree edges,
which helps improve map readability but at the cost of longer total tree length. Evaluated with a
smoothness index that rewards gradual tree splitting and smooth, natural, and straight edges, the
proposed algorithm can achieve higher average edge smoothness and avoid the least smooth edges
under various parameter settings.
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1. Introduction
Movement and mobility are among the most fundamental
forms of dynamics in the natural and human worlds (e.g.
MacDonald et al., 2015; Smith, 1970; Sun & Manson, 2012;
Tobler, 1987; Yattaw, 1999). Mapping movement over
time and across space have been a central task in geovisualization and general information visualization
(Andrienko & Andrienko, 2013; Andrienko, Andrienko,
Dykes, Fabrikant, & Wachowicz, 2008; Claudel, Nagel,
& Ratti, 2016; Long & Nelson, 2013; Wheeler, 2015). In
recent years, innovative methods including data aggregation, hierarchical clustering, edge bundling, edge routing,
spiral trees (STs), force direction, and gridded spatial treemaps have been applied to visualize origins (O), destinations (D), and the quantitative flows between them (Guo
& Zhu, 2014; Holten & Van Wijk, 2009; Jenny et al., 2017;
von Landesberger et al., 2016; Wood, Dykes, & Slingsby,
2010; Zhou, Xu, Yuan, & Qu, 2013; Zhu & Guo, 2014).
While most studies focus on the many-to-many OD flow,
the spatial one-to-many flow (SOTOMF) – the flow from
one origin to many destinations – retains attention, and
researchers have developed algorithms to produce tree
layouts for SOTOMF (Buchin, Speckmann, & Verbeek,
2015; Debiasi, Simões, & De Amicis, 2014; Phan, Xiao,
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Yeh, & Hanrahan, 2005). Despite these advancements,
SOTOMF visualization remains a challenge because existing algorithms produce flow maps of varying quality and
many of them still require considerable manual editing to
meet general cartographic and graphical esthetic criteria.
A tree layout is one of the most appealing yet most
challenging designs for SOTOMF (Buchin, Speckmann, &
Verbeek, 2011b; Buchin et al., 2015; Kraak, 2014; Phan
et al., 2005; Robinson, 1967). A flow tree reaches out from
an origin to multiple destinations with smooth trunks that
split into branches at certain intermediate locations and
terminate at the destinations. By bundling edges into different levels of trunks and branches, the flow tree is simple,
straightforward, and effective in delineating the flow routes
and volumes. Particularly challenging for flow tree construction is the addition and positioning of extra points
between the origin and destinations so that the trees produce smooth edges, prevent edges from crossing, and
avoid densely clustered tree nodes and edges.
This article proposes a new, automated algorithm to
map SOTOMF. Unlike any of the existing methods, it
creates a network from a triangulated geographic space
and constructs an approximate Steiner tree. The tree connects the origin to all destinations, captures the spatial
distribution pattern of the destinations, and keeps edges
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from crossing. Based on cartographic principles, edge simplification, straightening, and smoothing further improve
the appearance of the tree by automatically deleting or
moving certain intermediate tree nodes and streamlining
edge transitions. As such, the flow layouts produced by the
proposed method have smooth flow paths, natural spatial
clusters, and gradual transitions along the tree routes.
Compared with existing methods, the proposed algorithm explicitly incorporates steps that aim to improve the
esthetics of the flow layout. Measured with a quantitative
index, the flow map produced by the proposed algorithm
is visually smoother than the existing methods. It also
creates edges farther away from destinations and helps
map readers identify those locations easily. The algorithm
is automated and can handle SOTOMF data with various
spatial configurations and volume distributions. The 12
flow layout maps generated by the proposed algorithm in
this article have not been manually edited. In other words,
not a single tree node or edge was manually added, deleted,
positioned, moved, altered, or colored. The only inputs to
the algorithm are spatial flow data and program parameters. Moreover, the proposed algorithm is of the type
that produces patterns reflecting natural processes, particularly the simulation of dendritic drainage patterns of
river systems (Dorigo, Birattari, & Stutzle, 2006; Rabanal,
Rodríguez, & Rubio, 2007; Yang, 2010). Unlike any of the
existing methods, it utilizes a global network and the river
formation analogy to construct flow tree layouts. This
analogy can potentially stimulate new approaches in spatial
flow visualization and cartography.
The rest of the article is organized as follows. The next
section reviews related flow layout works, followed by a
section on the proposed algorithm itself. Section 4 discusses some implementation details of the algorithm. In
Section5, a qualitative assessment and a quantitative comparison with existing methods are presented to evaluate
the algorithm. Further improvement to the algorithm and
its potential contribution to general cartography are discussed in the last section.

2. Related works
Geographers and cartographers, among others, have been
making flow maps for centuries. Flow maps that are not
based on location, including the Sankey diagram, chord
diagram, and kriskogram, have been widely adopted to
visualize complex flow, where no locational information
is directly utilized or visualized (Xiao & Chun, 2009).
Location-based flow maps, by contrast, use multiple
straight or curved links to symbolize the flow from the
origins to destinations (OD) or, in more general terms, to
represent the relationships between object-pairs
(Chrisman, 1999; Goodchild, Yuan, & Cova, 2007; Liu,

1995; Marble, Gou, Liu, & Saunders, 1997). Because there
are multiple origins and destinations in a regular flow
dataset, it is extremely difficult to clearly and neatly symbolize such links for a large dataset where the links unavoidably cross and overlap each other. The development of
automatic flow layout algorithms therefore has mainly
focused on many-to-many flows (Stephen & Jenny, 2017;
Yang, Dwyer, Goodwin, & Marriott, 2017). Various techniques, including data aggregation, hierarchical clustering,
edge bundling, edge routing, and force direction, have been
proposed to improve and optimize the selection, simplification, aggregation, smoothing, bending or curving, edge
crossing, and rerouting of such links (Guo, 2009; Guo &
Zhu, 2014; Jenny et al., 2017; Kim, Lee, Shin, & Choi, 2012;
Thompson & Lavin, 1996; Wood et al., 2010). In addition,
new forms of visualization, particularly using multiple figures or maps in the OD matrix format such as gridded
spatial treemaps and MapTrix have been developed to
enhance the single map-based visualization approach
(Boyandin, Bertini, Bak, & Lalanne, 2011; Sander, Abel,
Bauer, & Schmidt, 2014; Wood et al., 2010; Yang et al.,
2017). Alternatively, interactive and exploratory
approaches using multimedia are also increasingly popular
because of their abilities to generate multiple views from
the same flow dataset (Beecham & Wood, 2014; Liu, 1995).
Among the rich set of flow visualization methods, one
subcategory –SOTOMF – has regained attention in recent
years (Buchin et al., 2011b; Debiasi et al., 2014). Mapping
SOTOMF can be traced back to Charles Joseph Minard, a
nineteenth-century French civil engineer, cartographer,
and geographer (see Friendly, 2000; Kraak, 2014;
Robinson, 1967). Minard’s maps have influenced many
aspects of data visualization. Two of his maps – the
Napoleon’s march and the British coal exports – are particularly influential on flow data mapping. Minard-style flow
maps are esthetically appealing and are best for small
datasets from a single origin to multiple destinations. In
Minard’s flow maps, the root node of the tree is the origin,
the leaf nodes are destinations, the intermediate nodes
define the shape of the paths, and all nodes are connected
using different levels of trunks and branches with gradually
varying widths that are proportional to the flow volume.
Despite the legacy of Minard, only in recent years have
computer scientists started to automate the process of
producing SOTOMF maps. This thread of research was
pioneered by Phan et al. (2005). Buchin and his colleagues
greatly improved the flow map layout using the anglerestricted STs (Buchin et al., 2011; Buchin et al., 2015).
Their algorithm applies the Spiral and Steiner trees to
SOTOMF layout production. The ST flow maps turned
out to be a significant improvement in terms of esthetics.
Nocaj and Brandes (2013) further improved ST with
stub-bundling (SB) and smoothed the transitions
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between branches. A supervised, force-directed (FD)
algorithm was also developed to generate similar flow
map layouts using a strategy widely adopted in general
graph plotting, where nodes attract or repulse each other
based on physical laws that define the forces according to
the differences between expected and actual distances
that connect nodes and edges (Debiasi et al., 2014).
These existing SOTOMF layout methods vary significantly in terms of simplicity, degree of automation, extensibility, and the esthetic quality of their flow layouts. The
first automatic algorithm can only produce moderate-quality maps with unwanted edge-crossings (Phan et al., 2005).
FD method requires considerable manual intervention
during the map-producing process (Debiasi et al., 2014).
The ST and SB methods offer automation yet do not
provide an intuitive and easy-to-use flow layout altering
option (Buchin et al., 2015; Nocaj & Brandes, 2013).
Furthermore, ST is computationally costly because it
involves a multiobjective global optimization that can
only be solved using the method of gradient descent
through multiple iterations. ST mathematically guarantees
the network topology of the tree in terms of consistently
keeping the child nodes and branches on the same side of
the parent nodes or edges. While the preservation of network topology certainly helps prevent edges from crossing,
the lack of an explicit geometric rule means that crossings
are possible.
One critical aspect in data visualization is assessment.
Flow or graph visualizations, especially their esthetic qualities, can be assessed using quantitative measures such as
total graph length, path straightness, and smoothness, the
number of edge-crossings, the number of bends, the distances between leaf nodes and edges, and the angles
between parent and children edges (Bennett, Ryall,
Spalteholz, & Gooch, 2007; Ware, Purchase, Colpoys, &
McGill, 2002). The utility and usability of flow maps can
also be evaluated by general users or experts through
formal experiments or informal observations (e.g.
Ghoniem, Fekete, & Castagliola, 2005; Jenny et al., 2017).
More specifically, cartographers have reached agreement
on the design principles and details for general many-tomany OD maps (Jenny et al., 2018; Koylu & Guo, 2017).
Based on existing graph esthetic criteria in the literature,
particularly the five suggested in Debiasi et al. (2014), the
following are chosen to evaluate the proposed algorithm:
(1) All destination nodes should be grouped into a
tree-resembling hierarchy, where the origin is the
root node and the destinations are leaf nodes.
(2) The tree should be able to reflect the spatial
pattern of the nodes. For example, nodes that
are physically close to each other should be
allocated into the same subtree in the hierarchy.
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(3) The hierarchy of the destinations must be routed toward the single origin without crossing.
(4) The number and location of intermediate tree
nodes (between the origin and destinations)
should render smooth and natural transitions
between adjacent tree trunks and branches.
(5) Trunks and branches should be as clear and
straightforward as possible without unnecessary
bends or abrupt changes of direction.
(6) Destinations or the leaf nodes in the tree should be
away from tree paths as far as possible for clarity.
The first three criteria will be used to qualitatively
evaluate the proposed algorithm. The last three,
together with the total tree edge length, will be quantitatively applied to the algorithm evaluation and to the
comparison with existing methods.

3. Algorithm
The proposed one-to-many flow layout algorithm (hereafter denoted as TNSS for triangulation, network, shortest
path, and smooth) is based on the Steiner tree, which is a
special type of tree structure named after Swiss mathematician Jacob Steiner. The Steiner tree is a connected
subgraph that connects a set of points with minimum
total length using extra points that are not part of the
original set (Hwang & Richards, 1992; Robins &
Zelikovsky, 2000). Finding the Steiner tree from a set of
points is an NP-complete problem and only has approximate solutions for most applications (Garey, Graham, &
Johnson, 1976; Kou, Markowsky, & Berman, 1981). The
key to building a Steiner tree is to determine the number
and locations of the extra points or intermediate nodes.
The core of TNSS is to construct, simplify, smooth, and
render an approximate Steiner tree.
TNSS first adds a large set of candidate points and then
strategically chooses a subset for the Steiner tree through a
series of dynamic shortest-path finding procedures. It triangulates the mapped space using the origin and destinations as well as automatically generated candidate extra
points, from which a network is built. Then it utilizes the
Dijkstra’s shortest-path algorithm to find stylized optimal
network routes between the origin and destinations, based
on betweenness centrality. Betweenness centrality is a network statistic that counts the occasions in which a graph
node or edge is included on the shortest paths between any
node-pairs. Edges and intermediate nodes that are never
on the shortest paths from origin to any destination, therefore zero betweenness centrality, would be removed from
the Steiner tree. By contrast, the edges with high betweenness centrality would be kept in the tree, made “shorter” (or
with lower costs), and are more likely to be included in the
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shortest path for the next destination. Therefore, during
the whole process, the traversing costs of edges along the
shortest paths are gradually reduced. These edges become
the trunk of the tree because the shortest-path algorithm
will choose the paths with shorter edges and lower traversing costs. A Steiner tree produced this way, however,
would not appear smooth or natural. Certain smoothing,
rerouting, and rendering procedures must follow to refine
the tree for a high-quality flow map layout.
The input, output, and the main procedure of the
algorithm are as follows (Figure 1).
Input: One single origin porigin ðxo ; yo Þ and n destinations pidestination ðxdi ; ydi ; wi Þ, i ¼ 1; 2; 3; . . . ; n, where wi ¼
f ðporigin ; pidestination Þ is the flow volume or weight from the
origin to destination, and ðx; yÞ are its geographic
coordinates.
Output:
An
approximate
Steiner
tree
GST ¼ ðVST ; EST Þ, where VST are nodes and EST are


edges
of
the
tree,
with
porigin  VST ,
 i

pdestination  VST , and degðpidestination Þ ¼ 1:
Main Procedure:
(1) Add the origin, destinations, and extra points
 candidate 
VST
as potential intermediate nodes for
the approximate Steiner tree;
(2) Triangulate all points, construct a network
GðE; VÞ from the triangles, and conduct a series
of stylized shortest network path analyses from
the origin to destinations, which would build the
crude crude
approximate Steiner tree Gcrude
ST ðVST ; EST Þ;
(3) Refine the tree paths using simplification, repositioning, and smoothing;
(4) Render the flow layout paths with varying colors
and widths based on the flow volumes.
Note that the step 3 could be enhanced by manual
intervention and applied as many times as needed to
achieve the best results. None of the flow layout maps
presented in this article, however, used any manual
intervention.
In the main procedure, the most critical is the
second step, where the approximate Steiner tree is
constructed. TNSS is a nature-inspired algorithm by
simulating natural river systems. The algorithm first
computes the shortest network paths from the origin
to each of the destinations and then sorts them by
network path lengths and flow volumes. All destinations must be sorted using a combination of the shortest-path length to the origin and the flow volume so
that longer paths with higher volumes are prioritized.

Figure 1. Flowchart for the proposed one-to-many flow layout
algorithm.

These paths would therefore have more edge-cost
reduction with first-mover advantage and path dependence. Starting from the destination with the longest
length and highest flow volume, the algorithm
updates the edges on the shortest path from the origin
to this particular destination and makes them
“shorter” (lower cost). These edges are then more
likely to be included in the shortest path for the next
destination (Figure 2). As such, this dynamic shortestpath finding process has positive feedback, and edges
are able to accumulate advantages in the computation.
The reduction in the edge distance or cost will naturally aggregate the network edges, form a hierarchy of
trunks and branches, and generate the approximate
Steiner tree.
This algorithm is, to a certain extent, similar to the
dendritic drainage pattern of river systems in the natural world, where the riverbeds of main streams experience more erosion, particularly headward erosion,
because of greater water volume and assumed steep
gradient. When a river erodes in a headward direction,
it can retreat back into the valley of another stream and
capture its flow into its own stream flow. Through this
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Figure 2. Dynamic shortest-path finding in the network for approximate Steiner tree.
(A) the entire network with California being the origin (B) the shortest path to first destination Texas (P1) is found; the cost of edges on P1 is
reduced; and the shortest path to second destination Illinois (P2) is found and P2 includes part of P1.

stream capture, also known as stream piracy, main
streams are more likely to accumulate more water
and become the trunk over time. The rivers that capture other streams will have even greater water volume,
thus reinforcing their advantages. Of course, the realworld river systems are much more complex than this
simple analogy due to precipitation, terrain, and riverbed types, among other factors. Nevertheless, it characterizes the application of first-mover advantage, path
dependence, and accumulative advantage in the algorithm. A multiplier parameter γ is used in the algorithm to control the pace of cost reduction on edges,
which indirectly controls the number of trunks and
branches in the final tree. Computationally, γ determines how much the edge cost decreases when the
shortest paths go through these edges.

4. Implementation
This new flow layout map algorithm TNSS is implemented
using R with packages sp, maptools, rgdal, deldir, igraph,
ggplot2, grid, and gridSVG. These packages are used for
triangulation, network analysis, and the final rendering.
This section explains some of the implementation details.

4.1. Create candidate nodes for an approximate
Steiner tree
In order to construct an approximate Steiner tree
from the origin to destinations, TNSS must add
extra intermediate points as candidate nodes. These
candidate Steiner tree nodes, which are a superset of
those to be chosen for the final Steiner tree, can be
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created from four possible sources (Sun, 2016). The
goal here is to cover areas where the optimal Steiner
tree nodes are most likely to be located while simultaneously controlling the total number of the candidates. First, the origin and destinations would be
added as “real” nodes (extra or intermediate nodes
are also referred as “dummy” nodes in thisarticle).
Second, points are evenly sampled on lines from the
origin to individual destinations, which capture the
directions from the origin to all destinations. Third,
points are sampled from circles centering on destinations, which create multiple possible routes to the
destinations in the case of path conflicts. Last, systematic or random sample points could be created
within the extent of the map to fill critical gaps.
These points become necessary when points from
other sources cannot produce quality results. Note
that this option should be used only when necessary
because it would generate a large number of points
and reduce the speed of computation.
This point-adding step has a profound impact on the
tree layouts as it sets the initial condition for subsequent
implementation. These points must meet two criteria. First,
they must be sparsely but evenly distributed. Second, all
dummy nodes must keep certain minimum distance to the
real nodes, which would make room for visually attractive
curves ending at the destinations. It also helps create “clear”
zones for the origin and destinations so that no routes go
through or near these real nodes. Any dummy nodes that
are too close to real nodes will be removed.

4.2. Triangulate points, build network, and find
tree paths
Using these points, a triangulation is conducted to
divide the mapped area into connected triangles. A
network is then constructed with the vertices of
those triangles being the graph nodes and their
edges being the graph edges. Once the network is
constructed, it is critical to find the shortest paths
that connect the origin and destinations with the
intermediate nodes between. These shortest paths
form a suboptimal Steiner tree. As explained in
Section 3, the core of the proposed algorithm is
dynamically decreasing the edge distances or costs
on these shortest paths. When a graph edge is
included in the shortest paths between the origin
and destinations, the distance or cost of the edge
becomes smaller. Edges and intermediate nodes that
are never on the shortest paths are removed from the
network. In the end, an approximate Steiner tree will
emerge from the network.

4.3. Simplify and regulate the tree edges and flow
paths
The edges of this approximate Steiner tree are neither
smooth nor natural because the intermediate nodes are
created from different sources and are not aligned with
the origin–destination orientations. In order to derive
smooth paths, some intermediate nodes must be
removed or relocated. A process similar to the
Douglas–Peucker line generalization is implemented
to remove the two-degree intermediate nodes that
have minimal impacts on the shape of a path.
One important rule when deleting intermediate nodes
is to keep network edges from intersecting. This is guaranteed by the “free movement zone.” After triangulation,
the union of the Thiessen polygons of the nodes on a
shortest path becomes a free movement zone for these
nodes (Figure 3). The free movement zone is then exclusively reserved for those nodes. As long as edges are kept
in the zone, changing their shapes and positions would
not cause conflicts with other edges or nodes. The nodes
and edges can therefore freely move within the zone without crossing other edges. The simplification and straightening of the Steiner tree edges is essentially a line
generalization limited to this zone. A recursive iteration
will remove the node that is closest to the straight line
defined by the two edge ends as long as the simplified edge
is still in the free movement zone.
Once the network edges are simplified, the Steiner tree
has more straight edges because there are fewer intermediate nodes. A series of automated procedures can further
improve the appearance of the tree. First, nodes are repositioned within the free movement zone. Second, edges that
are too long are broken into multiple equal-length shorter
edges to avoid exceptional curves in smoothing. Third, an
angle constraint is applied to the tree nodes. Some splitting

Figure 3. Free movement zone for tree nodes.
The shaded area is the free movement zone for nodes inside. The zone
is defined by the Thiessen polygons of those nodes. A node can be
removed if the new edge is still in the zone; otherwise, the removal is
invalid.
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quality of TNSS outputs with existing ones by a qualitative
visual evaluation and a quantitative comparison.
5.1. Experimental evaluation

Figure 4. Angle regulation for visually smooth transition (A)
before and (B) after.

nodes are moved to reduce angles that are greater than 60
degrees between parent and children branches. Edges that
have high angles with their parent visually cause “reverse
flow,” where the flow goes one direction in the parent edge
and then goes to the opposite direction after path splitting
(Figure 4). A smoothing procedure based on the quadratic
form of a Bézier or a spline curve is then applied to create
visually more appealing routes between the origin and
destinations (Sun, 2016).

5. Evaluation and discussion
This section provides four examples to evaluate the proposed TNSS algorithm and illustrates how the flow tree
layouts respond to parameter variations. More specifically,
three experiments are conducted by varying (1) candidate
Steiner tree points, (2) edge distance reduction multiplier γ,
and (3) automatic edge simplification and node movement
for esthetic quality. This section also compares the esthetic

The first experiment explores the impact of the input
candidate Steiner tree points using 2009 Brazilian
soybean exports data available from FAOSTAT
(Food and Agriculture Organization of the United
Nations, 2018). TNSS can use extra systematic points
on a grid to fill the gaps left by points from other
sources (Figure 5). It can also use different initial
edge costs per unit length, with overland edge cost
eight times higher than ocean routes. The manipulation of the edge costs helps produce layouts that
favor certain areas. For example, as the global soybean trade is mainly transported through ships, lowering the costs on the oceans directs the path away
from land. Varying these two factors, systematic
points or not and equal or unequal edge costs, creates four layouts.
From Figure 6, it is clear that extra systematic points
contribute little when all edges have equal unit cost
(Figure 6(a and c)). This is expected because the points
on straight lines from the origin to the destinations have
largely captured the possible shortest paths. By contrast,
when edge costs are lower in the oceans, those extra points
make some noticeable differences. For example, around
the Mediterranean Sea, the paths to nearby seaports are
shorter and smoother with extra points in between, and the
splitting of this cluster looks more natural (Figure 6(b and
d)). Overall, these extra points are necessary and make
differences where the presence of a large gap would otherwise significantly increase the overall path length.
In contrast to the extra candidate points, the
changes to the initial edge costs have more visible
effects on the layouts. The approximate Steiner tree
largely bypassed the land area as the land has a much
higher travel cost than the ocean. Edges through the
Arctic Ocean were assigned extremely high cost, effectively becoming “barriers” in the network so that the
Steiner tree would not pass through. Consequently, the
flow routes resemble real-world shipping routes at the
global scale. Please note that straightening and smoothing procedures could alter some of these routes, so the
final layout may have some edges passing overland.
The second experiment examines the effects of the edge
cost reduction multiplier γ using the 2000 Census population out-migration from Texas (U.S. Census, 2003)
(Figure 7). The series of maps demonstrate that γ effectively captures the core mechanism of TNSS and can
significantly alter the layouts as expected. Increasing γ
causes less cost reduction on edges, makes it harder for
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Figure 5. Two candidate points arrangements for brazilian soybean exports flow map (A) without extra candidate Steiner tree nodes
on a grid; and (B) with extra points on a grid.

the main trunk to consolidate the nearby edges, and therefore generates more branches in the final tree. By contrast,
a lower γ produces significantly fewer branches due to
more aggressive consolidation of edges and branches. As
a result, the approximate Steiner tree is more concentrated
and the main trunks carry more flow volume.
The last experiment illustrates the automatic simplification, straightening, smoothing, and rendering of the
approximate Steiner tree using population migrations of
California and Illinois (U.S. Census, 2003). These two

examples, together with Texas, represent three distinctive
spatial configurations. California is on the western border,
and the tree needs to traverse a long distance to reach the
destinations on the east coast and on the southern and
northern borders. Texas is on the southern border; however, it is in the middle of the south. The distances to either
east or west coast are much shorter than those in the case
of California. Illinois presents a different challenge as it is
located in the center of the continental U.S. and has
neighbors on all sides. It is particularly important to
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Figure 6. Brazilian soybean exports flow layout maps (A) without extra grid points and equal land-sea edge costs; (B) without extra
grid points and higher land edge costs; (C) with extra grid points and equal land-sea edge costs; and (D) with extra grid points and
higher land edge costs.

Figure 7. Population migration from Texas in 2000 US Census with varying values for the edge cost reduction multiplier γ (A) 0.65,
(B) 0.80, (C) 0.90, and (D) 0.95.
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Figure 8. Population migration to California in 2000 US Census (A) initial approximate Steiner tree; (B) after simplification and
straightening; (C) after angle regulation; and (D) final rendering.

Figure 9. Population migration from Illinois in 2000 US Census.

examine if the algorithm can automatically create optimal
branches from the root for the Illinois flow.
It is obvious that the approximate Steiner tree
generated from the network analysis is far from

appealing as it only shows the skeleton of the final
layout (Figure 8(a)). The automatic line generalization step with the free movement zone removes
some intermediate points on the path and simplifies
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and straightens the edges (Figure 8(b)). The automatic angle regulation step further moves some
nodes to reduce the angles from parent to children
branches (Figure 8(c)). The final rendering step
smooths the Steiner tree with varying widths and
colors (Figure 8(d)). Note that all these steps are
automated using R code without any manual intervention. For Illinois, TNSS creates an appropriate
number of branches from the root and adequately
delineates the flow toward neighboring states of
Wisconsin, Missouri, and Indiana (Figure 9).
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5.2. Comparative evaluation
Compared with the flow layouts available from published
papers that are generated by existing methods using ST,
SB, and directed forces (DF), TNSS has distinctive characteristics and specific advantages (Figure 10). Note that
Phan’s original automatic flow layout is excluded from the
comparison as it violates the no-edge-crossing criterion. By
the criteria discussed in Section 2, the TNSS-generated
layouts meet all the esthetic criteria, namely clear hierarchy
of branches, smooth curves, appropriate edge aggregation
and branching, destinations without overlapping with the

Figure 10. Flow layouts generated by existing methods of (A) FD, Debiasi et al. (2014); (B) Spiral tree, Buchin et al. (2011); (C) stub
bundling, Nocaj and Brandes (2013); (D) the proposed TNSS algorithm with γ = 0.65; (E) TNSS with γ = 0.50; and (F) TNSS with
γ = 0.30.
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curves, and no edge crossing. Specifically, the TNSS layouts
tend to give more space for the destination nodes and are
visually smooth without unnecessary bends and curves
(Figure 10 (d,e)). Whether straightness is esthetically preferred for one-to-many flow maps has not been tested in
user studies yet. TNSS, however, does have the option of
producing curved edges (Figure 10(f)) if curviness is
indeed the preference for one-to-many flow layouts as in
many-to-many (Jenny et al., 2018). Of the existing methods, SB can produce very smooth curves but the layout has
an artificial feeling with intentionally curved edges where
they could be simply straight (Nocaj & Brandes, 2013). The
ST layout looks much more natural. In some situations,
however, the splitting points are close to the destinations
and the splitting angles are large (Buchin et al., 2015). For
example, the branches from Texas to Oklahoma, Kansas,
Nebraska, South Dakota, and North Dakota have short
edges to the destinations and large local splitting angles,
which look very different from those to California and
Washington. An obvious FD layout issue is the nearness
of the destinations to the edges, which makes it hard to
clearly read the destinations (Debiasi et al., 2014). TNSS
has fewer instances of these problems, as it produces flow
layouts with smooth transitions and relatively straight
edges. However, it does have more longer branches in
the tree than ST and SB. Of course, as illustrated in
Figure 10, this could be alleviated by using a lower edge
cost reduction multiplier γ, which would produce fewer
branches in the tree.
While the qualitative visual assessment reveals some
characteristics of these algorithms, a quantitative comparison is necessary to establish a more convincing evaluation of their merits and flaws. Despite the welldocumented criteria for graph esthetics in the literature,
it is challenging to quantitatively measure the esthetic
quality of flow layouts. Some basic criteria cannot be
used to compare these flow layouts because all of them
meet these criteria. For instance, all these layouts maintain aspect ratios and form a tree without edge-crossings.
Some criteria such as evenly distributed nodes, minimized area, and maximized edge orthogonality do not
apply to tree flow layouts, because they have fixed origin
and destinations and because edge crossing can be and
therefore should be completely avoided. Finally, some
criteria need to be revised or even reversed. The maximization of angles between outgoing edges, for instance,
is a criterion for general graph layout with edge-crossings.
For flow layouts, however, it is quite the opposite. Like
flows in the natural world, the splitting angles should be
small and the outgoing edges should gradually deviate
from their parent edges.
Based on this discussion, three esthetic criteria are
chosen for the quantitative evaluation: minimization of

the total tree edge length, maximization of the minimum
destination-edge distance, and maximization of the edge
smoothness. The edge smoothness, however, is difficult
to quantify. First, smoothness is related to the resolution
or the level of details of the final layouts. For the same
layout, higher resolution would make it appear smoother.
Second, the angle of branch splitting is important because
only an acute angle (measured as the angle between the
flow directions of a trunk and a branch) renders a smooth
and gradual split. However, this angle is hard to specify
because a tactically curved edge can minimize the angle
locally while an angle measured with the two edge ends
would ignore the smoothness of the entire edge. Third,
edge bends are generally negative factors in graph
esthetics. In many cases, however, bends are necessary
to produce smooth edges.
To address these challenges in the visual smoothness
measurement, all layouts in Figure 10 are digitized into
standard GIS format, projected to Albers, and generalized
using the Douglas–Peucker algorithm with the same
parameter d = 2000 m. Considering the various scaling
methods used with existing methods for the node sizes
and edge widths, the tree nodes and edges are digitized
using their centers. These centers are used to compute the
tree length and smoothness as well as the minimum
destination-edge distance. As all methods do render
edges according to the flow volumes, the node-edge distances are also measured using the node-center and the
outer boundary of the rendered edges. These dual measurements help eliminate the influences of the variations
in the final map-rendering steps. To exclude the possible
effects of unequal resolutions during layout smoothing
and rendering, the top 2% of long edge segments are also
densified by breaking them into multiple parts. Two per
cent is a common outlier threshold in statistics.
Second, a new quantitative visual smoothness index
that integrates maximizing smoothness and minimizing bends is proposed as follows.
nP
1

M¼1

di  jsinðθi Þj

i¼1
E
dbranch

It essentially measures the accumulative deviant distances scaled by the Euclidean distance between the
two edge ends (Figure 11).
This index gives high values to the smooth paths with
small splitting angles and punishes unnecessary bends
and large curvature. Three groups of examples illustrate
its performance (Figure 12). Note that all these examples
are generalized and densified in the same way as the six
examined flow layouts. It is clear that the examples with
smooth edges, one edge bend, and moderate curvature
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have high values. By contrast, those with large splitting

Figure 11. Visual smoothness index.

angles, unnecessary bends, and very high curvature have
low values. Because this index integrates splitting angles,
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edge length, curvature, and the number of edge bends, it
provides a balanced evaluation of the esthetic quality of
the edges in terms of being visually smooth and natural.
Although this smoothness index rewards straightness in
certain ways, a straight edge with large splitting angle is
actually worse than a gradual, curved edge, as illustrated
in Figure 11. Only straight edges with small splitting
angles can achieve high values on smoothness measured
in this manner. This quantitative index certainly cannot
replace any user tests for esthetics evaluation; however,
it does allow for an objective comparison.
Based on these quantitative measures, the TNSS algorithm is evaluated against the other three (Table 1). From
the standpoint of generating a Steiner tree with minimum
total length, ST is the best followed by FD. TNSS is the
worst in this regard with a 20% average longer length
than ST. When it comes to the minimum distance
between the destinations and edges, TNSS generally produces fewer small destination-edge distances. Measured
by distances between node-center and edge-boundary,

Figure 12. Illustrative examples for the visual smoothness index.

Table 1. Quantitative assessment on flow layout esthetics.
Quantitative measure
Total tree length (106 m)
Min node-center to
n (D < 100)
Rendered-edgen (D < 50)
Boundary distance,
n (D < 30)
D (km)
n (D < 15)
n (D < 10)
Dmin
Min node-center to
n (D < 100)
edge-center
n (D < 70)
distance, D (km)
n (D < 40)
n (D < 20)
Dmin
Visual smoothness,
Median
M
Mean
Min

TNSS1
27.67
20
3
1
0
0
25.3
16
5
3
0
27.0
0.789
0.745
0.287

TNSS2
25.59
15
2
0
0
0
32.3
15
2
0
0
37.3
0.761
0.726
0.185

TNSS3
25.09
13
4
0
0
0
39.9
10
6
0
0
40.4
0.721
0.698
0.416

ST
22.01
29
8
0
0
0
35.8
27
14
0
0
49.7
0.722
0.621
0.108

SB
24.46
28
15
8
2
1
0
28
17
10
1
13.0
0.724
0.698
0.353

FD
23.61
29
15
3
1
1
7.8
29
27
5
1
7.8
0.669
0.625
0.092

Note: TNSS is the new algorithm proposed in this article, where 1 is Figure 13(d), 2 is Figure 13(e), and 3 is Figure 13(f); ST is the spiral tree method by Buchin
et al. (2011); SB is stub bundling by Nocaj and Brandes (2013); and FD is force-directed by Debiasi et al. (2014)
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TNSS has the fewest destinations less than 100 and 50 km,
and no destinations within 15 km of edge boundaries.
Particularly, the layout with γ = 0.3 outperforms all other
examples with largest minimum distance, but the layouts
with 0.5 and 0.65 are behind the ST method. When
measured using the node-center and edge-center for distances, the case with γ = 0.3 still performs well, although
its minimum node-edge distance is about 10 km shorter
than the ST method. Compared with TNSS and ST
methods, SB and FD have more nodes close to edges by
both measures, and their minimum destination-edge distances are much shorter than the other two methods.
Overall, TNSS performs well on the minimum destination-edge distances and tends to place edges far away
from destinations.
With the visual smoothness index proposed above,
two of the three TNSS cases have higher median and
mean values than existing methods and one has the highest minimum smoothness (Figure 13). These advantages
are primarily because TNSS specifically includes edge
simplifying, straightening, and smoothing steps that are
tailored for the flow layouts. They also show that TNSS is
flexible and adaptive to various parameter settings such as
the straightness vs. curviness. SB is better than ST and FD.
Noticeably, the worst edge in SB is still pretty smooth
(M = 0.35) and is better than the least smooth edges in
other methods except TNSS3. By contrast, ST has more
low smoothness index values than other methods due to
large splitting angles in some branches. Please note that
the comparison is based on a specific quantitative index
that has not been validated by user tests, and it only uses a
very limited number of examples. The index rewards

Figure 13. Boxplot of the scores on visual smoothness index.

straight or moderately curved edges with small splitting
angles. It punishes straight edges with large splitting
angles, overly curved edges, or edges with multiple
bends. As such, when edges are intentionally bended for
smoothness as in ST and TNSS3, the smoothness of
straight edges with small angles will decrease and the
smoothness of straight edges with big angles will increase.
As a result, when edges are bent, the mean and median
smoothness can decline but the layout can avoid the
worst scenarios by improving edges with large splitting
angles, which is the case for TNSS3. A more extensive
comparison that includes user studies for statistical significance is the topic of future works.
Based on the quantitative comparison, no single
algorithm is universally better than the others in
terms of graph esthetics. ST is excellent for producing
a tree with the minimum total length. It is also good at
making tree edges not too close to destinations. TNSS
performs best on maximizing destination-edge distances and can produce visually smooth and natural
edges, with the cost of a much longer total tree length.
SB works well for avoiding the least smooth edges.
However, TNSS can achieve the highest mean or minimum smoothness under different parameter settings.
Taken together, the proposed TNSS algorithm is particularly good at keeping edges away from destination
nodes and rendering visually smooth edges. Of course,
these advantages cause or require a longer tree edge
length. From the three TNSS cases, when the tree edge
length becomes shorter, the visual smoothness advantage may decline but the large node-edge distance
advantage remains.
While TNSS produces one-to-many flow layouts that
compare to the best existing method, it is a fundamentally
different approach and has certain algorithmic advantages. Unlike the existing methods, TNSS creates a network from the triangulation of the origin, destinations,
and candidate points. As illustrated by the Brazilian
Soybean example, this network provides much flexibility
as users can manipulate the number and location of the
candidate points as well as the initial edge costs. Note
again that these variations are predefined program parameters and there is no need to manually change the
locations of those points or the unit cost of specific
edges. By varying these points and edges, different
Steiner trees with specific spatial characteristics can be
generated from the dynamic shortest paths computation.
By controlling how quickly the edge cost decreases on the
tree routes, the algorithm can also compute layouts with
different levels of bundling and aggregation. The “free
movement zone” provides a framework to safely refine
and smooth edges without causing edge-crossing.
Computationally, the two major tasks in the algorithm
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are triangulation and shortest path, both of which can be
easily accomplished with OðnlogðnÞÞtime or better. All
the examples presented in this article were completed in
1–3 min on a Windows 10 laptop with a 2.1 GHz dual
core CPU and 4 GB memory using RStudio® and R 3.4®.
These features of the algorithm make it relatively easy to
customize, extend, and optimize for specific mapping
tasks.

6. Conclusion
This article presents a new automatic flow map layout
generation algorithm using triangulation, network analysis, shortest path, approximate Steiner tree, and edge
smoothing. It first constructs a network using a set of
candidate intermediate points with triangulation. A series
of stylized and dynamic shortest network path finding
procedures are then applied to build an approximate
Steiner tree, which largely captures the spatial clustering
patterns of the destinations. The tree is then simplified,
straightened, smoothed, and rendered to produce a final
flow layout map that meets common graph esthetic criteria. By changing the distribution of candidate Steiner tree
nodes and configuring the initial traversing costs of edges
in the network, this method has the capability to guide the
flows in certain map regions or directions. A variety of
examples illustrate the capability and adaptability of the
algorithm as well as the esthetic quality of the one-to-many
flow layout maps it produced. More specifically, a comparative quantitative analysis shows that the proposed
algorithm performs better than existing methods on
some aspects of the esthetic quality in terms of node-edge
distances and visual smoothness when measured in a
particular way.
Of the method’s major steps, making a network from
the space is of particular interest and importance. It
could be applied to other cartographic problems because
the network provides a divided but connected presentation of the mapped space and allows a series of complicated network-based procedures. The concept of “free
movement zone” for nodes and edges can be applied to
other cartographic works to avoid line crossing or position conflicts. Compared with existing methods, the
method presented here is rather generic and therefore
can be extended, improved, and customized for specific
datasets or visual effects.
While the algorithm can create quality flow layouts,
improvements are still possible. First, the spatial clustering patterns of destination nodes could be further optimized (Tao & Thill, 2016; Zhu & Guo, 2014). The flow
path could connect to a cluster first and then connect to
nodes in the cluster. Although the proposed algorithm
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can handle clusters with a moderate number of destinations, those specialized clustering methods might be able
to produce better results for destinations clustered in
small areas. Second, better smoothing and rendering
methods could be designed to improve the appearance
of node splitting along the paths. Third, the positioning of
dummy nodes could account for the widths of the final
rendered flow layout, particularly of those main trunks, as
they could possibly cause node or line overlapping for
some edges that are perfectly fine in the original tree. Last,
techniques in general graph visualization like FD algorithm and alpha-based edge bundling could be explored
to help extend the algorithm to the more complex manyto-many OD flow layout maps.
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