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—— Abstract

Ortho-Radial drawings are a generalization of orthogonal drawings to grids that are formed by
concentric circles and straight-line spokes emanating from the circles’ center. Such drawings have
applications in schematic graph layouts, e.g., for metro maps and destination maps.

A plane graph is a planar graph with a fixed planar embedding. We give a combinatorial
characterization of the plane graphs that admit a planar ortho-radial drawing without bends.
Previously, such a characterization was only known for paths, cycles, and theta graphs [12], and
in the special case of rectangular drawings for cubic graphs [11], where the contour of each face
is required to be a rectangle.

The characterization is expressed in terms of an ortho-radial representation that, similar to
Tamassia’s orthogonal representations for orthogonal drawings describes such a drawing combin-
atorially in terms of angles around vertices and bends on the edges. In this sense our character-
ization can be seen as a first step towards generalizing the Topology-Shape-Metrics framework
of Tamassia to ortho-radial drawings.
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1 Introduction

Grid drawings of graphs map vertices to grid points, and edges to internally disjoint curves
on the grid lines connecting their endpoints. The appropriate choice of the underlying grid
is decisive for the quality and properties of the drawing. Orthogonal grids, where the grid
lines are horizontal and vertical lines, are popular and widely used in graph drawing. Their
strength lies in their simple structure, their high angular resolution, and the limited number
of directions. Graphs admitting orthogonal grid drawings must be /-planar, i.e., they must
be planar and have maximum degree 4. On such grids a single edge consists of a sequence
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(a) Ortho-Radial Grid. (b) Cylinder.

Figure 1 An ortho-radial drawing of a graph on a grid Figure 2 Metro map of Berlin using
(a) and its equivalent interpretation as an orthogonal an ortho-radial layout. Image copyright
drawing on a cylinder (b). by Maxwell J. Roberts.

of horizontal and vertical grid segments. A transition between a horizontal and a vertical
segment on an edge is called a bend. A typical optimization goal is to minimize the number
of bends in the drawing, either in total or by the maximum number of bends per edge.

The popularity and usefulness of orthogonal drawing have their foundations in the
seminal work of Tamassia [15] who showed that for plane graphs, i.e., planar graphs with a
fixed embedding, a bend-minimal planar orthogonal drawing can be computed efficiently.
More generally, Tamassia [15] established the so-called Topology-Shape-Metrics framework,
abbreviated as TSM in the following, for computing orthogonal drawings of 4-planar graphs.

The goal of this work is to provide a similar framework for ortho-radial drawings, which are
based on ortho-radial grids rather than orthogonal grids. Such drawings have applications in
schematic graph layouts, e.g., for metro maps and destination maps; see Fig. 2 for an example.
An ortho-radial grid is formed by M concentric circles and N spokes, where M, N € N.
More precisely, the radii of the concentric circles are integers, and the N spokes emanate
from the center ¢ = (0, 0) of the circles such that they have uniform angular resolution; see
Fig. 1. We note that ¢ does not belong to the grid. Again vertices are positioned at grid
points and edges are drawn as internally disjoint chains of (1) segments of spokes and (2)
arcs of concentric circles. As before, a bend is a transition between a spoke segment and an
arc segment. We observe that ortho-radial drawings can also be thought of as orthogonal
drawings on a cylinder; see Fig. 1. Edge segments that are originally drawn on spokes are
parallel to the axis of the cylinder, whereas segments that are originally drawn as arcs are
drawn on circles orthogonal to the axis of the cylinder.

It is not hard to see that every orthogonal drawing can be transformed into an ortho-radial
drawing with the same number of bends. The converse is, however, not true. It is readily
seen that for example a triangle, which requires at least one bend in an orthogonal drawing,
admits an ortho-radial drawing without bends, namely in the form of a circle centered at
the origin. In fact, by suitably nesting triangles, one can construct graphs that have an
ortho-radial drawing without bends but require a linear number of bends in any orthogonal
drawing.

Related Work. The case of planar orthogonal drawings is well-researched and there is a
plethora of results known; see [9] for a survey. Here, we mention only the most recent results
and those which are most strongly related to the problem we consider. A k-embedding is an
orthogonal planar drawing such that each edge has at most k£ bends. It is known that, with
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Figure 3 In this drawing, the angles around vertices sum up to 360°, and also the sum of angles
for each face is as expected for an ortho-radial drawing. However, the graph does not have an
ortho-radial drawing without bends.

the single exception of the octahedron graph, every planar graph has a 2-embedding [2] and
that deciding the existence of a 0-embedding is A'P-complete [10]. The latter in particular
implies that the problem of computing a planar orthogonal drawing with the minimum
number of bends is AP-hard. In contrast, the existence of a 1-embedding can be tested
efficiently [3]; this has subsequently been generalized to a version that forces up to k edges
to have no bends in FPT time w.r.t. k£ [4], and to an optimization version that optimizes
the number of bends beyond the first one on each edge [5]. Moreover, for series-parallel
graphs and graphs with maximum degree 3 an orthogonal planar drawing with the minimum
number of bends can be computed efficiently [8].

The N'P-hardness of the bend minimization problem has also inspired the study of
bend minimization for planar graphs with a fixed embedding. In his fundamental work
Tamassia [15] showed that for plane graphs, i.e., planar graphs with a fixed planar embedding,
bend-minimal planar orthogonal drawings can be computed in polynomial time. The running
time has subsequently been improved to O(n!-?) [6]. Key to these results is the existence of a
combinatorial description of planar orthogonal drawings of a plane graph in terms of the angles
surrounding each vertex and the order and directions of bends on the edges but neglecting
any kind of geometric information such as coordinates and edge lengths. In particular, this
allows to efficiently compute bend-minimal orthogonal drawings of plane graphs by mapping
the purely combinatorial problem of determining an orthogonal representation with the
minimum number of bends to a flow problem.

In addition, there is a number of works that seek to characterize the plane graphs that
can be drawn without bends. In this case an orthogonal representation essentially only
describes the angles around the vertices. Rahman, Nishizeki and Naznin [14] characterize
the plane graphs with maximum degree 3 that admit such a drawing and Rahman, Nakano
and Nishizeki [13] characterize the plane graphs that admit a rectangular drawing where in
addition the contour of each face is a rectangle.

In the case of ortho-radial drawings much less is known. A natural generalization of
the properties of an orthogonal representation to the ortho-radial case, where the angles
around the vertices and inside the faces are constrained, has turned out not be sufficient for
drawability; see Fig. 3. So far characterizations of bend-free ortho-radial drawing have only
been achieved for paths, cycles, and theta graphs [12]. For the special case of rectangular
ortho-radial drawings, i.e., every internal face is bounded by a rectangle, a characterization
is known for cubic graphs [11].

Contribution and Outline. Since deciding whether a 4-planar graph can be orthogonally
drawn in the plane without any bends is A"P-complete [10], it is not surprising that also

ortho-radial bend minimization is NP-hard; the proof is in the full version [1] of this paper.

» Theorem 1.1. Deciding whether a 4-planar graph has a planar ortho-radial drawing without
any bends is N'P-complete.
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As our main result we introduce a generalization of an orthogonal representation, which
we call ortho-radial representation, that characterizes the 4-plane graphs, i.e., 4-planar
graphs with a fixed combinatorial embedding, having bend-free ortho-radial drawings; see
Theorem 3.5.

This significantly generalizes the corresponding results for paths, cycles, theta graphs [12],
and cubic graphs [11]. Further, this characterization can be seen as a step towards an
extension of the TSM framework for computing ortho-radial drawings that may have bends.
Namely, once the angles around vertices and the order and directions of bends along each
edge of a graph G have been fixed, we can replace each bend by a vertex to obtain a graph
G’. The directions of bends and the angles at the vertices of G define a unique ortho-radial
representation of G’, which is valid if and only if G admits a drawing with the specified
angles and bends. Thus, ortho-radial drawings can indeed be described by angles around
vertices and orders and directions of bends on edges. Our main result therefore implies that
ortho-radial drawings can be computed by a TSM framework, i.e., by fixing a combinatorial
embedding in a first “Topology” step, determining a description of the drawing in terms
of angles and bends in a second “Shape” step, and computing edge lengths and vertex
coordinates in a final “Metrics” step.

In the following, we disregard the “Topology” step and assume that our input consists of
a 4-planar graph with a fixed combinatorial embedding, i.e., the order of the incident edges
around each vertex is fixed and additionally, one outer face and one central face are specified;
the latter shall contain the center of the drawing. We present our definition of an ortho-radial
representation in Section 3. After introducing some basic tools based on this representation
in Section 4, we first present in Section 5 a characterization for rectangular graphs, whose
ortho-radial representation is such that internal faces have exactly four 90° angles, while all
other incident angles are 180°; i.e., they have to be drawn as rectangles.

The algorithm we use as a proof of drawability corresponds to the “Metrics” step of
an ortho-radial TSM framework. The characterization corresponds to the output of the
“Shape” step. Based on the special case of rectangular 4-planar graphs, we then present the
characterization and the “Metrics” step for general 4-planar graphs in Section 6. Due to
space constraints, some proofs are omitted or only sketched; full proofs can be found in the
full version of this paper [1].

2  Ortho-Radial Drawings

In this section we introduce basic definitions and conventions on ortho-radial drawings that
we use throughout this paper. To that end, we first introduce some basic definitions.

We assume that paths cannot contain vertices multiple times but cycles can, i.e., all paths
are simple. We always consider non-selfcrossing cycles as directed clockwise, so that their
interior is locally to the right of the cycle. A cycle is part of its interior and its exterior.

For a path P and vertices u and v on P, we denote the subpath of P from u to v (including
these vertices) by Plu,v]. We may also specify the first and last edge instead and write,
e.g., Ple,€’] for edges e and ¢’ on P. We denote the concatenation of two paths P and Q
by P+ Q. For a path P = v, ... v, we define its reverse P = vy, ...v;. For a cycle C that
contains any edge at most once (e.g. if C' is simple), we extend the notion of subpaths as
follows. For two edges e and €’ on C, the subpath Cle, ¢/] is the unique path on C' that starts
with e and ends with ¢’. If the start vertex v of e identifies e uniquely, i.e., C' contains v
exactly once, we may write C[v, '] to describe the path on C from v to e’. Analogously, we
may identify e’ with its endpoint if this is unambiguous.



L. Barth, B. Niedermann, |. Rutter, and M. Wolf

We are now ready to introduce concepts of ortho-radial drawings. Consider a 4-planar
graph G = (V, E) with fixed embedding. We refer to the directed edge from u to v by wuw.
Let A be an ortho-radial drawing of G, and recall that we do not allow bends on edges. In
A a directed edge e is either drawn clockwise, counter-clockwise, towards the center or away
from the center; see Fig. 1. Using the metaphor of drawing G on a cylinder, we say that e
points right, left, down or up, respectively. Edges pointing left or right are horizontal edges
and edges pointing up or down are vertical edges.

There are two fundamentally different ways of drawing a simple cycle C'. The center of
the grid may lie in the interior or the exterior of C. In the former case C is essential and in
the latter case it is non-essential. In Fig. 1 the red cycle is essential and the blue cycle is
non-essential.

We further observe that A has two special faces: One unbounded face, called the outer
face, and the central face containing the center of the drawing. These two faces are equal if
and only if A contains no essential cycles. All other faces of G are called regular. Ortho-radial
drawings without essential cycles are equivalent to orthogonal drawings [12]. That is, any
such ortho-radial drawing can be transformed to an orthogonal drawing of the same graph
with the same outer face and vice versa.

We represent a face as a cycle f in which the interior of the face lies locally to the right
of f. Note that f may not be simple since cut vertices may appear multiple times on f. But
no directed edge is used twice by f. Therefore, the notation of subpaths of cycles applies
to faces. Note furthermore that the cycle bounding the outer face of a graph is directed
counter-clockwise, whereas all other faces are bounded by cycles directed clockwise.

A face f in A is a rectangle if and only if its boundary does not make any left turns.
That is, if f is a regular face, there are exactly 4 right turns, and if f is the central or the
outer face, there are no turns at all. Note that by this definition f cannot be a rectangle if it
is both the outer and the central face.

3  Ortho-Radial Representations

In this section, we define ortho-radial representations. These are a tool to describe the
ortho-radial drawing of a graph without fixing any edge lengths. As mentioned in the
introduction, they are an analogon to orthogonal representations in the TSM framework.
We observe all directions of all edges being fixed once the direction of one edge and
all angles around vertices are fixed. For two edges uv and vw that enclose the angle o €
{90°,180°,270°,360°} at v (such that the angle measured lies locally to the right of uvw), we
define the rotation rot(uvw) = 2 — «/90°. We note that the rotation is 1 if there is a right

turn at v, 0 if wvw is straight, and —1 if a left turn occurs at v. If u = w, it is rot(uvw) = —2.

We define the rotation of a path P = vy ... v as the sum of the rotations at its internal
vertices, i.e., rot(P) = Zi:; rot(v;—1v;v;41). Similarly, for a cycle C = vy...vgvy, its
rotation is the sum of the rotations at all its vertices, i.e., rot(C) = Zle 1ot (V;—1VVi41),
where we define vy = v and vy = v1.

When splitting a path at an edge, the sum of the rotations of the two parts is equal to

the rotation of the whole path.

» Observation 3.1. Let P be a simple path with start vertexr s and end vertex t. For all
edges e on P it holds that rot(P) = rot(P[s,e]) + rot(Ple, t]).

Furthermore, reversing a path changes all left turns to right turns and vice versa. Hence,
the sign of the rotation is flipped.
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Figure 4 The labeling of e induced by P is £&(e) = rot(e* + P + Cv, €]).

» Observation 3.2. For any path P it is rot(P) = —rot(P).
The next observation analyzes detours; an illustration is found in [1].

» Observation 3.3. Let P be a path from v to w and xy an edge not on P such that x is an
internal vertex of P. It is rot (Plv, x| + zy) + rot (yx + Plz,w]) = rot (P) + ¢, where ¢ = —2
if xy lies locally to the right of P and ¢ = 42 if xy lies locally to the left of P.

An ortho-radial representation of a 4-planar graph G consists of a list H(f) of pairs (e, a)
for each face f, where e is an edge on f, and a € {90°,180°,270°,360°}. Further, the outer
face and the central face are fixed and one reference edge e* in the outer face is given, with
e* oriented such that the outer face is locally to its left. By convention the reference edge is
always drawn such that it points right. We interpret the fields of a pair in H(f) as follows. e
denotes the edge on f directed such that f lies to the right of e. The field a represents the
angle inside f from e to the following edge in degrees. Using this information we define the
rotation of such a pair ¢ = (e, a) as rot(t) = (180° — a)/90°.

Not every ortho-radial representation also yields an ortho-radial drawing of a graph. In
order to characterize valid ortho-radial representations, we introduce labelings of essential
cycles. These labelings prove to be a valuable tool to ensure that all the essential cycles of
the graph can be drawn in such a way that they are compatible with each other.

Let G be an embedded 4-planar graph and let e* = rs be the reference edge of G. Further,
let C be a simple, essential cycle in G, and let P be a path from s to a vertex v on C. The
labeling ¢£ of C induced by P is defined for each edge e on C by ¢5(e) = rot(e* + P+ Clv, e]);
see Fig. 4 for an illustration. We are mostly interested in labelings that are induced by paths
starting at s and intersecting C only at their endpoints. We call such paths elementary paths.

We now introduce properties characterizing bend-free ortho-radial drawings, as we prove
in Theorem 3.5.

» Definition 3.4. An ortho-radial representation is valid if the following conditions hold:
1. The angle sum of all edges around each vertex given by the a-fields is 360.
2. For each face f, it is

4, f is a regular face
rot(f) =<0,  fis the outer or the central face but not both
—4, f is both the outer and the central face

3. For each simple, essential cycle C in G, there is a labeling ¢£ of C induced by an
elementary path P such that either ¢5(e) = 0 for all edges e of C, or there are edges e
and e_ on C such that ¢£(e;) > 0 and ¢£(e_) < 0.

The first two conditions ensure that the angle-sums at vertices and inside the faces are
correct. Since the labels of neighboring edges differ by at most 1, the last condition ensures
that on each essential cycle with not only horizontal edges there are edges with labels 1
and —1, i.e., edges pointing up and down. This reflects the characterization for cycles [12].
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Intuitively, basing all labels on the reference edge guarantees that all cycles in the graph can
be drawn together consistently.

For an essential cycle C' not satisfying the last condition there are two possibilities.

Either all labels of edges on C' are non-negative and at least one label is positive, or all are
non-positive and at least one is negative. In the former case C' is called decreasing and in
the latter case it is increasing. We call both monotone cycles. Cycles with only the label 0
are not monotone.

We show that a graph with a given ortho-radial representation can be drawn if and only
if the representation is valid, which yields our main result.

» Theorem 3.5. A j-plane graph admits a bend-free orthogonal drawing if and only if it
admits a valid ortho-radial representation.

While we defer the proof that the conditions for valid ortho-radial representations are
sufficient for the existence of a drawing to Section 6.2, the necessity of the conditions is easier
to see.

» Theorem 3.6. For any ortho-radial drawing A of a 4-planar graph G there is a valid
ortho-radial representation of G.

Proof Sketch. We note that any drawing A fixes an ortho-radial representation up to the
choice of the reference edge. Let I" be such an ortho-radial representation where we pick an
edge e* on the outer face as the reference edge such that e* points to the right and lies on the
outermost circle that is used by A. By [12] the representation I' satisfies Conditions 1 and 2
of Definition 3.4. To prove that I" also satisfies Condition 3, i.e., I' does not contain any
monotone cycles, we reduce the general case to the more restricted one where all faces are

rectangles. To that end we geometrically augment A to A’ such that all faces are rectangles.

Given an essential cycle C' in A’ we iteratively construct a path P from the topmost point
of C in A’ to e* such that each edge on P goes either up or left. For this A’ needs to be
rectangular. We show that the reversed path P induces a labeling of C' that is 0 on each
edge or has positive and negative labels. <

In the next section, we introduce further tools based on labelings. Subsequently, in
Section 5 we prove Theorem 3.5 for rectangular graphs. In Section 6, we generalize the result
to 4-planar graphs.

4 Properties of Labelings

In this section we study the properties of labelings in more detail to derive useful tools for
proving Theorem 3.5. Throughout this section, G is a 4-planar graph with ortho-radial
representation I' that satisfies Conditions 1 and 2 of Definition 3.4. Further let e* be a
reference edge. From Condition 2 we obtain that the rotation of all essential cycles is 0.

» Observation 4.1. For any simple essential cycle C of G it is rot(C) = 0.

Together with the reference edge, an ortho-radial representation fixes the direction of
all edges. For the direction of an edge e, we consider a path P from the reference edge to
e including both edges. Different such paths may have different rotations but we observe
that these rotations differ by a multiple of 4. An edge e is directed right, down, left, or up,
if rot(P) is congruent to 0, 1, 2, or 3 modulo 4, respectively. Note that by this definition
the reference edge always points to the right. Because the rotation of essential cycles is 0 by
Observation 4.1, for two edges on an essential cycle we observe the following.

14:7
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Figure 5 Two paths P and Q from s to p. The cycle C’ is formed by Q[b, c] and Plc, b].

» Observation 4.2. For any path P and for any two edges ¢ and €' on a simple, essential
cycle C, it holds that rot(Cle, e']) = tE(e") — tE(e).

We now show that two elementary paths to the same essential cycle C' induce identical
labelings of C. Two paths P and @ from e* to vertices on C are equivalent (P =¢ Q) if the
corresponding labelings agree on all edges of C, i.e., (£ (e) = Eg(e) for every edge e of C.

» Lemma 4.3. Let C be an essential cycle in G and let e* = rs. If P and Q are paths from
s to vertices on C' such that P and Q lie in the exterior of C, they are equivalent.

Proof Sketch. From the definition of labelings it is not hard to see that two paths P and @
are equivalent if there exists an edge e on C with (5 (e) = Eg (e).

We prove the equivalence of P and () by showing that such an edge e exists. To that
end assume that one of the paths, say @, is elementary. Let p and g be the endpoints of P
and @, respectively. Let v be the vertex following p on C when C' is directed such that the
central face lies in its interior. We define Q' = @Q + Clq, p]. It is easy to verify that both P
and @’ are paths that lie in the exterior of C. We show that

ég(pv) =rot(e* + P + pv) =rot(e* + Q' + pv) = fg(pv). (1)

Hence, the edge pv is the desired edge e. So far we have assumed that @ is elementary.
If neither P nor @ are elementary, choose any elementary path R to a vertex on C. The
argument above shows that P =¢ R and R =¢ @, and thus P =¢ Q.

To show Equation 1 we do an induction over the number k of directed edges on @ that do
not lie on P. Without loss of generality we assume that @ also ends at p; otherwise we extend
Q to Q+ C[q,p]. If k=0, P contains ) completely and the claim follows immediately.

If & > 0, there is a first edge ab on @ such that the following edge does not lie on P. Let ¢
be the first vertex on @ after b that lies on P and let d be the vertex on P + pv that follows ¢
immediately. Fig. 5 illustrates the situation. Consider the cycle C' = Q[b, c|+ P][c, b]. For both
cases, namely that C” is essential and C” is non-essential, we argue that rot(ab+ P[b, ¢]+cd) =
rot(ab + Q[b, c] + cd).

In both cases it then follows from P[s,b] = Q[s, b] that rot(rs + P[s,c] + ¢d) = rot(rs +
Qls, c]+cd). For P' = Q[s, c]+Plc, p] it therefore holds that rot(rs+P+pv) = rot(rs+P’' +pv).
As P’ includes the part of @ between b and c it misses fewer edges from @ than P does.
Hence, the inductive hypothesis implies rot(rs + Q + pv) = rot(rs + P’ + pv), and thus
rot(rs + Q + pv) = rot(rs + P + pv). <

In the remainder of this section all labelings are induced by elementary paths. By
Lemma 4.3, the labelings are independent of the choice of the elementary path. Hence, we
drop the superscript P and write £c(e) for the labeling of an edge e on an essential cycle C.

If an edge e lies on two simple, essential cycles Cy and Cs, the labels {¢, (€) and {¢, ()
may not be equal in general. In Fig. 6a the labels of the edge e are different for C; and Cy
respectively, but €’ has label 0 on both cycles. Note that €’ is incident to the central face of
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(a) (b)
Figure 6 (a) Two cycles C1 and C3 may have both common edges with different labels (¢¢, (e) =

4 # 0 = £¢,(e)) and ones with equal labels (¢, (e') = fc, (¢) = 0). (b) All labels of C4[v, w] are
positive, implying that Cy goes down. Note that not all edges of C1[v, w] point downwards.

C/

(a) The cycle bounding the outer face is C’.  (b) The cycle bounding the central face is C”.

Figure 7 The edge e cannot lie on both the outer and the central face, which is marked by a

cross. (a) e does not lie on the outer face, and hence the cycle bounding this face is defined as C’.

(b) C’ is the cycle bounding the central face. In both cases C’ can be subdivided in two paths P
and Q on C and f’, respectively. Here, these paths are separated by the vertices a and b.

C1 4 Cs. One can show that this is a sufficient condition for the equality of the labels; see
the full version [1] for a proof.

» Lemma 4.4. Let Cy and Cy be two essential cycles and let H = Cy + Cs be the subgraph
of G formed by these two cycles. Let v be a common vertex of Cv and Ca on the central face
of H and consider the edge vw on Cy. Denote the vertices before v on C1 and Cy by u; and
ug, respectively. Then lc, (ui1v) + rot(ujvw) = lo, (ugv) + rot(ugvw).

Further, if vw belongs to both C1 and Caq, the labels of e are equal, i.e., Lo, (vw) = Lo, (vw).

For the correctness proof in Section 6, a crucial insight is that for cycles using an edge
which is part of a face, we can find an alternative cycle without this edge in a way that
preserves labels on the common subpath, which we show in the next lemma; see Fig. 7 for
an illustration.

» Lemma 4.5. If an edge e belongs to both a simple essential cycle C' and a regular face f’
with C # [, then there is a simple essential cycle C' not containing e such that C' can be
decomposed into two paths P and Q, where P or P lies on f' and Q = CNC".

Applying this lemma on an edge e, we construct an essential cycle C’ without e from an
essential cycle C including e. Also, C' and C’ have a common path P lying on the central
face of C' + f’. Thus, Lemma 4.4 implies labelings of C' and C’ being equal on P.

» Corollary 4.6. For essential cycles C, C' and the path P = C N C’ from Lemma 4.5, it is
Lo(e) = Ler(e) for all edges e on P.

14:9
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Figure 8 All edges of C’ are labeled
with 0. In this situation there are edges Figure 9 Flow networks Nyer and Nyaq for an example
on C' with labels —1 and 1. Hence, C is graph G. For simplicity, the edge from the outer to the
neither increasing nor decreasing. central face in Nyaq 1s omitted.

A monotone essential cycle cannot intersect an essential cycle whose edges are all labeled 0.

» Lemma 4.7. Let C and C' be two essential cycles that have at least one common vertez.
If all edges on C' are labeled with 0, C is neither increasing nor decreasing.

Proof Sketch. Consider Fig. 8. Let v be a vertex after which C' and C’ diverge. Assume
C' leaves this vertex into the interior (the exterior) of C’. Let y be the vertex where both
cycles converge again. Then, C' enters y from the interior (the exterior) of C. Thus, one of
the edges uw and xy must be labeled positively and the other one negatively. |

5 Characterization of Rectangular Graphs

In this section, we prove Theorem 3.5 for rectangular graphs. A rectangular graph is a
graph together with an ortho-radial representation in which every face is a rectangle, i.e., all
incident angles are 90° or 180°. We define two flow networks that assign consistent lengths
to the graph’s edges, one for the vertical and one for the horizontal edges. These networks
are straightforward adaptions of the networks used for drawing rectangular graphs in the
plane [7]. In the following, vertez and edge refer to the vertices and edges of the graph G,
whereas node and arc are used for the flow networks.

The network Nyer = (Fyer; Aver) with nodes Fy, and arcs Aye, for the vertical edges
contains one node for each face of G except for the central and the outer face. All nodes
have a demand of 0. For each vertical edge e in G, which we assume to be directed upwards,
there is an arc a. = fg in Nyer, where f and g denote the face left and right of e, respectively.
The flow on a. has the lower bound I(a.) = 1 and upper bound u(a.) = co. An example of
this flow network is shown in Fig. 9a.

To obtain a drawing from a flow in Ny, we set the length of a vertical edge e to the flow
on a.. The conservation of the flow at each node f ensures that the two vertical sides of the
face f have the same length.

Similarly, the network N;.q assigns lengths to the radial edges. There is a node for each
face of G, and an arc a. = fg for every horizontal edge e in GG, which we assume to be
oriented clockwise. Additionally, N,,q includes one arc from the outer to the central face.
Again, all edges require a minimum flow of 1 and have infinite capacity. The demand of all
nodes is 0. Fig. 9b shows an example of such a flow network.

» Observation 5.1. A pair of valid flows in Nyuq and N, bijectively corresponds to a valid
ortho-radial drawing of G respecting I.
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This immediately follows from the construction of the flow networks.

» Theorem 5.2. Let (G,T') be a rectangular graph and its ortho-radial representation. If T
is valid, there exists a bend-free ortho-radial drawing of G respecting I.

Proof Sketch. The fact that such a flow exists in N,,q is analogous to the orthogonal
case [15]. The key is to show that a valid circulation Fye; in Nye, exists if T' is valid. The
main idea is to determine for each arc a of Ny a cycle C, in Ny, that contains a. If F,
denotes the circulation that pushes one unit of flow along the arcs of C, and is 0 elsewhere,

then Fuer = > ca
reason why such a cycle C, might not exist is if there is a set S of vertices in Nye, such

F,, where A denotes the arc set of Ny, is the desired flow. The only

that there exists an arc entering S but no arc exiting S. Without loss of generality, we
assume the subnetwork of Ny, induced by S to be weakly connected, which implies that S
corresponds to a connected set S of faces in G. Note that S contains a directed cycle of Ny,
which is an essential cycle. Let C' and C’ denote the smallest and largest essential cycle of
G, respectively, such that all faces in S lie in the interior of C' and in the exterior of C’. We
show that C is increasing or C” is decreasing.

Assume there is an arc a entering S that crosses C (an incoming arc crossing C’ is
similar). Since all faces are rectangles, there is an elementary path P from e* to a vertex
v on C using only right and down edges of G. Thus, if w is the first vertex of C' after v,
it is o (vw) = 0 if vw is horizontal and £¢(vw) = —1 if vw points up. Since no edge on
C' is pointing downward, i.e., its label is congruent to 1 mod 4, and the labels between
adjacent edges differ by —1,0, or 1, it follows that £ (e’) € {—2,—1,0} for all edges ¢’ of C,
i.e., Lo(e’) < 0. However, the edge e corresponding to the incoming arc a of S is pointing
upwards, and therefore £-(e) = —1. Hence C is increasing. <

Combining this result with Theorem 3.6 results in the characterization of ortho-radial
drawings for rectangular graphs.

» Corollary 5.3 (Theorem 3.5 for Rectangular Graphs). A rectangular 4-plane graph admits a
bend-free ortho-radial drawing if and only if its ortho-radial representation is valid.

6 Characterization of 4-Planar Graphs

In the previous section we proved for rectangular graphs that there is an ortho-radial drawing
if and only if the ortho-radial representation is valid. We extend this result to 4-planar
graphs by reduction to the rectangular case. In this section we provide a high-level overview
of the reduction; a detailed description is found in [1].

In Section 6.1 we present an algorithm that augments G to a rectangular graph. In
Section 6.2 we then apply Corollary 5.3 to show the remaining implication of Theorem 3.5.

6.1 Rectangulation Algorithm

Given a graph G and its ortho-radial representation I' as input, we present a rectangulation
algorithm that augments I" producing a graph G’ with ortho-radial representation IV such
that all faces except the central and outer face of I are rectangles. Moreover, we ensure
that the outer and the central face of I' make no turns.

Let u be a vertex that has a left turn on a face f and let vw be an edge on f. Let further
t be the vertex before v on f. We obtain an augmentation I'%,, from I' by splitting the
edge vw into two edges vz and zw introducing a new vertex z. Further, we insert the edge
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uz in the interior of f such that wz points in the same direction as tu. For an illustration of
an augmentation see Fig. 10.

Without loss of generality, we assume the central and outer faces to be rectangular; this
can be achieved by inserting 3-cycles into both faces and connecting them to the graph.
Every regular face that is not a rectangle has a left turn. We augment that face with an
additional edge such that the left turn is resolved and no further left turns are introduced,
which guarantees that the procedure of augmenting the graph terminates.

We further argue that we augment the given representation in such a way that it remains
valid. Conditions 1 and 2 of Definition 3.4 are easy to preserve if we choose the targets of the
augmentation correctly; the proof is analogous to the proof by Tamassia [15]. In particular,
the next observation helps us to check for these two conditions.

» Observation 6.1. The representation I, satisfies Conditions 1 and 2 of Definition 3.4 if
and only if rot(f[u,vw]) = 2.

We further have to check Condition 3, i.e., we need to ensure that we do not introduce
monotone cycles when augmenting the graph.

We now describe the approach in more detail. Tamassia [15] shows that if there is a
left turn, there also is a left turn on a face f such that the next two turns on f are right
turns. We resolve that left turn by augmenting GG, which we sketch in the following. Let u
be the vertex at which face f takes that left turn. Let ¢ be the vertex before v on f. We
differentiate two major cases, namely that tu is either vertical or horizontal.

Case 1, tu is vertical. Let vw be the edge that appears on f after the two right turns
following the left turn at u. We show that creating a new vertex z on vw and adding the
edge uz (cf. to Fig. 10a for an example) always upholds validity; see Section 6.2 for details.

Case 2, tu is horizontal. This case is more intricate, because we may introduce decreasing
or increasing cycles by augmenting the graph. Fig. 10b shows an example, where the graph
does not include a decreasing cycle without the edge uz, but inserting uz introduces one.
We therefore do not just consider I'ly,,, but I'¥ for a set of candidate edges e, which include
all edges v'w’ on f such that rot(f[u,v'w’]) = 2. Hence, Condition 1 and Condition 2 are
satisfied by Observation 6.1. If there is a candidate e such that I'Y does not contain a
monotone cycle, we are done.

So assume that there is no such candidate and, furthermore, assume without loss of
generality that tu points to the right. Let the set of candidates be ordered as they appear
on f. We show that introducing an edge from u to the first candidate never introduces an
increasing cycle, while introducing an edge from u to the last candidate never introduces
a decreasing cycle. This also implies that there must be a consecutive pair of candidates
vw and v'w’ such that introducing an edge from u to vw creates a decreasing cycle and
introducing an edge from u to v’w’ creates an increasing cycle.

In Section 6.2 we show that in that case, one of the edges uw or uv’ can be inserted
without introducing a monotone cycle. Together with Observation 6.1, this proves that we
can always remove left turns from the representation while maintaining validity.

Altogether, the algorithm consists of first finding a suitable left turn in the representation,
then determining which of the two cases applies and finally performing the augmentation.
In particular, when augmenting the graph, we need to ensure that we do not introduce
monotone cycles. Checking for monotone cycles can trivially be done by testing all essential
cycles. However, this may require an exponential number of tests and it is unknown whether
testing the existence of a monotone cycle can be done in polynomial time.



L. Barth, B. Niedermann, |. Rutter, and M. Wolf

v z w
e —Oo——e
1

(a) Tow (b) T3 (c) e

Figure 10 Examples of augmentations. (a) Inserting wz is valid, if uz points upwards. (b) The
representation I'y,, is not valid since inserting the new edge introduces a decreasing cycle C. (c) The
candidate wz instead gives the valid representation I't,. The cycle C’, which uses the same edges
outside of f as C' before, is neither in- nor decreasing.

6.2 Correctness of the Rectangulation Algorithm

Following the proof structure outlined in the previous section we argue more detailedly that
a valid augmentation always exists. We start with Case 1, in which the inserted edges is
vertical and show that a valid augmentation always exists.

» Lemma 6.2. Let vw be the first candidate edge after u. If the edge of f entering u points
up or down, Iy, s a valid ortho-radial representation of the augmented graph G + uz.

Proof. Assume that I'f,, contains a simple monotone cycle C. As T is valid, C' must contain
the new edge uz in either direction (i.e., uz or zu). Let f’ be the new rectangular face of
G + uz containing u, v and z, and consider the subgraph H = C' + f’ of G + uz. According
to Lemma 4.5 there exists a simple essential cycle C’ that does not contain uz. Moreover,
C’ can be decomposed into paths P and @ such that P lies on f’ and Q is a part of C.
The goal is to show that also C’ is monotone. We present a proof only for the case of
increasing C. The proof for decreasing cycles can be obtained by flipping all inequalities.

For each edge e on @Q the labels £¢(e) and £¢r (e) are equal by Lemma 4.4, hence £ (e) < 0.

For an edge e € P, there are two possible cases. The edge e either lies on the side of f’
parallel to uz or on one of the two other sides. In the first case, the label of e is equal to the
label £o(uz) (bo(zu) if C contains zu instead of uz). In particular the label is negative.

In the second case, we first note that £c/(e) is even, since e points left or right. Assume
that fcr(e) is positive and therefore at least 2. Then, let ¢’ be the first edge on C after e
that points to a different direction. Such an edge exists, since otherwise all edges on C’ would
have the label 2 and therefore C’ would be decreasing contradicting the assumption that T’
is valid. This edge ¢’ lies on Q or is parallel to uz. Hence, the argument above implies that

loi(€') < 0. However, Lo (€') differs from £ (e) by at most 1, which requires ¢ (e') > 1.

Therefore, £ (e) cannot be positive.

We conclude that all edges of C’ have a non-positive label. If all labels were 0, C' would
not be an increasing cycle by Lemma 4.7. Thus, there exists an edge on C’ with a negative
label and C” is an increasing cycle in I". But as I is valid, such a cycle does not exist, and
therefore C' does not exist either. Hence, I}, is valid. <

In Case 2 the inserted edge is horizontal. If there is a candidate e such that I'y is valid, we
choose this augmentation and the left turn at w is removed successfully. Otherwise, we make
use of the following structural properties. As before we assume that uz points to the right;
the other case can be treated analogously. Using a similar, though technically somewhat
more difficult approach as in Lemma 6.2 one can show that augmenting with the first and
last candidate does not create increasing and decreasing cycles, respectively.

U

» Lemma 6.3. Let vw be the first candidate after u. No increasing cycle exists in I'ly,,.
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(a) (b) (c)

Figure 11 Three possibilities how the path between w and v’ can look like: (a) w = v’, (b) all
edges point right, and (c) all edges point left. In the first two cases the edge uw is inserted and in
(c) uv' is added.

Figure 12 The structure that is used to simulate the insertion of both uz and uz’ at the same
time. The edge uz is replaced by the path uzz and uz’ by uzyz’.

» Lemma 6.4. Let vw be the last candidate before u. No decreasing cycle exists in T'Y, .

By assumption I'? contains a monotone cycle for each candidate edge e. From Lemma 6.3
and Lemma 6.4 it follows that there are consecutive candidates vw and v'w’ such that T'Y,,
has a decreasing cycle and I'};, ,, has an increasing cycle.

» Lemma 6.5. Let QQ be the path on [ between the candidates vw and v'w’. Then, Q can be
completed to a path P in G containing w, v’ and u whose edges all point to the right. More
precisely, P starts at w or v' and ends at u, and either Q or Q forms the first part of P.
Moreover, the start vertex of P has no incident edge to its left.

Proof Sketch. We introduce a construction inside f that simulates the augmentations I'},,,
and I'Y, . at the same time; see Fig. 12. With this construction the resulting representation
essentially contains both the increasing cycle of I'y,,,, and the decreasing cycle of I}y, . Using
this, we show that both cycles use @ and thus @ must only point to the right. Similarly, we
show that both cycles are equal outside of f, which implies that all corresponding edges also
point to the right. Hereby, these edges together with @) form the desired path P. <

There are three possible ways how the vertices w and v’ can be arranged on P; see Fig. 11.
Either w = v/, w comes before v’, or v’ comes before w. In any case we denote the start
vertex of P by z. According to Lemma 6.5, no edge is incident to the left of z. Hence, the
insertion of the edge uz such that it points right gives a new ortho-radial representation I",
which is valid by the following lemma.

» Lemma 6.6. Let IV be the ortho-radial representation that is obtained from T' by adding
the edge uz pointing to the right as in Lemma 6.5. Then, T' is valid.

Proof. By construction, I satisfies Conditions 1 and 2 of Definition 3.4. Let C' = P + uz
be the new cycle whose edges point right. It is £ (e) = 0 for each edge e of C’. Essential
cycles without uz or zu are not monotone, since they are already present in the valid
representation I'. If an essential cycle C' contains uz or zu and thus the vertex u, Lemma 4.7
states that C is not monotone. Thus, I satisfies Condition 3 and is therefore valid. <
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Putting all results together we see that the rectangulation algorithm presented in Section 6.1
works correctly. That is, given a valid ortho-radial representation I', the algorithm produces
another valid ortho-radial representation IV such that all faces of IV are rectangles and T is
contained in I'V. Combining this result with Theorem 5.2 we obtain the following theorem.

» Theorem 6.7. Let I be a valid ortho-radial representation of a graph G. Then there is a
drawing of G representing I.

This shows the remaining implication of Theorem 3.5 thus completing the characterization.

7 Conclusion

In this paper we considered orthogonal drawings of graphs on cylinders. Our main result is a
characterization of the 4-plane graphs with a fixed embedding that can be drawn bend-free
on a cylinder in terms of a combinatorial description of such drawings. These ortho-radial
representations determine all angles in the drawing without fixing any lengths, and thus
are a natural extension of Tamassia’s orthogonal representations. However, compared to
those, the proof that every valid ortho-radial representation has a corresponding drawing is
significantly more involved. The reason for this is the more global nature of the additional
property required to deal with the cyclic dimension of the cylinder.

Our ortho-radial representations establish the existence of an ortho-radial TSM framework
in the sense that they are a combinatiorial description of the graph serving as interface
between the “Shape” and “Metrics” step.

For rectangular 4-plane graphs, we gave an algorithm producing a drawing from a valid
ortho-radial representation. Our proof reducing the drawing of general 4-plane graphs with
a valid ortho-radial representation to the case of rectangular 4-plane graphs is constructive;
however, it requires checking for the violation of our additional consistency criterion. It is an
open question whether this condition can be checked in polynomial time. These algorithms
correspond to the “Metrics” step in a TSM framework for ortho-radial drawings.

Since the additional property of the characterization is non-local (it is based on paths
through the whole graph), the original flow network by Tamassia cannot be easily adapted
to compute a bend-minimal valid ortho-radial representation, which would correspond to the
“Shape” step of an ortho-radial TSM framework. We leave this as an open question.
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