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ENUMERATION OF CORNER POLYHEDRA AND 3-CONNECTED
SCHNYDER LABELINGS

ERIC FUSY, ERKAN NARMANLI, AND GILLES SCHAEFFER

ABSTRACT. We show that corner polyhedra and 3-connected Schnyder labelings join the
growing list of planar structures that can be set in exact correspondence with (weighted)
models of quadrant walks via a bijection due to Kenyon, Miller, Sheffield and Wilson.

Our approach leads to a first polynomial time algorithm to count these structures,
and to the determination of their exact asymptotic growth constants: the number p,
of corner polyhedra and s, of 3-connected Schnyder woods of size n respectively satisfy
(pn)Y/™ — 9/2 and (sn)/™ — 16/3 as n goes to infinity.

While the growth rates are rational, like in the case of previously known instances
of such correspondences, the exponent of the asymptotic polynomial correction to the
exponential growth does not appear to follow from the now standard Denisov-Wachtel
approach, due to a bimodal behavior of the step set of the underlying tandem walk.
However a heuristic argument suggests that these exponents are —1 — 7/ arccos(9/16) ~
—4.23 for pp and —1 — 7/ arccos(22/27) ~ —6.08 for s,, which would imply that the
associated series are not D-finite.

1. INTRODUCTION

This article is concerned with the enumerative properties of two fascinating families of
discrete geometric structures, corner polyhedra and rigid orthogonal surfaces. Corner poly-
hedra, see Figure 2(a), were introduced by Eppstein and Mumford [10] who were interested
in the possibility to give an elegant characterization a la Steinitz of the graphs that can be
realized as 1-skeleton for certain classes of orthogonal polyhedra. On the other hand, rigid
orthogonal surfaces, see Figure 3(a), were considered by Felsner [12] in relation with the
order dimension of 3-polytopes.

It turns out that these geometric structures can be described in a very similar way by
certain underlying combinatorial structures, polyhedral orientations for corner polyhedra,
see Figure 2(b), and (3-connected) Schnyder labelings for rigid orthogonal surfaces, see
Figure 3(b). As illustrated by Figure 1, and as already partially observed by several authors,
e.g. [9], these combinatorial counterparts are similar to those that were already observed
for horizontal/vertical contact segments and rectangular tilings.

After recalling in Section 2 the definition of polyhedral orientations and Schnyder label-
ings, and how to recast them in terms of bipolar orientations, we move on in Section 3 to set
up exact correspondences with certain weighted bi-modal models of so-called tandem quad-
rant walks via a bijection due to Kenyon, Miller, Sheffield and Wilson [22]. The resulting
bijections, stated as Proposition 1 and Proposition 2, allow us to describe in Section 4 poly-
nomial time algorithms to count these structures, and moreover to determine in Theorem 2
their exact asymptotic growth constants, see also Figure 1. An exact enumeration formula
is known for the case of Schnyder labelings on triangulations [3]; we show in Section 3.3 that
it can be recovered from our results.

Date: March 16, 2022.
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horizontal /vertical rectangular tilings corner polyhedra rigid orthogonal
contact segments ([24]) ([21]) ([10], Sec 1) surfaces ([12], Sec 1)
separating decompositions | transversal structures polyhedral orientations Schnyder labelings
([6]) ([21, 15]) ([10], Sec 2.1) ([11], Sec 2.1)

plane bipolar
orientations ([6])

T-transverse bipolar
orientations ([16])

P-admissible bipolar
orientations (Sec 2.3)

S-transverse bipolar
orientations (Sec 2.3)

tandem walks

({16])

T-admissible tandem
walks ([16])

P-admissible tandem
walks (Sec 3.2)

S-admissible tandem
walks (Sec 3.2)

free bicolored
contact-systems (Sec 5)

rigid bicolored
contact-systems (Sec 5)

free tricolored
contact-systems (Sec 5)

rigid tricolored
contact-systems (Sec 5)

= 8" ([1)

= (27/2)" ([16])

= (9/2)™ (Sec 4.2)

= (16/3)™ (Sec 4.2)

FIGURE 1. Four parallel families of structures.

As can be observed in Figure 1, our results on the enumeration of corner polyhedra and
3-connected Schnyder labelings parallel those for the number of plane bipolar orientations,
and for the number of transversal structures. However the analysis is made more difficult
by the fact that the tandem walks that we have to deal with have a bimodal behavior: the
step set available at a current point depends on the parity of the ordinate of this point.
This puts the complete analysis of the asymptotic behavior out of reach of our current
understanding of these models, based on Denisov-Wachtel approach [7]. Resorting to a
plausible but conjectural version of their argument, we are able to state Conjecture 1 on the
polynomial corrections, which would imply that the associated series are not D-finite.

A nice final touch on the emerging global picture is the possibility to recast these results
in terms of colored pseudoline contact systems (before last line in Figure 1), as explained in
Section 5.

2. PRESENTATION OF THE TWO MODELS

2.1. Definitions. A planar map is a connected multigraph embedded on the oriented sphere
up to orientation-preserving homeomorphism. It is rooted by marking a corner, whose
incident face is taken as the outer face in planar representations. Vertices and edges are
called inner or outer depending on whether they are incident to the outer face or not. A map
is called Eulerian if its vertices have even degree, in which case the faces can be uniquely
bicolored in light and dark faces so that the outer face is light (any edge has a dark face on
one side and a light face on the other side). Dually, a map is bipartite iff all faces have even
degree, in which case the vertex bicoloration is unique, up to choosing the color of a given
vertex.

A triangulation is a planar map where all faces have degree 3. It is known that a trian-
gulation is 3-colorable iff it is Eulerian. In that case, the coloration of vertices (say in blue,
green, red) is unique once the colors around a given triangle are fixed. If the triangulation
is rooted, we take the convention that the root-vertex is red, and the outer vertices are col-
ored red, green, blue in clockwise order around the outer face (i.e., walking along the outer
contour with the outer face on the left). Note that every edge is also canonically colored
red, green, or blue: it receives the color it misses (e.g. an edge connecting a green vertex
and a blue vertex is colored red). In an orientation of a planar map, a corner ¢ = (v, e1, e3)
is called lateral if exactly one of ej, es is ingoing at v (the other one being outgoing), it is
called extremal otherwise (either eq, ey are both ingoing or both outgoing at v). For T a
rooted Eulerian triangulation, a polyhedral orientation of T is an orientation of T" such that
(see Figure 2(c) for an example):
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FIGURE 2. From a corner polyhedron to an Eulerian triangulation endowed

with a polyhedral orientation (extremal corners are indicated in violet, there
are two such corners at each inner vertex and at each light inner face).

(a)

(PO1): There is no extremal corner at the outer vertices, and the outer contour is a cw
cycle.

(PO2): Every inner vertex is incident to exactly two extremal corners, and all the extremal
corners are incident to light faces (hence dark face contours are either cw or cew).

Remark 1. Based on a counting argument, it can be checked that there must be exactly
two extremal corners in every inner light face (indeed, every inner light face has either zero
or two extremal corners; but by the Euler relation the number of inner light faces equals
the number of inner vertices, so that the number of extremal corners is twice the number of
inner Lght faces). .. ...

Remark 2. Not every Eulerian triangulation admits a polyhedral orientation: in fact it is
the case if and only if all its red/blue/green ccw triangles are facial, as first shown in [10].
These so-called corner triangulations are enumerated in [8]. ......... ... .. ...,

From now on, we call polyhedral orientation a (corner) triangulation endowed with a poly-
hedral orientation. We let P be the set of polyhedral orientations, and let P,, (resp. Pgp.c)
be the set of polyhedral orientations with n inner vertices (resp. with a red inner vertices,
b blue inner vertices, and ¢ green inner vertices).

A (6,4)-dissection is a planar map D whose outer face is a simple cycle of length 6, and
whose inner faces have degree 4. Such a map is bipartite, and if rooted (which is assumed
here) the vertex-bicoloration (in black and white vertices) is the unique one such that the
root-vertex is white. The outer vertices are labeled R, G, B, R, G, B in ccw order around the
outer face, starting with the root-vertex. An outer vertex is called isolated if it has degree 2
(i.e., is not incident to an inner edge). A Schnyder labeling of D is a coloration of the inner
edges of D in blue, green, red, such that (see Figure 3(c)):

(SL1): The two outer vertices labeled R (resp. B, (&) have their incident inner edges red
(resp. blue, green).

(SL2): The edges at each inner vertex form, in clockwise order, 3 non-empty groups of red,
green and blue edges, respectively.
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FIGURE 3. From a rigid orthogonal surface to a (6, 4)-dissection endowed
with a Schnyder labeling (whose outer white vertices are non-isolated).
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FIGURE 4. Correspondence between Schnyder labelings as considered by
Felsner, on the left, and Schnyder labelings on (6,4)-dissections, on the
right.

Remark 3. Tt is known [11, 18] that a (6,4)-dissection admits a Schnyder labeling iff it has
no multiple edge and every 4-cycle delimits a face. These dissections are counted in [23, 18,
D e

Remark 4. One can classically associate to D a planar (essentially 3-connected) map M,
which is obtained from D by adding in each inner face an edge that connects the two opposite
white vertices, and then erasing all edges and black vertices of D. Via this mapping, our
definition of Schnyder labelings matches the one of Felsner [11] (precisely, he considers those
corresponding to the case where the 3 outer white vertices are non-isolated), see Figure 4.

From now on, we call Schnyder labeling a (6,4)-dissection endowed with a Schnyder
labeling. We let S be the set of Schnyder labelings, and let S be the subset of those where
the 3 outer white vertices are non-isolated. We let S,, (resp. Sn) be the set of elements
in S (resp. S) with n inner faces, and let S, (resp. Sap) be the set of elements in S

(resp. S) with a+ 1 white vertices and b+ 1 black vertices. The Euler relation ensures that
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a (6,4)-dissection with n inner faces has n + 4 vertices, hence S,, = Ugtp=n+28a,p (resp.
Sn = Ua+b:n+28a,b)~

Remark 5. Based on a counting argument [11, Lem.1], it can be checked that, for X € S,
if the outer edges incident to the black vertex labeled R (resp. G, B) are colored red (resp.
green, blue), then the contour of every inner face has at least one edge in every color, with
one of the three colors represented by two edges that are consecutive along the face contour.

2.2. Link to 3D representations. A simple orthogonal polyhedron [10] is a 3D shape with
the topology of a ball, and whose boundary is made of flat portions (called flats), each flat
being orthogonal to one of the 3 coordinate axes. It is also required that if two flats share
a boundary then their orthogonal directions are not the same, and that at most 3 flats can
intersect at a point on the boundary. The boundary yields a trivalent map (embedded on
a topological 2D-sphere), whose vertices correspond to the boundary points where 3 flats
meet, and whose faces correspond to the flats. A corner polyhedron (see Figure 2(a) for an
example) is a simple orthogonal polyhedron where exactly 3 flats have a negative coordinate
in their orthogonal vector. These 3 flats have to intersect, and the intersection is taken as
the origin. The dual of the associated trivalent map is an Eulerian triangulation 7' (a corner
triangulation), whose outer face is taken as the one dual to the origin, with red (resp. blue,
green) vertices associated to the flats whose orthogonal direction is the one of the z-axis
(resp. z-axis, y-axis). Moreover, T is naturally endowed with a polyhedral orientation,
upon orienting every inner blue (resp. green, red) edge in the direction of increasing z (resp.
x, y), see Figure 2(b). It is also shown in [10] that every polyhedral orientation can be
obtained in this way. Polyhedral orientations can thus be considered as the combinatorial
types of corner polyhedra. Thus, p, := |Py| (resp. Pap,c := |Panb.ec|) gives the number of
combinatorial types of corner polyhedra with n + 3 facets (resp. with a + b+ ¢ + 3 facets,
among which a + 1 are red, b+ 1 are blue, and ¢+ 1 are green), including the 3 non-visible
facets.

The union & of the boundary of a corner polyhedron P and of the three 2D-quadrants
Q. ={z,y>0,2=0},Q, = {y,z > 0,2 = 0},Q, = {2,z > 0,y = 0} corresponds to
a (non-degenerate, axial) orthogonal surface in the sense of [12]. There is another natural
way to associate a decorated map to such a surface [12]. Let v, (resp. wvy,v,) be the
extremal vertex of P on the z-axis (resp. y-axis, z-axis). Let uy, = vy V v,, uy = vz Vv,
and u, = v, V vy. The white points of & are v, vy, v, and the points of P (excluding the
origin), called inward points of P, where 3 flats meet and the 3 border rays leave the point
in the coordinate-increasing way. The black points of & are u,,u,,u. and the points of P,
called outward points of P, where 3 flats meet and the 3 border rays leave the point in the
coordinate-decreasing way. A black point v, and a white point v, are adjacent if ve > v,
coordinatewise.

This adjacency relation yields a bipartite graph formed by black and white points that
is drawn on & (with edges as segments). The surface & is called rigid if the drawing is
crossing-free (the edges can meet only at common extremities); the example of Figure 2(a)
is non-rigid (there would be a crossing in the blue flat on the right) whereas the one in
Figure 3(a) is rigid. In that case, every edge e = {u,v} is such that u,v share exactly one
coordinate. Then e is considered blue (resp. green, red) if « and v have same z-coordinate
(resp. y-coordinate, z-coordinate). Upon adding the outer hexagon v.,uy, vy, Uz, vy, Uy
(labeled R, G, B, R, G, B), this embedded graph exactly gives a Schnyder labeling in S, see
Figure 3(b). It is shown in [12, 14] that every Schnyder labeling in S can be obtained in
this way. Schnyder labelings in S can thus be considered as the combinatorial types of rigid
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FIGURE 5. Local rules for plane bipolar orientation, (B) on the left and (B’)
on the right, and their translation in terms of lateral and extremal corners.

orthogonal surfaces. The coefficient 3, := |S,| gives the number of combinatorial types of
rigid orthogonal surfaces that arise from corner polyhedra with n + 3 flats. The coefficient
Sab = \S‘a)b| gives the number of combinatorial types of rigid orthogonal surfaces that arise
from corner polyhedra with a — 2 inward points and b — 2 outward points.

Remark 6. It would also be possible to consider the bivariate refinement P, ; (where param-
eters would have the same meaning as in Sa,b) and the trivariate refinement Sa’b,c (where
parameters would have the same meaning as in P, ;). However, we feel that the trivariate
refinement is more natural for polyhedral orientations (the 3 parameters are intrinsic to the
underlying corner triangulation, they do not depend on which polyhedral orientation the
triangulation is endowed with). Similarly, the bivariate refinement seems more natural for
Schnyder labelings (the 2 parameters are intrinsic to the underlying (6, 4)-dissection). ....

2.3. Encoding by (constrained, decorated) plane bipolar orientations. A plane
bipolar orientation is a rooted planar map endowed with an acyclic orientation with a
unique source S at the root-vertex, and a unique sink N incident to the outer face. It is
known [6] that a plane bipolar orientation is characterized by the following local properties
(for orientations with S as a source and N as a sink), illustrated in Figure 5:

(B): Apart from {5, N}, each vertex has two lateral corners (so the incident edges form
two groups: ingoing and outgoing edges).

(B’): Each face (including the outer one) has two extremal corners, so that the contour is
partitioned into a left lateral path and a right lateral path that share their origins
and ends, which are called the bottom vertex and top vertex of the face.

The type of a face is the integer pair (i, ) such that the left (resp. right) lateral path of the
face has length ¢ + 1 (resp. j+1). The outer type of the orientation is the type of the outer
face. If the underlying map of the orientation is bipartite, i.e., the type (4,7) of every inner
face is such that i 4+ j is even, then the vertex bicoloration is chosen such that NV is white.
An inner face is called a blacktip face (resp. whitetip face) if its top vertex is black (resp.
white).
A bipartite plane bipolar orientation is called P-admissible iff
(PA1): it has outer type (0, k) for some even k > 2,
(PA2): the type (i,j) of every blacktip (resp. whitetip) inner face is such that i > 1 (resp.
j=1).

Proposition 1. Polyhedral orientations with n inner vertices, among which a are red, b
are blue, and c are green, are in bijection with P-admissible bipolar orientations with n + 1
edges, a + 1 white vertices, b+ 1 black vertices, and c inner faces.
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FIGURE 6. On the left, a polyhedral orientation (with dots at lateral cor-
ners). On the right, the corresponding P-admissible bipolar orientation.

Proof. From a polyhedral orientation P, its image X is obtained by removing all the green
vertices, and recoloring the blue vertices as black, and the red vertices as white, see Figure 6.
Clearly, X is bipartite, and it forms a plane bipolar orientation [10, Lem 18] whose source
(resp. sink) corresponds to the outer blue (resp. red) vertex of P. Moreover, X has outer
type (0,d—2), with d > 4 the degree of the green outer vertex of P. Hence, (PA1) holds for
X. Note that every corner ¢ in X correspond to exactly two corners in P, respectively in a
light and in a dark triangle. The light one is called the attached corner of c. (This gives a
1-to-1 correspondence between the corners of X and the light corners at blue or red vertices
in P.) Moreover, since the dark corners are always lateral, a corner in X is extremal iff its
attached corner is lateral. For g a green inner vertex of P, and with f the corresponding
inner face of X, the corner attached to the top corner (resp. bottom corner) of f has thus
to be lateral. Hence, by Remark 1, the corner at g in the same light triangle has to be
extremal. Thus, the two extremal corners of g are those that are in the light triangle ¢,y
(resp. tdown) touching the top-vertex (resp. the bottom-vertex) of f. The fact that these
light triangles are different easily ensures that the left contour of f contains an edge from
a black to a white vertex, and the right contour of f contains an edge from a white to a
black vertex (see Figure 7 showing the 4 cases, depending on the colors of the top-vertex
and bottom-vertex of f). This is equivalent to Condition (PA2) being satisfied by f. Hence,
X is P-admissible.
Now, from a P-admissible bipolar orientation X, its image P is constructed as follows:

(i) Add a so-called face-vertex vy in every face f of X, and connect vy to all corners
around f.

(ii) Recolor all black (resp. white) vertices in blue (resp. in red); and all face-vertices
in green.

(iii) Let veyt be the face-vertex of X'’s outer face: we orient its incident edges toward blue
(former black) vertices and away from red (former white) vertices. In particular,
the edge between v.,; and the sink (resp. source) vertex of X goes toward (resp.
away from) ve,; and edge directions alternate around veg¢.

(iv) For every inner face f of X, we mark every corner attached to a lateral corner in X
and we mark the two corners of vs incident to the two light triangles incident to the
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FIGURE 7. The correspondence for an inner green vertex g, associated to
an inner face f in the plane bipolar orientation, in the 4 different cases
depending on the colors of the top-vertex and bottom-vertex of f.

bottom and top corners of f (these two light triangles are distinct, due to (PA2)).
Then there is exactly one way to orient blue and red edges so that the extremal
corners within f are the marked ones, see Figure 7.

The bipartite nature of X and (ii) ensures that P must be 3-colorable, and (PO1) follows
from (iii). By construction, all dark corners are lateral, and (PO2) is satisfied at all inner
green vertices. As for red and blue inner vertices, the construction is again such that a
corner of X is extremal iff the attached corner in P is lateral. Since each non-pole vertex of
X has two lateral corners, the corresponding red or blue inner vertex in P must have two
extremal corners. Hence, (PO2) is satisfied at red and blue inner vertices.

The two mappings are clearly inverse to each other, hence give a bijection. ([l

An S-transverse bipolar orientation is a (6, 4)-dissection M, where the edges are parti-
tioned into plain edges that are directed, and transversal edges that are undirected, so that
the following conditions are satisfied:

(ST1): Plain edges span all vertices of M, and form a (bipartite) plane bipolar orientation
X of outer type (2,2), with at least one inner face.

(ST2): Each transversal edge is within an inner face f of X, and it connects a black vertex
in the interior of the left lateral path of f and a white vertex in the interior of the
right lateral path of f. Moreover, in every inner face f, every black (resp. white)
vertex in the interior of the left (resp. right) lateral of f is incident to at least one
transversal edge.

Proposition 2. Schnyder labelings with n inner faces, a + 1 white vertices and b+ 1 black
vertices, and whose two G outer vertices are non-isolated, are in bijection with S-transverse
bipolar orientations with n + 4 vertices, among which a + 1 are white and b+ 1 are black.

Proof. The bijection is defined as follows. Given a Schnyder labeling L. whose G outer
vertices are non-isolated, let s (resp. t) be the outer black (resp. white) vertex labeled R.
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FIGURE 8. On the left, a Schnyder labeling (with non-isolated outer G ver-
tices), and on the right the corresponding S-transverse bipolar orientation.

The left (resp. right) lateral path of L is the path of outer edges from s to ¢ with the outer
face on its left (resp. right). We color (red, blue, red) the edges on the left (resp. right)
lateral path. We orient the red edges from black to white and the blue edges from white
to black (in particular, the left lateral path and right lateral path are directed from s to
t), and leave the green edges undirected. We claim that we obtain an S-transverse bipolar
orientation, with source s and sink ¢. The main point is to check that the oriented map X
formed by the oriented edges (which spans all the vertices of L) is acyclic.

Assume that X has a directed cycle 7, and consider a minimal one, i.e., whose interior ~°
does not contain the interior of another directed cycle of X. The local conditions (SL1)-(SL2)
imply that if v is clockwise (resp. counterclockwise), then any incidence of a transversal
edge in y° with a vertex v on v must be such that v is black (resp. white), and moreover
every black (resp. white) vertex on v must be incident to at least one transversal edge in
~°. Hence, if 7 is clockwise (resp. counterclockwise), then there must be a transversal edge
leaving a black vertex on v and whose other extremity v is strictly in 7°. Note that s,t are
the only extremal vertices of X, and they are exterior to . Hence, from v starts a path
of outgoing edges (the next edge at each step is an outgoing edge of the current vertex),
which can not loop by minimality of «, hence has to reach ~ at some vertex v’. Similarly,
from v starts a path of ingoing edges (the next edge at each step is an ingoing edge of the
current vertex), which can not loop by minimality of -, hence has to reach + at some vertex
v #v'. These two paths, together with the path on v connecting v’ to v”, form a directed
cycle whose interior is in 7°, a contradiction.

Hence, X is acyclic. Since it has a single source and a single sink (both incident to the
outer face), it is a plane bipolar orientation, and clearly its left and right outer paths are
the left and right outer paths of L defined above. Hence, X has outer type (2,2), and every
transversal edge is within an inner face of X. Moreover, the local conditions (SL1)-(SL2)
easily ensure that every transversal edge within an inner face f of X has to connect a black
vertex in the interior of the left lateral path of f to a white vertex in the interior of the
right lateral path of f, and that every black (resp. white) vertex in the interior of the left
(resp. right) lateral path of f is incident to at least one transversal edge (the fact that in



10 E. FUSY, E. NARMANLI, AND G. SCHAEFFER

L the two outer G are non-isolated is necessary to have this property satisfied at these two
vertices).

The inverse mapping is defined as follows. Starting from an S-transverse bipolar orienta-
tion, with X the part made by the plane bipolar orientation, we color green the transversal
edges, and color red (resp. blue) the edges of X that are directed from black to white
(resp. from white to black), and we forget the edge directions and the colors of the outer
edges. The outer vertices of the obtained edge-colored map L are labeled R,G, B, R,G, B
in counterclockwise order around the outer face, starting from the sink of X. Condition (B)
of plane bipolar orientations and condition (ST2) imply that condition (SL2) is satisfied,
and moreover that the two G outer vertices are incident to at least one transversal edge,
and every incidence of a transversal edge with an outer vertex must be with one of the two
outer vertices labeled G. Condition (ST2) also implies that every inner face of X has at
least one black vertex in the interior of its left lateral path and at least one white vertex in
the interior of its right lateral path. This easily implies that the left outer G has indegree 1
and outdegree 1 in X, so that in L all inner edges incident to the left outer G (and similarly,
the right outer G) are green. Similarly, the left outer B has indegree 1 in X, so that in L
all inner edges incident to this vertex (and similarly, to the outer B on the right side) are
blue. And all inner edges incident to one of the two outer vertices labeled R (which are the
source and sink of the bipolar orientation) are red. Hence, Condition (SL1) is satisfied, so
that L is a Schnyder labeling (whose two outer G are non-isolated).

Finally, the two mappings are clearly inverse to each other, hence give a bijection. O

Remark 7. For enumerative purposes, the constraint that the two outer vertices labeled G
are non-isolated is mild. Indeed, if s, denotes the number of Schnyder labelings with n
inner faces (with n > 2), and s/, denotes the number of those where the two outer vertices
labeled G are non-isolated, then s,, = s],+2s],_;+s/,_, for n > 4 (the three terms correspond
to having 0, 1, or 2 isolated vertices among the two outer Green G). Similarly, if s, ; denotes
the number of Schnyder labelings with a + 1 white vertices and b+ 1 black vertices, and S;,b
denotes the number of those where the two outer vertices labeled G are non-isolated, then
Sqb = sz,b + s;)b_l + 5;—1,13 + 3:1—1,17—1 fora>3and b>3. ...

Remark 8. Let X be an S-transverse bipolar orientation and let f be an inner face of X,
with qg, ..., ¢m+1 the quadrangular faces within f, ordered from bottom to top. Let v be
the path from the first to the last black vertex on the strict left boundary of f (i.e., excluding
the extremal vertices of f), and let 2¢ be its length. Let 4" be the path from the first to the
last white vertex on the strict right boundary of f, and let 2r be its length. It is easy to
see that for h € [1..m], g, either has two edges on v and none on 7', or the opposite. We
can thus attach to f a word in &(0a") giving the types of q1,...,qn (o if the face has two
edges on v, 0 otherwise). It completely encodes the configuration of transversal edges within
f, and any such word is a valid encoding. Hence the configuration can be encoded by an
integer in [1..(21””)]. Note also that the degree of f is 20+ 2r + 6 in all cases (in particular,
all inner faces of X have degree at least 6). ...

3. BIJECTIONS WITH WALKS IN THE QUADRANT

Similarly as in [16], once our models have been set in bijection to certain models of plane
bipolar orientations, they can be set in bijection to specific quadrant walks by specializing a
bijection due to Kenyon, Miller, Sheffield and Wilson (shortly called the KMSW bijection),
which we use as a bijective black box. An example of the KMSW bijction is given on
Figure 9.
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S S

FIGURE 9. A bipartite plane bipolar orientation (left), and its rightmost
ingoing tree (middle), excluding the vertex N. The corresponding even
tandem walk (right) is obtained by revolving around the tree in clockwise
order: when first seeing an edge, it yields a SFE step, and when first entering
a face of type (i,j), it yields a face-step (—i, 7).

3.1. KMSW bijection. A tandem walk is a walk on the lattice Z2, with steps in {(1, —1)}U
{(—14,4)| i,5 > 0}. A step that is not a SE step (i.e., a step of the form (—i, 7)) is called a
face-step.

Theorem 1 ([22]). There is a bijection between plane bipolar orientations of outer type
(d,d’) and tandem walks from (0,d) to (d',0) staying in the quadrant N2. For X a plane
bipolar orientations and w the corresponding tandem walk, the number of edges of X cor-
responds to one plus the length of w, each inner face of type (i,j) in X corresponds to a
face-step (—i,j) in m, and each non-pole vertex corresponds to a SE step of .

Remark 9. The bijection is easy to specialize to the bipartite setting (we will use the bijection
in this setting only). A plane bipolar orientation X is bipartite iff in the corresponding walk,
each face-step (—i, j) is such that i+ j is even; such a tandem walk is called even. Moreover,
the non-pole white and black vertices of X correspond to the SE steps that start at even y
and odd y, respectively (this is due to the property that the y where the step starts indicates
a path-length in X between N and the vertex corresponding to the step). Similarly, whitetip
inner faces and blacktip inner faces correspond to face-steps that start at even y and at odd
1y, respectively, see Figure 9 for an example. ............ .. i

3.2. Application to the two models. We first specialize the KMSW bijection (in the
bipartite setting) to the P-admissible bipolar orientations. A P-admissible tandem walk is
an even tandem walk where every face-step (—i,j) starting at even (resp. odd) y has j > 1
(resp. ¢ > 1). Via Proposition 1 we obtain:

Proposition 3. Polyhedral orientations are in bijection with P-admissible quadrant tandem
walks starting at the origin and ending on the x-axis. If the polyhedral orientation has n
inner vertices, among which a are red, b are blue, and c are green, then the corresponding P-
admissible tandem walk has length n, with a SE steps starting at even y, b SE steps starting
at odd y, and c face-steps.

We then specialize the KMSW bijection to the S-transverse bipolar orientations. For
this (given Remark 8), we need a weighted terminology: a step s in a tandem walk is said
to be weighted by w € N if s comes with an integer in [1..w] (for the enumeration, the
weights of the steps composing the walk have to be multiplied, those where no weight is
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indicated are implicitly assumed to have weight 1). An S-admissible tandem walk is defined
as an even tandem walk such that every face-step (—i,j) with even entries is of the form
i =20+2,j=2r+2 and is weighted by (zir), every face-step (—i,j) with odd entries and
starting at even y is of the form ¢ = 2¢ + 1,5 = 2r + 3 and is weighted by (“7:7’)7 and every
face-step (—i,j) with odd entries and starting at odd y is of the form i =2¢+ 3,5 =2r +1

and is weighted by (HT). Via Proposition 2 and Remark 8, we obtain:

T

Proposition 4. Schnyder labelings whose two outer G vertices are non-isolated are in bi-
jection with S-admissible tandem walks in the quadrant that start at (0,2) and end at (2,0),
and have length at least 3 (i.e., have at least one face-step). If the Schnyder labeling has
n inner faces, with a + 1 white vertices and b + 1 black vertices, then the corresponding
S-admissible tandem walk has n 4+ 2 SE steps, among which a start at even y, and b start
at odd y.

3.3. Specialization of Proposition 4 to triangulations. It is well known that Schnyder
labelings on triangulations with n + 3 vertices are in bijection to non-crossing pairs of
Dyck walks of length 2n. We explain here how this bijective result can be recovered from
Proposition 4. Let S, 5 be the set of Schnyder labelings with a + 1 white vertices and b + 1
black vertices, and let S/ , be the subset of those with no outer G isolated. We define a
I-aligned tandem walk as a tandem walk such that all face-steps (—i,7) have j = 1. Let
A, be the set of 1-aligned quadrant tandem walks starting at the origin and ending on the
x-axis, with n SE steps (note that the number of face-steps must also be n, and the length
is 2n).

Lemma 1. The family S:Lb is empty for b > 2a — 2. For b = 2a — 2, it is in bijection with
Aa—2.

Proof. By Proposition 4, S(’“7 is in bijection with the set of S-admissible quadrant tandem
walks from (0,2) to (2,0) having a (resp. b) SE steps starting at even (resp. odd) y. Let
7w be such a walk. An easy case inspection ensures that the first two steps of = have to be
SE steps. Let 7’ be 7 deprived from the first two steps (hence, 7’ starts at (2,0)). The
projection of 7’ to the y-axis yields a 1D non-negative walk 7 from 0 to 0 with rising steps
(corresponding to face-steps of 7’) and downsteps —1 (corresponding to SE steps of 7).
Seen as a directed 2D walk, 7 is thus a (maximal non negative prefix of) Lukasiewicz walk.
A step of 7 is called even or odd whether it starts at even or odd y. By the conditions on
7w, ™ has a — 1 even downsteps and b — 1 odd downsteps, and moreover each rising step s
has increment k& > 2 if s is even or has increment & > 1 if s is odd.

Note that each downstep of 7 going ordinate y to y — 1 is classically associated with
the closest preceding rising step covering these ordinates. For a rising step s, we let a(s)
and b(s) be respectively the numbers of even and odd downsteps associated with s (so that
la(s) — b(s)] < 1), and we let §(s) = 2a(s) — b(s). Given the condition on rising steps of 7,
it is easy to see that d(s) > 0, and that §(s) = 0 iff s is an even +3 step. Moreover, an easy
case inspection ensures that 7 has to end with two SE steps, which have to be preceded by
a step of the form (—2i —3,1) or (—2i — 2,2) for some ¢ > 0. The corresponding rising step
s in 7 has a(s) = 1,b(s) = 0 (and §(s) = 2) in the first case, and a(s) = 1,b(s) = 1 (and
d(s) = 1) in the second case. Let A be the sum of §(s) over the rising steps of 7. Note
that A = 2(a — 1) — (b — 1). Moreover, the preceding discussion ensures that A > 1 (i.e.,
b must be at most 2a — 2, as claimed), and A = 1 (extremal case b = 2a — 2) iff all rising
steps are even +3 steps, except for the last rising step that is an even +2 step starting from

the horizontal axis. We conclude that if 7 is counted by s, 5,5 then it starts with two SE
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steps, all its face-steps (—i, j) start at even y, and they have j = 3 except for the last one
that has j = 2 to reach the point (0,2) (before the final two SE steps to reach (2,0)). Note
also that all face-steps in such a walk must have weight 1.

From w € A,_o, it is easy to produce such a walk 7 as follows (we specify it by the
sequence of steps, and the starting point, that has to be (0,2)): turn each SE step into two
successive SE steps (combined, these have the effect of a step (2,—-2) = 2% (1,—1)), and
turn each step (—i,1) into two consecutive steps: a step (—2i — 1,3) followed by a SE step
(combined, these have the effect of a step (—2i,2) = 2 % (—4,1)). Finally, if the walk ends
at (d’',0), append the three steps (—2d’ — 2,2),SE, SE, prepend two SE steps, and choose
the starting point at (0,2). (The mapping is such that every face-step (—i,1) starting from
(x,y) in w becomes a face-step (—2i — 1,3) starting from (2z + 2,2y) in the corresponding
walk 7.) It is also easy to check that the mapping is bijective (every walk with A =1 can
be obtained in that way). O

Remark 10. Another way to see that S/ , is empty for b > 2a — 2 is to argue via vertex-
degrees. For D € S, every inner black vertex and the outer black vertex labeled G have
degree at least 3, while the two other outer black vertices have degree at least 2. Moreover,
by the Euler relation, the number of edges is 2a +2b — 1. Hence, 3(b—1) +4 < 2a+2b—1,
giving b < 2a — 2. In the extremal case b = 2a — 2, all the inequalities have to be tight.
Similarly, for S, 5 the inequalities are the same, except that the black outer G is allowed to
have degree 2. Hence, the extremal case is b = 2a — 1, in which case all inner black vertices
have degree 3, and the outer black vertices have degree 2. There is an easy bijection from
Sa,2a—1 t0 S}, 5,5 that consists in removing the outer black vertex G and its two incident
edges. Moreover, via the mapping mentioned in Remark 4, S, 241 corresponds to the family
Ta—2 of Schnyder labelings on triangulations with a + 1 vertices.

The bijective link between 7, and A,, can also be established via the KMSW bijection.
Indeed, the plane bipolar orientations corresponding to 1-aligned tandem walks ending on
the z-axis are those having a left outer boundary of length 1, and such that every inner
face has a right boundary of length 2; and there is an easy bijection between 7T, and such
orientations with n + 2 vertices [17, Sec.5]. The resulting link between T, and A,, via maps
is more direct, but the interest of Lemma 1 is that it establishes the result by sole inspection
of the properties of S-admissible tandem walks. ........ ... ... .. .

A Dyck walk of length 2n is a walk from the origin to (n,n) with steps in {E, N}, staying
in the region {y > x}. A pair (D, D’) of Dyck walks of length 2n is called non-crossing if
for every y € [0..n — 1] the unique N step starting at height y in D’ is weakly left of the
unique N step starting at height y in D. We now recover the following well-known bijective
correspondence [3]:

Proposition 5. Schnyder labelings on triangulations with n + 3 vertices are in bijection
with non-crossing pairs of Dyck walks of length 2n.

Proof. As we have seen in Remark 10, 7, identifies to S, | 5 5,,12. And this set is in bijection
with A, (by Lemma 1, or alternatively Remark 10). It remains to give a bijection between
walks in 4,, and non-crossing pairs of Dyck walks of length 2n. For v = (D, D’) a non-
crossing pair of Dyck walks of length 2n, and for each point p = (z,y) on D after the origin,
let a(p) be the horizontal distance between p and the N step of D" arriving at height y, and
let 3(p) be the vertical distance between p and the diagonal {z = y}. With pq,...,pa, the
sequence of points of D after the origin, we define ¢(v) as the quadrant walk starting from
the origin and visiting successively the points (a(p;), 8(p;)) for ¢ from 1 to 2n. Clearly, ¢(v)
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ends on the z-axis (since S(p2,) = 0). It is also easy to see that each east step in D yields a
SE step in ¢(v), while each north step in D yields a face-step that increases y by 1. Hence,
@(7) is in A,,. The mapping ¢ is easy to invert, hence gives a bijection. O

4. ENUMERATIVE RESULTS

4.1. Exact enumeration. A system of two equations with two catalytic variables x, y
can easily be written for the series Q¢(¢,x,y) and Q°(t, z,y) of P-admissible tandem walks
staying in the quadrant, with even or odd final y positions, along the lines for instance of [2,
Thm 3], and the same can be done for S-admissible tandem walks. The resulting equations
are however somewhat cumbersome to manipulate and it turns out to be more efficient to
reduce the problem to small step walk problems, in the spirit of [16, Prop. 4], but taking
into account the final y parity.

We start with Schnyder labelings, which lead to simpler recurrences due to the weights
on face-steps:

Proposition 6. Let s, denote the number of Schnyder labelings with n inner faces. Let
moreover s(i,7), and s, (i,7) be given by the following recurrences:

(1) sp(if) = sy (i =L+ 1) + s, (0= 1,5+ 1)
(2) s (i) = (s (42,5 = 2) s (i +2,) —2) + (s2(i + 1,5 = 3)
+an(i41,5—=3)) 4+ (s (i +2,7) + 55,5 —2))  if j is odd,
(3) = (5(0+ 2,7 =2) + 5,0 (0 + 2,5 = 2)) + (s +3,5 - 1)
+ s (i43,7— 1)+ (s (i +2,5) + 55,5 —2))  if j is even,

with null boundary conditions for all coefficients s (i,j) withn <0 ori <0 ori > n or
j <0 except 58\(0,2) =1.
Then, forn >4, s, = s, +2s),_1 + s,,_o where s, = sn\"+2(2, 0).

Proof. According to Proposition 4, s), is the number of (weighted) S-admissible tandem
walk from (0,2) to (2,0) with n + 2 SE steps.

Observe now that a weighted S-admissible tandem walk identifies with an unweighted
tandem walk with step set ¥ = {(1,-1),(-2,2),(-3,1),(-1,3),(—=2,0),(0,2)} such that
(—1,3) steps (resp. (—3,1) steps) always start from an even (resp. odd) y position, and
{(-2,0), (0,2)}-steps never follow (1,—1) steps. Indeed, the weight on a face-step in an
S-admissible tandem walk exactly corresponds to the number of ways to convert such a step
into a sequence of steps of 3 starting with a step in {(—2,2), (-3,1),(—1,3)} and followed
with a sequence of steps in {(—2,0), (0,2)} (with the constraint that the starting step (—3,1)
is allowed only if starting at odd y, and the starting step (—1,3) is allowed only if starting
at even y).

For n > 1, let s(i,5) (vesp. sy(i,j)) denote the number of S-admissible quadrant
tandem walks starting at position (0,2), ending at position (i, j) and with n steps of type
(1, —1), whose associated unweighted tandem walk with step set ¥ ends with a step (1, —1)
(respectively with a step of ¥ \ {(1,—1)}). A last step removal decomposition of these
unweighted paths then directly yields Equations (1)—(2), upon setting s} (i,7) = 0 except
for s,%(0,2) = 1, to ensure propre initialization.

Finally, observe that an S-admissible quadrant tandem walk ending on the horizontal
axis has to finish with a SE step, hence s}, = s,}+2(2, 0). O
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The recurrence allows us (thanks to the boundary conditions) to compute the first n
terms in polynomial time, using O(n?3) additions on integers of size O(n). The first terms
are

D sat™ =37 267 + 3t* + 67 + 141° + 367 + 10265 + 30617 + 972¢'° + 3216 ¢'" + O("?).
n>2

Proposition 6 can be refined to take into account the number of black and white vertices,
since these quantities respectively correspond to the numbers of iterations through Eq (1) at
even or odd values of j. Thus, letting sq, = |Sap| and s, , =[S, [, we have (for a > 3 and

b>3)sap = S;,b+5:z,b—1+8/a—1,b+5:1—1,b—17 and (forn > 1) Za+b:n+2 Sg,buavb = 3}4—2(270)’
where s7>+2(2, 0) is obtained from the same recurrence as in Proposition 6, except that the

right-hand side in Eq (1) is to be multiplied by u (resp. v) if j is odd (resp. even). The first
terms are

Z 8a,pu v 19072 = 302022 (uP0? + o)+ 3003t + (3ut? + 3uut)td
@022 4 (ySu3 120 v +uP0d) 0+ (18uSv* +18u* )t + (12ulv* + T8u v +12u*v®) 8 +O(1?).

Pushing further the expansion, we recognize that the coefficient of u®+192¢+t1¢3¢ matches
the number Cat,;1Cat,_; — Cat,Cat, of non-crossing pairs of Dyck walks of length 2a — 2,
as expected from Section 3.3. This sequence starts as 1,1, 3,14, 84,594, ... [25, A005700].

Remark 11. We are also interested in counting Schnyder labelings whose outer white vertices
are non-isolated, due to their link to rigid orthogonal surfaces, as discussed in Section 2.2.
The counting sequence §,, := \3n| can easily be obtained from the counting sequence s,,, by
a similar argument as in Remark 7. The counting series is given by

7 1+ 3t+ Zn22 Syt

>t = 1+1)7°

n>2

=3+ 317 + 445 + 15¢7 + 4243 + 13117 + 438¢'°0 + 1467 + 5204 12 + O(+'3).
For bivariate enumeration, with 5, := \Sa,b|, we have

o ogbpato-2 u?(1 + 3vt) + Za,b Sapuvltatt=2 )
E Sapu®v = —u
a,b ot (1 + vt)g

= w30t 4+ 3ut 0Pt + (uPv® + 3uto)t® + 15 WPt + (12u5v* + 3040 + O(1°).

Similarly, a recurrence can be obtained for polyhedral orientations, although 3 sequences
are necessary, due to a further restriction on the set of admissible small steps walks to
consider:

Proposition 7. Let p, denote the number of polyhedral orientations with n inner vertices,
which is also the number of P-admissible tandem walk of length n — 1 starting from the

origin and ending on the x-azis. Let moreover p>(i,7), pi (i,7), and p}(i,j) be given by



16 E. FUSY, E. NARMANLI, AND G. SCHAEFFER

the following recurrences:
(4) (i) = Pty (i = 1+ 1) 9y (= 1 j + 1) 4 p)_y (i = 1,5 +1)
(5) P (6:5) = (P i+ LG =) 4 p i+ 1,7 = 1) +p, (i 41,5~ 1))
+ (P 1 (4 2,) 01 (4 2,5) + 1 (4 2,.)
+ (p(i+2,7)) if j is even,
(6) = (i + L = D) 4 py (41,5 = 1) +pl (i + 1,5 - 1))
+ (1 (6,5 = 2) + Py (025 = 2) +pl (0,5 — 2))
+ (p(i+2,7)) if j is odd,
ph(ig) = pp (6,5 = 2) + pL(i,j — 2)
with boundary conditions pk(i,j) = 0 for alln < 0 ori < 0 orj < 0 ori > n, except
po*(0,0) = 1.
Then p, = Zizop;{l(i,O).

Proof. Our strategy is again to identify P-admissible tandem walks with certain marked
tandem walks on a well chosen small step set, namely F = {(1,—1),(-2,0),(0,2), (-1,1)}.
In order to do that in absence of weighting, we break the symmetry arbitrarily and we
decompose face steps as follows:

e cach face step of the form (—2¢ — 1,2r + 1) is mapped to a sequence starting with
a marked step (—1, 1), followed with ¢ steps (—2,0) and ended by r steps (0, 2);
e each face step of the form (—2¢,2r + 2) that starts at even ordinate is mapped to a
sequence starting with a marked step (0, 2), followed by ¢ steps (—2,0), and ending
with r steps (0,2);
e cach face step of the form (—2¢ — 2,2r) that starts at odd ordinate is mapped to a
sequence starting with a marked step (—2,0), followed by £ steps (—2,0), and ending
with r steps (0, 2);
Observe that the decomposition of a face step always starts with its unique marked step.
Therefore, a P-admissible can be recovered from the concatenation of the image of its steps,
and its length corresponds to the number of marked or (1,—1) steps in its image.
Now we observe that the subset of marked tandem walks on E that correspond to P-
admissible walks is characterized by the following local rules:

a step (1,—1) can follow any kind of step,

a marked step of type (—1,1) can follow any kind of step,

a marked step of type (—2,0) (resp. (0,2)) can follow any kind of step provided it

starts at even (resp. odd) ordinate,

e an unmarked (—2,0) step can only follow a marked step or an unmarked (—2,0)
step,

e an unmarked (0,2) step can only follow a marked step or a unmarked step (—2,0)

or an unmarked step (0, 2).

For n > 1, let then p,»(i, j) (resp. pi>(4,7), resp. p} (i, )) denote the number of P-admissible
quadrant tandem walks starting at position (0, 0), ending at position (¢, j), whose associated
marked tandem walk on F has n marked or (1, —1) steps and ends with a step (1, —1) (resp.
with a marked step or unmarked (—2,0) step, resp. with a (0,2) step). The local rules
then clearly imply the announced last step removal decomposition equations (4)—(6), upon
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assuming p (i, j) = 0 except for p,*(0,0) = 1, to ensure that the counted paths start with
a marked step as expected.

Finally, observe that a P-admissible quadrant tandem walk ending on the horizontal axis
has to finish with a SE step, so that p, = Zi>0p,>_1(i, 0). O

The first terms, computed from the recurrence, are

D pat™ =17+ 365 + 415 + 1547 + 395 + 12247 + 37510 + 121247 4 398017 + O(¢'?)

n>4

Remark 12. It is easy to see that if two rigid corner polyhedra yield the same Schnyder
labeling, then they yield the same polyhedral orientation. This gives a mapping from S, to
P, which is surjective (the surjectivity will appear clearly in Section 5, via a formulation
in terms of tricolored contact-systems of curves). Hence, §,, > p,, which we observe on the
initial terms (the coefficients start to differ fromn=8). .......... .. .. ...

Again the proposition can be refined, to take into account the number of red, blue, and
green vertices: blue inner vertices and red inner vertices correspond respectively to the
numbers of iterations in Equation (4) at even or odd j respectively. Thus, letting pq . be
the number of polyhedral orientations with a inner red vertices, b inner blue vertices, and
¢ inner green vertices, we have Y., papcu'v’ = >0 P 1(i,0), where p* | (4,0) is
obtained from the same recurrence as in Proposition 6, except that the right-hand side in
Eq (4) is to be multiplied by u (resp. v) if j is odd (resp. even). The first terms are

Z 10(17;))0u“UbU)sz“"'HC = wowt® + (u*vw 4+ v w? + vow?)t° + 4utv*w?t°
a,b,c>1
+ (u3vdw + 4uPv?w? + 4uPvdw? + wdow? 4 4w + w4+ O(t%)

4.2. Asymptotic enumeration. Our main result regarding the asymptotic enumeration
is to show that the growth rates of the coefficients p,, and s,, are respectively 9/2 and 16/3.
We also conjecture in each case the exponent of the polynomial correction.

Proposition 8 (upper bounds). The coefficients p,, and s, satisfy the bounds p, < (9/2)"
and s, < 2-(16/3)™.

Proof for p,. A P-admissible tandem walk of length n — 1 in the quarter plane and starting
at the origin can not pass again by the origin (the point preceding the origin would have
to be on the x-axis, but no horizontal step is allowed for a point on the x-axis), hence, if it
ends on the z-axis, it ends at a point of the form (2i42,0) for some ¢ > 0. It is then allowed
to add a further step (—2i — 1,1) to reach the point (1,1). This operation being injective,
Pp, is bounded by the number of P-admissible tandem walks of length n from the origin to
(1,1).

Let S¢(z,y) (resp. S°(x,y)) be the step-series for steps starting at even y (resp. odd y).
Starting from a point at even y the allowed steps are in S¢ := SE U {(—2i,25), i > 0,5 >
1Y U{(-2i — 1,25+ 1), 4,5 > 0}, and starting from a point of odd y the allowed steps are
in §°:=SEU{(-2i,2j), i > 1,7 >0} U{(—2i— 1,25+ 1), i,j > 0}). Hence,

2 - ~2 -

Y T Y _ T 1 T Y

S° = .

kel per gAML Rk Ay g gk
Note that S¢(z71/2,21/2) = §°(2=1/2 21/2) = 271 4 22/(1 — 2)? =: S(z), valid (as a con-
verging sum) for z € (0,1). For z € (0,1) the quantity S(z)™ thus gives the (weighted)

S%(x,y) = g+
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number of P-admissible tandem walks of length n starting at the origin, where those end-
ing at (,7) (for every (i,j) € Z?) are weighted by zU~9/2. Note that every walk ending

t (1,1) has weight 1 in this series, so that p, < S(z)". The best bound is obtained for
z € (0,1) minimizing S(z). One finds S’(z) = 0 for zp = 1/3, with S(z9) = 9/2. Hence
P < (9/2)™. O

Proof for s,. We have s, = s, +2s),_; + s),_5, where s/, is equal to the number of S-
admissible quadrant tandem walks with n + 2 SE steps, from (0,2) to (2,0). Such walks
have to begin and end with a SE step. Hence, s/, is also the number of S-admissible quadrant
tandem walks from (0,2) to (1,1) with n + 1 SE steps, and all these walks begin with a SE
step. Such a walk is thus a sequence of n + 1 aggregated steps, where an aggregated step is
a sequence of steps formed by a SE step followed a nonnegative number of (weighted) face-
steps, and satisfying the required conditions of S-admissible tandem walks. Let See (z,y)
(resp. S€°(z,y)) be the step series of face-steps in S-admissible tandem walks starting at
a point at even y and ending at a point at even (resp. odd) y, and taking the weight of
the face-step into account. Similarly, let S°¢(z,y) (resp. S°(z,y)) be the step series of
face-steps in S-admissible tandem walks starting at a point of odd y and ending at a point
of even (resp. odd) y. We have

~ ~ £+ fi2 2
Sz, y) = 8z, y) = Y ( . T> FRF2 202 — ﬁy_ .
£,r>0 Yy
Seo Z‘ y (é + 7’) _20+1 2r+3 _ - ';(33_ 55
£,r>0 Yy
C+r 7203, 201 *y
5°(x,y) = Z( ) ' T2 g2
£,r>0

Now let A¢(z,y) (resp. A°(z,y)) be the series for a possibly empty aggregation of face-steps
(not including an initial SE step), starting at even (resp. odd) y, in an S-admissible tandem
walk. These are specified by the system

{ A(z,y) =1+ 5%(z,y)A%(z,y) + S°(x,y) A°(,y),

A%(z,y) =1+ 5%(z,y)A%(z,y) + 57 (2, y)A°(z,y),
which gives
2y — P —a® 4y 41 By — Lo —y
Az, y) = 2,2 _ .2 2 , A%zy) = 2,2 _ .2 2 :
2y? — 22 + 292 + 1 x(x?y? — 22 +2y% + 1)
and then the step-series S¢(x,y) and S°(z,y) for an aggregated step starting from even
(resp. odd) y are given by
Sz, y) = 2yA°(z,y), S°(x,y) = 2yA(2,y).

Under the specialization (z = 27V2 y =Y/ 2), a simplification occurs (indeed, the parity

influence on the step choice is not visible when projecting to the axis {y = —xz}). We have
2
See(z—l/szl/Q) — S«eo(z—l/27zl/2) — goe(z—1/2721/2) — 5100(2—1/2721/2) _ - z o
— 2z
and A°(z71/2 21/2) = A°(z71/2,21/2) = m’ so that
51

56(271/2721/2) _ 50(271/2721/2) S(Z),

1-222/(1—22)
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which is valid (as a converging sum) for z € (0,1/2). Then S(2)" is the series of S-admissible
tandem walks with n SE steps, starting from (0, 2) with a SE step, where every walk ending
at (i,7 4 2) is further weighted by 2U~%/2, Every walk ending at (1, 1) has contribution z~*
to this series, hence s/, < 25(2)"*!. We find S’(z) = 0 for 2z = 1/4, with S(z9) = 16/3.
Hence s/, <1/4-(16/3)"*!, and s, = s/, +2s!,_; +sl,_5 < 2-(16/3)". O

Theorem 2 (growth rates). We have lim,,_, pi/" =9/2 and lim,,_,~ si/” =16/3.

Proof for p,. We use the notation introduced in the proof of Proposition 8 for p,, (in particu-
lar, zo = 1/3 and S(z9) = 9/2). Given Proposition 8, it is enough to prove that lim inf /">
9/2. We let u® be the probability distribution on §¢ where p°(i,j) = zéj_i)/g/S(zo) for
(i,7) € 8¢, and p° be the probability distribution on §° where p°(4,j) = zéjfi)/z/S(zo) for
(i,7) € §°, and we define the P-admissible random walk as the random walk starting from
the origin where each step is drawn respectively under u¢ or u° depending on the current
point having even or odd y. Let P, be the P-admissible random walk formed by the first
n steps. Note that P(P, = 7) = 2} ~"/S(zy)" for m a P-admissible tandem walk of length n
ending at (i,7). A crucial point here is the following property:

(Box): “The random walk P, stays asymptotically almost surely in the box [—n?/3,n?/3)2”

In view of showing this property, let A(n,i,7) be the probability that P, ends at (1,7),
and let A, (z,y) = Zi,jeZ2 A(n, i, j)aty’. Let Fe(t;x,y) = me. an,ijt"x'y’, where ay, ;
(for n > 0 and i,j € Z?) is the number of P-admissible tandem walks of length n (on
72) starting at any given point (ig, jo) of even y and ending at (ig + 7,50 + j) (note that
Fe(t;z,y) does not depend on (g, jo) since we have no domain restriction). Similarly, let
Fo(ti,y) = 32,4, bn,i jt"x'y?, where by, ;; (for n > 0 and i,j € Z?) is the number of P-
admissible tandem walks of length n starting at any given point (ig, jo) of odd y and ending
at (ip+1,jo+ 7). Thus, Fe(t; x,y) = Fe(t; x/z(l)/Z, yzé/z) is the series of P-admissible walks
starting at the origin, where each walk ending at (i, j) is weighted by zéj —9/2, Consequently,

" Fe(t; 2, y)
An(ay) = LT D).
[tr]Fe(t;1,1)

Let S¢¢ = S°(z,y) (resp. S = S°°(x,y)) be the step-series for steps starting at even y
and ending at even (resp. odd) y, and let S°¢ = S°¢(x,y) (resp. S°° = 5°°(z,y)) be the step-
series for steps starting at odd y and ending at even (resp. odd) y. The respective step-sets
are S = {(—=2i,2j), i > 0, j > 1}, 8¢ = 8% = {(1,—1)}U{(~2i—1,2j+1), i > 0, j > 0},
and §°° = {(-2i,25), i > 1, j > 0}, giving

1 Y2 ~ z Y z2 1
— SO@ — SGO — SOO — .

1—221—y2 WY@l 12212
Then, a first-step decomposition ensures that F'¢ = F¢(t;z,y) and F° = F°(t;x,y) satisfy
the system

(7)

See

Fe¢ = 14t8“F°¢+tS5°F°,
F° = 14t8°°F°¢+tS5°°F°.
Solving this system, we find an explicit expression for £ of the form

R a1 (1‘7 y)t + CL()(CE, y)
Fe t —
(t; z,y) by (2, y)t2 + by (2, y)t + bo(z,y)’

where ag(z,y), a1(x,9),bo(z,v),b1(x,y), ba(2,y) are polynomials in x, y, explicitly,
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ao(z,y) = —32%y* +92%y> +y* = 39>, a1(z,y) = —92%y° + 272y + 6ay® — 9zy — 3y,
bo(z,y) = —3x2y* + 922y% + y* — 3y2, bi(z,y) = —322y* — 393, ba(z,y) = 272y — 81zt — 2722y + 2722

The two roots (in ¢) of the denominator by (x, )t + b1 (z,y)t + bo(x,y) are of the form
1/’7:‘:(1' y) = x2y4 +y°F V Az, y)
’ 1822(1 — 322 + x2y2 — y?)’
with A(z,y) a polynomial in x,y such that A(1,1) = 100 > 0, explicitly,

Az, y) = 362890 + 2498 — 21625 y* — 48240 +32420y2 + 21624 y* + 14229® — 2162y — 4822 y* + 3622y + 2.

Then, a partial fraction decomposition ensures that F (t;x,y) is of the form

Fe(t;l',y) _ aJr(xay) + a*(xay>

S l—tye(zy)  1—ty-(z,y)]

a1 (2 )T (@y) tao(@y)vE (2.y)?
205 (w,y)+b1 (z,y)v* (z,y)

[V (2, y) = ay (@, y)7+ (@,9)" + a (2, y)7-(2,9)".
Since a4 (1,1) =1 > 0, and v_(1,1) = —3 while v (1,1) = 9/2 (so |v—(1,1)] < v+(

1,1)
we have [t"]|F(t,z,y) = O(y4+(z,y)") valid for all n and in a real neighbourhood of (1,1
Hence, in a real neighbourhoor of (1,1),

An(e.y) = O( (74 (2. 9) /7 (1,1)").

We now look at the expansion of g(x,y) := v4(x,y)/v+(1,1) at (1,1). We find dg/0x(1,1) =
dg/0y(1,1) = 0. Since g(z,y) is smooth at (1, 1), this ensures that g(e”, e®) = 1+ O(r? + s?)
in a real neighbourhood of (0,0). Now if (X,,,Y},) denotes the endpoint of P,, then we have
for every fixed r € R,

E(e"/V) = A, (e7/V™,1) = O((1 + O(1/n))") = O(1).

In particular E(eX"/vV™) < oo, and thus P(X,, > xy/n) = O(e~*) by Markov’s inequality.
By the union bound, the probability that P, visits a point of abscissa larger than n?/3 is
at most >__, P(X), > n?/3). For k € [1..n], we have P(X}, > n?/3) = P(X}; > 2v/k), where
= /n/kn'/6 > n'/6. Hence, P(X,, > 2/n) = O(nexp(—n'/%)) = o(1). Similarly, using
r = —1, one finds that the probability that P, visits a point of abscissa smaller than —n2/3
is 0(1), and the same goes (considering A, (1,e*/v™)) for the probability that P, visits a
point of ordinate outside [~n?/3,n?/3]. This concludes the proof of the property (Box).
We let B,, be the set of P-admissible tandem walks of length n that start at the origin
and stay in the box [-n?/3,n?/3]2. Recall that for m a P-admissible walk of length n ending
at (i,7), the probability that P, equals 7 is zéj_i)/Q/S(zo)”. Hence every walk in B, has
probability at most (2/9)"z; n?? (2/9)"+°(™) " Since the Box property ensures that the
sum of probabilities of walks in B, is 1 — o(1) we conclude that |B,| > (9/2)"T°(). It is
now easy to conclude. Letting P,, be the set of P-admissible walks of length n —1 staying in
the quadrant, starting at the origin and ending on the z-axis, and letting n’ be the smallest
even integer that is at least n2/3, and k, = 3n’ + 8, we have an injection ¢ from B,_y,
to P, that works as follows. Given 7 € B,,_j, we construct ¢(7) as the walk made of the
step (0,2n' + 4), followed by (n’ + 2) SE steps, at which point we attach the walk 7 (since

with ag (z,y) =

. Hence,

1)),
).
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m € Bh_k, and we start it at (n’ + 2,n’ + 2) we strictly stay in the quadrant) to reach
a point (i,7) € [2,2n' + 2], from which we can canonically end the walk (we have to use
kn, —4 — n’ steps and end on the z-axis): if j has same parity at k, — 5 — n’ we append
the step (—2,k, — 5 —n' — j) (by definition of k,, we have k, —5 —n’ — j > 1) followed
by k, —5 — n' SE steps, otherwise we append the step (—1,k, — 5 — n’ — j) followed by
kn — 5 —n/ SE steps. Thus, we have p,, > [B,_y,| > (9/2)" Fnton=kn) — (9/2)nto(n) 5o

that lim inf pi/" >9/2. O

Proof for s,. It follows the same lines, with the additional ingredient that face-steps have
to be aggregated (since S-admissible tandem walks are counted with respect to the number
of SE steps). The S-admissible tandem walks considered here start with a SE step and
are assumed to have their steps aggregated into groups formed by a SE step followed by a
(possibly empty) sequence of face-steps (the original S-admissible walk stays in the quadrant
iff the walk with aggregated steps stays in the shifted quadrant {x > 0,y > 1}). We use the
notation of the proof of Proposition 8 for s,, (in particular, zo = 1/4 and S(z) = 16/3, and
the notation S¢(z,y) and S°(z,y)). We define € to be the distribution on Z? such that
ue(i,j) = aiyjz(()j_l)/Q/S(zo), where a; ; = [2'y?]S¢(x,y), and u° to be the distribution on
72 such that (i, j) = b; ;277?15 (), where b; ; = [27y7]5° (2, y). We define the random
S-admissible (aggregated) tandem walk as the random walk starting at the origin, where the
next step is drawn under p® or p° depending on whether the current point has even or odd
y. Letting A(n, 4, j) be the probability that the walk is at (i, j) after n steps, we define

An(@,y) = > An,i, j)a'y,
1,j €L

Then, defining a,,;; (resp. by ;) to be the number of S-admissible tandem walks with
n aggregated steps, starting at any point (ig,jo) of even (resp. odd) y and ending at
(i0 + 4,70 + j)’,ar,ld defining F© = Fe(t;x,y) := Zn” an,; ity and F° = Fo(t;z,y) ==
Zm’j by jt"x'y’, we have

" e tyx,y

An(fc,y)=7[ L ),
[tr]Fe(t;1,1)

where Fe(t;x,y) = Fe(t,x/zé/2,yzé/2). Moreover, the functions F'¢, F° are specified by

the system
Fe =1+ tgcg(AoeFE + AOOF"),

{ F° =1+ txy(AeeFe + AEOFO),
where A% = A°°(z,y) (resp. A% = A®°(z,y)) is the series of aggregated face-steps (not
including an initial SE step) starting at even y and ending at even (resp. odd) y, and
A°e = A% (x,y) (resp. A°° = A°(x,y)) is the series of aggregated face-steps (not including
an initial SE step) starting at odd y and ending at even (resp. odd) y. Using a first-step
decomposition, these functions are themselves specified by systems in terms of the rational
series §¢¢, §¢  §o¢ Goo considered in the proof of Proposition 8:

Aee = 1~+ SeeAeei_’_ gevoe Aeo = geeAfo + §6014~00
Aoe — SoeAee + Sovoe ? Aoo — 1 + SoeAeo + SOOAOO ?
which yields

A — A% — 1172y2 — x2 + y2 +1 Ac° — 73']y3 A°e — -y

r2y? — 22+ 22 + 1’ 22y? — 2?2+ 22+ 1’ z(x?y? — a2+ 292 + 1)
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The system for F¢, F° can then be solved, yielding an expression for ¢ of the form

Fe (ta z, y) = b (x,;l)lt(;jr%)lt(:?;)(tﬁzz (z,y) where ag (337 y)a ai (JJ, y)7 bO (LL', y)7 bl (l’, y)7 b2 ($7 y) are pOIY'

nomials in z,y, explicitly,

ao(z,y) = 8z%y% — 2%y — ¢ — 2%, ai(z,y) = 3223y — 823y — 222yt — 2x9° — 8y,
bo(z,y) = 8x%y% — 22%y* — y* — 2%, bi(x,y) = —22%y* — 242, ba(z,y) = 32z%y% — 128" + 3222

The two roots (in ¢) of the denominator by (x, )t + b1 (z,y)t + bo(x,y) are of the form
1/’7:‘:(1‘ y) = $2y4 + y2 + v Az, y)
’ 3222 (22y? — 4a? + 1)
with A(z,y) a polynomial in x,y such that A(1,1) = 196 > 0, explicitly,
Alz,y) = 64a°y° + 2'y® — 5122%y" + 322" y® +10242%y> 4 227y — 5122 y% + 3222 y" + 642y® + 4.

Then, a partial fraction decomposition ensures that F (t;x,y) is of the form
[ a4 (LE, y) a— (LE, y)
Fe(t;z,y) = )
L—tye(z,y)  1—ty—(z,y)

a1 (@) v T (wy) tao(z.y)vE (2,y)?
2b2 (z,y)+b1 (z,y)vE (z,y)

with ag (z,y) = . Hence,

[t E(t;2,y) = ar(@,y)74 (2, 9)" + a—(z,y)7-(z,y)".
Since a4(1,1) =1 > 0, and v—(1,1) = —4 while v4(1,1) = 16/3 (so |y—(1,1)] < 7y4(

1,1)
we have [t"]F(t,z,y) = O(y+(x,y)™) valid for all n and in a real neighbourhood of (1,1
Hence, in a real neighbourhoor of (1,1),

An(e.y) = O( (4 (2. 9) /7 (1,1)").

The rest of the argument is again very similar to the proof for p,. We first check that
the function g(z,y) := v+ (z,y)/v+(1,1) is such that dg/0z(1,1) = dg/dy(1,1) = 0, which
ensures that the S-admissible tandem walk restricted to the first n aggregated steps stays
a.a.s. in the box [-n%3,n?/3]2. Then an injective construction similar to the one used for
P,, ensures that s/, > (16/3)"+°("), O

1),
).

We recall from the proof of Theorem 2 that p,, is closely related to the number p,, of P-
admissible quadrant tandem walks of length n from the origin to (1, 1). With the notation in
the proof of Theorem 2, recall that (X,,,Y,,) is the endpoint of the P-admissible random walk
P,, and that the probability that P, stays in the quadrant and ends at (1,1) is (2/9)"pp,.
We have

E(ean+sYn/\/ﬁ) ~ g(er/\/ﬁ’es/\/ﬁ)n’

for some explicit function g(e”,e®) = 1+ La(r? + s?) + brs + o(r* + s?), where we find
a =72/5,b = —81/10. A central limit theorem follows for (X,,Y,,), with zero drift, and
with covariance matrix 3 = Z Z , that is, (X,,/v/n,Y,/+/n) converges in law to the
normal 2d distribution that has zero mean and covariance matrix 3. It is also expected that
P,, (renormalized by a factor \/n) converges to a Brownian motion with the same covariance
matrix. Results by Denisov and Wachtel [7, Theo.6] (to be extended to a bimodal setting
in order to be applicable here) then indicate that the probability that P, stays in the
quadrant and ends at (1,1) should behave as kn~lom/arccos(€) with k a positive constant,
and £ = —b/a = 9/16.



23

Similarly, for Schnyder labelings, there is a random walk S,, of length n starting at (0, 2)
such that 4 - (3/16)™ - s],_; is the probability that S, stays in the quadrant (actually, in the
shifted quadrant {z > 0,y > 1}) and ends at (1,1). As before, we find that a central limit
theorem applies for the endpoint of S,,, again with zero drift and with a covariance matrix
of the form < Z Z ), where this time a = 192/7,b = —1408/63. Again it is expected
that the probability that S, stays in the quadrant and ends at (1,1) should behave as
K/ p i/ arceos(€) with k/ a positive constant, and & = —b/a = 22/27.

Based on this, we can conjecture the following:

Conjecture 1. We have p, ~ k- (9/2)" -n~%, where a = 1+ 7/arccos(9/16) ~ 4.23 and
is a positive constant; and s, ~ &' - (16/3)™ -n~%, where o/ = 1+ 7 /arccos(22/27) ~ 6.08
and k' 1s a positive constant.

Remark 13. Using the method in [4] one can easily verify that the constants « and ' in
Conjecture 1 are irrational (e.g. for a, we have to check that X (z) := 16z — 9 is such that
X(3(z+271)) = (822 —92+8)/z has no cyclotomic factor in its numerator, which is indeed
the case since the numerator is irreducible of degree 2 and has coefficients of absolute value
larger than 2). Hence, a corollary to Conjecture 1 would be that the generating functions
of the sequences p,, and s, are not D-finite. ...... ... ... i

5. RELATION TO CONTACT-SYSTEMS OF CURVES

We briefly discuss the link between the structures considered here and contact-systems
of curves. Let us first recall how plane bipolar orientations and transversal structures can
be formulated as bicolored contact-systems of curves. Using the operations shown in Fig-
ure 10(a), a plane bipolar orientation X becomes a bicolored contact-system of curves, i.e.,
a set of smooth curves that are either red (“horizontal” curves, arising from the vertices
of X) or blue (“vertical” curves, arising from the faces of X, considering that there is a
left outer face and a right outer face) and such that each contact is from the tip of a curve
to a side of a curve of the opposite color (with the exception of the four “outer” contacts
where the four outer curves meet to form an outer “rectangular” shape), see Figure 11(a)
for an example. Such systems are to be considered up to continuous deformation, and the
contacts along a side of curve can freely slide (the order of the contacts along a side of
curve matters, but contacts that are on different sides of a curve are not comparable). On
the other hand, via duality, a transversal structure (or transversal edge-partition [15]) is a
bicolored contact-system with the same properties but with an additional rigidity: there is a
total order of all the contacts along a given curve (not just an order on the contacts on each
side of the curve); this is due to the fact that the contacts are really considered as trivalent
vertices of a map, see Figure 11(b) for an example'.

On the other hand, the structures considered in this article are naturally associated to
tricolored contact-systems, with polyhedral orientations (resp. Schnyder labelings) playing
the role of plane bipolar orientations (resp. of transversal structures)?. Using the operation
shown in Figure 10(c), a polyhedral orientation becomes a system of curves that are red,
blue or green, with contact points where the tips of two curves meet a side of another curve,
such that the colors red, green, blue occur in ccw order around the contact (as for bicolored

1Algorithms for the representation of bicolored contact-systems where the curves are horizontal or vertical
segments are given in [24] for the “free” case, and in [21] for the “rigid” case.

2As in the bicolored case, curves are considered up to deformation, the existence of a representation with
curves as segments is studied in [19, 13, 20]
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L1 1]

FIGURE 10. (a) Local operations performed at vertices and faces of a plane
bipolar orientation to yield a bicolored contact-system of curves. (b) Local
operation performed at vertices of an Eulerian triangulation to yield a tri-
colored contact-system of curves.

T @@

(a) (b) () (d)

F1cURE 11. On the left, bicolored contact-systems corresponding to a plane
bipolar orientation (a) and to a transversal structure (b). On the right,
tricolored contact-systems corresponding to a polyhedral orientation (c)
and to a Schnyder labeling (d).

AR

FIGURE 12. On the left, the free tricolored contact-system from Py 3 3 that
yields two different rigid contact-systems (shown on the right).

systems, there are three special contacts in the outer face, where the three outer curves meet
to form a “triangular” outer shape), see Figure 11(c) which shows the system associated
with the polyhedral orientation of Figure 2. As in the bicolored case, the contacts on each
side of a given curve are free to slide, independently of the position of the contacts on the
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opposite side. On the other hand, via duality (and using Remark 5), a Schnyder labeling
in S is a similar contact-system, with the further rigidity that, for a given curve, there is
a total order (along the curve) on the contacts-points (from both sides), see Figure 11(d)
which gives the dual of the Schnyder labelling of Figure 3. The condition that the three
outer white vertices are non-isolated is necessary to avoid interior points of two outer curves
to meet and form a pinch point.

Remark 14. Regarding the sets and their relations, P,, corresponds to the set of free tricol-
ored contact-systems with n + 3 curves, and (for a + b+ ¢ = n) Py corresponds to the
subset of those with a 4+ 1 red curves, b + 1 blue curves, and ¢+ 1 green curves. On the
other hand, S,, corresponds to the set of rigid tricolored contact-systems with n four-valent
contact-points, equivalently, with n + 3 curves (indeed, each four-valent contact-point is the
tip of two inner curves, and each inner cuve has two tips that are four-valent); and (for
a+b=n+2) S’a,b corresponds to the subset of those having a + 1 dark faces and b — 1 light
faces (including the outer one) for the canonical face-bicoloration of the underlying Eulerian
map. Under the formulation as contact-systems, we clearly have a surjective mapping from
S, to P,,. Since 3, > pr starts to be strictly larger from n = 8, the smallest free contact-
system that lifts to more than 1 rigid contact-systems has size n = 8. The one in Py 33 is
shown in Figure 12 (by rotation, there is also one in P32 3 and one in Ps 3 9; there is no
other one at size 8, SINCE 88 — P8 = 3). e vttt

Acknowledgements. The authors thank Olivier Bernardi, Wenjie Fang, and Shizhe Liang
for interesting discussions. The authors are partially supported by the project ANR-16-
CE40-0009-01 (GATO) and the project ANR-20-CE48-0018 (3DMaps). EF is also partially
supported by the project ANR19-CE48-011-01 (COMBINE).

REFERENCES

[1] R.J. Baxter. “Dichromatic polynomials and Potts models summed over rooted maps”.
In: Annals of Combinatorics 5.1 (2001), pp. 17-36.

[2] N.R. Beaton. Walks obeying two-step rules on the square lattice: full, half and quarter
planes. 2020. URL: https://www.arXiv.org/abs/2010.06955.

[3] O. Bernardi and N. Bonichon. “Intervals in Catalan lattices and realizers of triangu-
lations”. In: Journal of Combinatorial Theory, Series A 116.1 (2009), pp. 55-75.

[4] A. Bostan, K. Raschel, and B. Salvy. “Non-D-finite excursions in the quarter plane”.
In: Journal of Combinatorial Theory, Series A 121 (2014), pp. 45—63.

[5] J. Bouttier and E. Guitter. “On irreducible maps and slices”. In: Combinatorics, Prob-
ability and Computing 23.6 (2014), pp. 914-972.

[6] H. De Fraysseix, P. Ossona de Mendez, and P. Rosenstiehl. “Bipolar orientations
revisited”. In: Discrete Applied Mathematics 56.2-3 (1995), pp. 157-179.

[7] D. Denisov and V. Wachtel. “Random walks in cones”. In: The Annals of Probability
43.3 (2015), pp. 992-1044.

[8] C.Dervieux, D. Poulalhon, and G. Schaeffer. “The number of corner polyhedra graphs”.
In: DMTCS Proceedings of FPSAC (2016). URL: https://dmtcs.episciences.org/
6420.

[9] D. Eppstein. “Regular Labelings and Geometric Structures”. In: Proceedings of the
22nd Canadian Conference on Computational Geometry (CCCG2010). 2010. URL:
http://arxiv.org/abs/1007.0221.



26

[10]

[14]
[15]

[16]

[22]
23]
[24]

[25]

REFERENCES

D. Eppstein and E. Mumford. “Steinitz theorems for orthogonal polyhedra”. In: Pro-
ceedings of the twenty-sixth annual symposium on Computational geometry. 2010,
pp. 429-438.

S. Felsner. “Convex drawings of planar graphs and the order dimension of 3-polytopes”.
In: Order 18 (2001), pp. 19-37.

S. Felsner. “Geodesic embeddings and planar graphs”. In: Order 20.2 (2003), pp. 135—
150.

S. Felsner, K. Knauer, and T. Ueckerdt. “Plattenbauten: touching rectangles in space”.
In: International Workshop on Graph-Theoretic Concepts in Computer Science. Springer.
2020, pp. 161-173.

S. Felsner and F. Zickfeld. “Schnyder woods and orthogonal surfaces”. In: Discrete &
Computational Geometry 40.1 (2008), pp. 103-126.

E. Fusy. “Transversal structures on triangulations: A combinatorial study and straight-
line drawings”. In: Discrete Mathematics 309.7 (2009), pp. 1870-1894.

E. Fusy, E. Narmanli, and G. Schaeffer. “On the enumeration of plane bipolar posets
and transversal structures”. In: Proceedings of Eurocomb’21. URL: https://www.
arXiv.org/abs/2105.06955.

E. Fusy, D. Poulalhon, and G. Schaeffer. “Bijective counting of plane bipolar orien-
tations and Schnyder woods”. In: European Journal of Combinatorics 30.7 (2009),
pp. 1646-1658.

E. Fusy, G. Schaeffer, and D. Poulalhon. “Dissections, orientations, and trees with
applications to optimal mesh encoding and random sampling”. In: ACM Transactions
on Algorithms (TALG) 4.2 (2008), pp. 1-48.

D. Gongalves. “3-colorable planar graphs have an intersection segment representation
using 3 slopes”. In: International Workshop on Graph-Theoretic Concepts in Computer
Science. Springer. 2019, pp. 351-363.

D. Gongalves, B. Lévéque, and A. Pinlou. “Triangle contact representations and du-
ality”. In: Discrete & Computational Geometry 48.1 (2012), pp. 239-254.

G. Kant and X. He. “Regular edge labeling of 4-connected plane graphs and its appli-
cations in graph drawing problems”. In: Theoretical Computer Science 172.1-2 (1997),
pp- 175-193.

R. Kenyon, J. Miller, S. Sheffield, and D.B. Wilson. “Bipolar orientations on planar
maps and SLE12”. In: The Annals of Probability 47.3 (2019), pp. 1240-1269.

R.C. Mullin and P.J. Schellenberg. “The enumeration of c-nets via quadrangulations”.
In: Journal of Combinatorial Theory 4.3 (1968), pp. 259-276.

R. Tamassia and LG. Tollis. “Tessellation Representations of Planar Graphs”. In: 27th
Annual Allerton Conf. 1989, pp. 48-57.

The On-Line Encyclopedia of Integer Sequences. published electronically at https://oeis.org.
2010. URL: https://oeis.org/A005700.

E.F.: CNRS/LIGM, UMR 8049, UNIVERSITE GUSTAVE EIFFEL, MARNE-LA-VALLEE, FRANCE.
Email address: eric.fusy@u-pem.fr

E.N.: LIX, EcoLE POLYTECHNIQUE, PALAISEAU, FRANCE.
Email address: erkan.narmanli@normalesup.org

G.S.: CNRS/LIX, UMR 7161, EcoLE POLYTECHNIQUE, PALAISEAU, FRANCE.
Email address: schaeffe@lix.polytechnique.fr



